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PREFACE TO THE FIRST EDITION.

THE appearance of a new elementary text-book on the subject of
Electricity seems to necessitate some explanation. In this case the
work is, as far as the scope permits, a somewhat unusual combination
of scientific principles and engineering practice—a combination which
aims at spanning the gulf which too often divides pure theory and
practical engineering. The authors are confident that this will meet
with the approval of engineers, teachers, and students, and will be of
considerable service.

The main object of the boolk is to give the reader a thorough work-
ing acquaintance with the elements of practical electrical engineering,
and to base his knowledge, from the outset, on sound scientific prin-
ciples. To this end, no previous knowledge of the subject is assumed,
and a brief but sufficient account of all the necessary theory is given
in a rational and scientific way, which will neither conflict with the
deas of the pure Physicist, nor result in the practical student having
to discard his fundamental ideas as his studies lead him into the
higher parts of the subject.

The difficulty encountered by beginners with the various units and
systems of units has been borne in mind throughout. In the first
chapter the leading principles of mechanics and the mechanical units
are dealt with, and along with the latter are placed the corresponding
electrical units of energy and power, thereby avoiding, in the mind of
the student, the too common confusion which arises at a later stage of
the work. In the electrical sections, too, the absolute electrostatic and
electromagnetic units and the practical units are always mentioned
together and their relationships indicated, so that students may ex-
perience no difficulty in problems necessitating a change from one
system to ancther. In short, the extreme care which has been devoted
to “units " throughout the book will, it is hoped, lessen considerably

the average student’s difficulties in this connection.
v



vi PREFACE.

“Considerable attention has been devoted to the construction and use
of modern laboratory and commercial instruments, the calibration of
ammeters and voltmeters, lamp-testing and the like. In all cases the
scientific principles have been kept in the foreground, and at the same
time a great deal of space has been given to such very practical sub-
jects as house-wiring, general distribution, etc. The instruments and
accessories dealt with are thoroughly up-fo-date and among the best of
their class. The practical working and upkeep of the apparatus des-
cribed have been fully commented upon. The leading rules of the
Institution of Electrical Engineers have been incorporated thronghout
the book.

H T D
R.W.H.



PREFACE TO THE FOURTH EDITION.

Tue demand for u Fourth Edition of this book indicates that the
original purpose, outlined in the Preface to the First Edition, has met.
with approval : in fact the work is now so well known to teachers and
students that little further need be added in the way of explanation
here.

The specific aims, the essential plan and the general treatment of
the subject matter of this edition are identical with those of its pre-
decessors, but brief attention may be drawn to the following points.

The book has been entirely re-set, the employment of a larger page
enabling many improvements to be made in subject matter, diagrams,
type, ete.

A number of sections throughout the book have been modified,
extended, or entirely re-written on the lines of modern theory and in
conformity with modern engineering practice.

A large quantity of new matter has been incorporated, more par-
ticularly in connection with Electrostatic and Magnetic Theory, Lines
of Force and Induction, Testing the Magnetic Properties of Irom,
True, International and ILegal Units, Applications of Kirchhoff's
Laws, Electrical Instruments and Testing, Metallic Filament and
other Lamps, Illumination, Electromagnetic Theory, the Magnetic
Circuit, Generators, Armature Winding, Armature Reaction, Motors,
Boosters, Alternating Currents, Alternators and A.C. Motors, Central
Station Equipment, Telegraphy and Telephony, * Wireless,” ete.

The characteristic features of the book—e.g. the great care
devoted to sound scientific theory, to accurate definitions and to the
various units—are maintained and emphasised in this new edition.
Much attention has been given to electrical and magnetic caleulations.
The book contains numerous worked examples of a practical character

and also problems of a similar type to be worked by the student.
vii
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Over 400 diagrams (as against 270 in the first edition) of a kind best
suited to aid the student in obtaining a clear understanding of the
principles and practical applications are inserted throughout the book.
The more important symbols recommended by the International
Electro-Technical Commission have been adopted.

Incidentally, no apology is needed for the introduction at quite an
early stage of the ideas of permeability, hysteresis, etc., and the deter-
mination of the magnetic properties of iron which are, in most books,
relegated to the later chapters: these terms and tests are now in
daily use, the student will repeatedly encounter them in his reading,
and experience shows that an early elementary treatment is alike
possible and desirable, minute details of theory and experiment being
postponed to a later stage.

The book is intended for first and second year students in electricul
engineering at the Technical Schools and Colleges and at the Uni-
versities, for candidates for the various professional examinations, for
students of Physics, and for shift engineers and test-room staffs.
For these it is believed that a careful and systematic study of the
book will furnish a sound scientific basis, an accurate insight into
fundamental facts and principles and a knowledge of practical appli-
cations from which they will be able, profitably, to proceed to the more
specialised branches of the subject.

Physics and Engineering students alike should find the book of
considerable service in their endeavours to span the gulf which in the
past has too decisively divided “ Magnetism and Electricity ” and
“Electrical Engineering,” and neither the pure Physicist nor the
practical Engineer can really afford to tolerate that gulf to-day. If
the teacher of Physics could but work on the assumption (perhaps
wrong of course) that many of his students were destined to become
Electrical Engineers, and if the teacher of Electrical Engineering could
but imagine (perhaps equally wrongly) that many of his students
were destined for the domain of Physics and investigations into the
yet unknown tracks of physical science, the students themselves would
be all the better for the misunderstanding.

Our best thanks are due to Prof. W. Cramp, D.Sc. of Birmingham
University, for valuable suggestions and criticism in connection with
certain portions of the book; much also is due to the suggestions
criticism and help of intimate local colleagues and teacher friends in
various parts of the country. Thanks are also due to Mr. Sydney
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Rentall, M.I.E.E.—the genial and respected editor of Electricity—to
Mr. F. Crowter of the Chloride Electric Storage Co., and finally to
various firms—too numerous to mention here but whose names are
given in connection with their specific manufactures—who have most
willingly, and in some cases at no small trouble, supplied blocks for
the printing of diagrams.

We are also greatly indebted to the Examining Board of the City
and Guuilds of London Institute for permission to reproduce the various
examination questions of the Institute throughout the book.

R. W. H.
H. T.D.
July 1922,
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PART I—.DYNAMICS.

—

CHAPTER I.

DYNAMICAL DEFINITIONS AND UNITS.

1. “Unit” and “ Measure.”—To ascertain the magnitude of any
quantity, it is necessary to select some definite quantity of the same
kind as a unit, and then proceed to find how many times the unit is
contained in the quantity to be measured. Thus every physica,l‘
guantity is expressed by a phrase consisting of two factors: (1) the
*“‘measure ” or numerical portion, and (2) the “unit”; e.g. 8 yards
(unit = 1 yard), 6 pounds (unit = 1 pound), ete.

If the magmtude of the unit be changed, the measure of a given
quantity will change inversely. Thus the distance 3 yards may be
expressed as 9 feet (unit =1 foot), 108 inches (unit =1 inch), etc.,
from which it is clear that a decrease in the value of the selected unit
results in a corresponding increase in the measure of any chosen
juantity, and vice versa. In deciding, then, upon an arbitrary unmit,
it is imperative that attention should be paid to the average magni-
tudes of the quantity involved, so that the measures in daily use may
be neither too large nor too small. Further, the unit selected should
be such that its magnitude is not liable to temporary or permanent
change, and a really satisfactory system will be one in which some
definite and simple relation exists between the units of various
kinds and in which reduction from one unit to another of the
same kind can be carried out by simple arithmetical operations.
The reader will better realise the force of these statements as his
studies proceed.

2. Fundamental Units: The F.P.8. S8ystem.—All physical
juantities are derived from three fundamental units, viz. length,
mass, and time; these are truly fundamental, for their definition in
terms of any quantity simpler than themselves is impossible.

The British unit of length is the yard, but the most convenient one
for scientific purposes is the foof, which is defined as one-third of a
yard, the latter being the distance at 62° F. between two lines on a
particular bronze bar deposited at the Standards Office of the Board
)f Trade. For greater distances the mile (1,760 yards), the furlong
(220 yards), and other multiples are employed, while in specifications

T.®. 1



2 DYNAMICAL DEFINITIONS AND UNITS.

relating to telegraph operations the terms ‘ nautical mile,” and
“ telegraph naut,” are used to designate a distance of 2,029 yards
or 1'1528 statute miles of 1,760 yards. Smaller lengths are expressed
in inches or fractions of an inch, a common one used in connection
with the diameters of wires being the mil (y5%5 inch). The square foot
and cubic foot are accepted as units of area and volume respectively.
A circular mil is the area of a circle of diameter one mil.

The pound avoirdupois is the British mass unit, and is defined as
the quantity of matter in a platinum cylinder deposited at the offices
of the Board of Trade. The one-sixteenth part of it is termed an
ounce, and the one-seven-thousandth part of it a grain. As multiples,
the stone (14 pounds), the hundredweight (112 pounds), and the ton
(2,240 pounds) are in daily use.

Noon is the precise instant when the sun reaches its highest
altitude, and an apparent solar day is the interval of time from one
noon to the next. These are unequal in duration; but a mean solar
day is obtained by taking the sum of the lengths of all the apparent
days in a year and dividing by the number of days in the year. This
mean solar day is again divided into 24 X 60 x 60 equal parts each
termed a second, which is adopted as time unit.

The system of units based on the foot, pound, and second is known
as the British, the foot-pound-second or F.P.S. system. The
inconvenience of it is apparent.

3. Fundamental Units: the Metric and C.G.S. Systems.—In
the French or Metric system the unit of length is the metre, defined
originally to be the 10,000,000th part of the earth’s meridian through
Paris from the Pole to the Equator, and represented by the distance
at 0° C. between two marks on a platinum bar deposited in the French
archives. Multiples and submultiples are obtained by repeatedly
multiplying and dividing by ten. The one-hundredth part of the
metre, termed the centimetre, is the length unit adopted in scientific
work. As units of area and volume the square centimetre and cubic
centimetre are employed; but the true metric area unit is the are
(100 sq. metres), and the true volume unit the litre (1,000 cubic
centimetres).

The metric unit of mass is the kilogramme but a more convenient
one is the gramme, defined as the mass of a cubic centimetre of
distilled water at its temperature of greatest density (about 4° C.), or
as the one-thousandth part of the mass of a platinum cylinder (the
kilogramme) deposited mn the French archives. Multiples and sub-
multiples of the gramme are obtained by repeatedly multiplying and
dividing by ten.

A mean solar second is the metric time unit.

The system of units based on the centimetre, gramme, and second
is known as the centimetre-gramme-second or C.@.8, system, and
is almost universally adopted for scientific purposes
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4. Metric Tables and Conversion Table.—The multiples and
submultiples of the metric units are indicated by the following
prefixes :—

deci centi milli I

Kilo Hecto Deka ,45
1000 100 10 (=} s 185 1060

Note also: Meg or Mega = 1,000,000, e.g. megohm = 1,000,000 ohms;
micro = yppipooth, €.g. microvolt = 15534555 volt. [Myria = 10,000.]

TABLES.
1. Length. 2. Mass.
1 kilometre (Km.) = 1000 metres 1 kilogramme (Kg.) = 1000 grammes
1 hectometre (Hm.) =100 ,, 1 hectogramme (Hg.) =100 ,,
1 dekametre (Dm.) = 10 ,, 1 dekagramme (Dg.) = 10 ,,
metre (m.) gramme (g. or grm.)
1 decimetre (dm.) = 4% metre 1 decigramme (dg.) = % gramme
1 centimetre (cm.) = %5 ,, 1 centigramme (cg.) = 15
1 millimetre (mm.) = +&s5 »» 1 milligramme (mg.) = +ds5
3. Common Areas. 4. Common Volumes.
(10% =) 100 8q. mm. = 1 sq. cm. (103 =) 1000 c.mm. = 1 c.cm.
’ 100 sq. em. =1 sq. dm. ’ 1000 c.cm. = 1c.dm.(1 litre)
» 100 sq. dm. =1 sq. m. » 1000 c.dm. =1 c.m.
ete. ete.

Erxercise.—Write out the metric ** capacity » table (unit = 1 litre).

ConvERrsION TABLE.

Units of British to C.G.S. I C.G.S. to British.

1. Length. .| linch = 2'54 em. 1 cem. = 3937 inch
1 foot = 304797 cm. 1 metre = 39-37 inches
1 mile = 1609°3 metres 1 kilometre = ‘62138 mile

2. Mass . .| 1grain = ‘0648 gramme 1 gramme = 15432 grains
1 ounce = 283490 grm. ’s = +035274 ounce
1pound = 45359 ,, . = 0022046 1b.

3. Area . .| 1sq.inch = 6-4515sq. om. 1sq. om. = °155 sq. inch

4. Volume .| 1 cub.inch = 16387 c. cm. 1 c.om. = 061 c. inch
1 cub. foot = 28316 ,, 1 litre = 61-027 c.inches
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In Fig. 1 the upper portion represents a scale of three inches, and the lower
portion & scale of eight centimetres, the first of which is divided into ten
millimetres.

INCHES.

L 1 1 2
1T TT CIT T T T T T 1T 1

| 14

T

T
I
!

2 J| * s 6 8
CENTIMETRES.
Fig. 1.

5. Advantages of the Metric System.—

(1) The ratios of the various units are all powers of ten, hence the cumber-
some multiplications and divisions necessary in reducing from one unit to another
in the British system are entirely avoided, and reduction is effected merely by
the proper arrangement of a decimal point. Thus: 4 Km. 3 Hm. 2 Dm. 7 m.
1 dm. 6 cm. 3 mm. = 4,327°163 metres = 432,716°3 cm. = 4,327,163 mm.

(2) Being a decimal system, it is uniform with our ordinary arithmetical nota-
tion, and one general “ table ” takes the place of many in the British system.

(3) The various units bear a simple relation to each other. Thus, knowing

” that 1 c.cm. of water at 4°C. = 1 grm. (approx.), the mass of water can be stated
at once if the volume be known (e.g. 12 kilolitres of water = 12,000 kilogrammes).
In the F.P.S. system inconvenient constants must be remembered, e.g. that
1 quart = 69278 cub. inches, 1 cub. ft. of water = 624 pounds, ete.

(4) It is international in character, and almost universally in use among
civilised nations.

6. Velocity.—Velocity is rate of motion, and, when uniform, is
measured by the distance travelled in unit time. If the rate of motion
is not uniform, the velocity at any instant is the distance that would
be passed over in unit time if the velocity were to remain constant for
that period and equal to that at the particular instant considered. A
body has unit velocity if it traverses unit distance in wunit time.
Hence—

The F.P.8. unit is one foot The C.G.8. unit is one centi-
per second. metre per second.

7. Acceleration.—Acceleration is rate of change of velocity.
Thus if a body be moving at any particular instant with a velocity of
10 ft. per second, and if, one second later, its velocity is 13 ft. per
second, the increase in velocity in that second is 3 ft. per second, and
the acceleration 1s stated to be 3 fi. per second per second. Similarly,
if in one second the velocity changes from 20 ft. per second to 16 ft,
per second, the negative acceleration or retardation is 4 ft. per second
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per second. A heavy body placed some distance above the ground
a,n'd allowed to fall freely from rest, will at the end of the first, second,
third, etc., seconds have acquired velocities of 322, 644, 966, etc. ft.
per second (approximately) ; thus the increase in velocity each second
18 32-2 ft. per second, or the uniform acceleration of the falling body is
32:2 ft. per second per second. Employing the C.G.8. length unit, this
is equivalent to 981 cm. per second per second. A body has unit
acceleration if its velocity changes by unity in unit time. Hence—

The ¥.P.8. unit is one foot The C.G.8. unit is one centi-
per second per second. metre per second per second.

8. Momentum.—The momentum of a body is a quantity
measured by the product of its mass and its velocity. If
m i3 the mass in pounds of a moving body, v its velocity in feet per
second, and M its momentum,

M = mv (F.P.S. units).

If m be in grammes and v in centimetres per second the momentum
M will be expressed in C.G S. units. A body has unit momentum if
the product of its mass and its velocity be unity. Hence—

The F.P.8. unit is the mo- The C.@.S. unit is the mo-
mentum of one pound mass mentum of one gramme mass
moving with a velocity of moving with a velocity of
one foot per second. one ¢cm, per second.

9. Force and its Absolute Units.—The whole science of Dynamics
is based on three Laws of Motion stated by Newton in 1687 and
enunciated as follows, the original wording being somewhat altered,
the batter to meet our present requirements :

Law I. A body continues in its state of rest, or of uniform motion
in a straight line, except in so far as it be compelled by impressed
force to change that state.

Law II. The rate of change of momentum is proportional to the
impressed force, and takes place in the direction of the straight line in
which the force acts.

Law IIL. To every action there is an equal and opposite reaction.
The first law provides us with a definition of force. Force is that

which alters, or tends to alter, a body’s state of rest, or of
uniform motion in a straight line.

The second law leads to a means of measuring force ; thus let P be
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the force acting on a body, m its mass, and f the acceleration pro-
duced by the force; by the second law—

P o rate of change of momentum,
o rate of change of mv,
o m X rate of change of v,
o« m X f,
i.e. P = Ekmf where k is a constant.

Now let us agree that if m =1 and f = 1 the particular force acting
shall be our unit force. Putting P, m and f each equal to unity,
k=1 and the statement above beccmes—

P =mf.
.6 (No. of units of force) = (No. of units of mass)
X (No. of units of acceleration).

Clearly, then, unit force may be defined as:
(1) That force which acting on unit mass produces unit acceleration.

(2) That force which acting for ome second on unit mass originally at
rest generates in it unit velocity.

(8) That force which acting on any mass for one second gives to it
unit momentum in the direction of the force. This is evident,
for in one second the momentum in the direction of the force
is mf, and if this be unity, P is unity.

Hence—

The F.P.8S. unit is the The C.G.8. unit is the dyne,
poundal, defined as that force defined as that force which
which acting on one pound acting on one gramme mass

mass for one second gives it for one second gives it a
a velocity of omne foot per velocity of omne centimetre
second. per second.

One poundal = 13,825 dynes.

10. Mass and Weight: the Gravitational Units of Force.—
The mass of a body is the guantity of matter in it, and is
therefore the same everywhere. The weight of a body is the
force with which it is attracted by the earth, and as this
attraction varies from one locality to another, being greater at the
Poles than at the Equator and greater at the sea-level than above or
below that level, it is clear that the weight of a body is not the same
at all places. At the centre of the earth the weight of a body would
be nil, for the earth would not attract it; but its mass would be the
same as at any other place.
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It has been proved that providing the resistance of the air be
removed, all bodies will fall from rest at a height above the ground
through equal vertical distances in equal times. Hence their velocities
at any instant must be the same, and therefore their acceleration:
must be the same. This acceleration, which is constant for all bodie:
at the same place, is called the intensity of gravity, and is denoted by
the letter g. The value of g differs at different localities, being abou.
82:255 ft. per second per second or 983-1 cm. per second per second
at the Poles, and 32:091 ft. per second per second or 9781 cm. per
second per second at the Equator. For calculation purposes, g in
England may be regarded as equal to 32:2 ft. per second per second
or 981 cm. per second per second.

In this country, then, a mass of one pound falls vertically with an
acceleration of 822 ft. per second per second, and the force producing
this acceleration is the body’s weight. But a force of one poundal
produces in a mass of one pound an acceleration of one foot per second
per second. Hence a force eqmal to the weight of a pound is
equivalent to 32'2 (i.e. ¢) poundals.

Similarly a mass of one gramme falls with an acceleration of
981 cm. per second per second, and the force acting on it is its weight.
But a force of one dyne produces in a mass of one gramme an accele-
ration of one cm. per second per second. Hence a force equal to the
weight of a gramme is equivalent to 981 (i.e. g) dynes.

The poundal and the dyne are termed * absolute” units of force
inasmuch as they are based on the fundamental units and their value
is the same everywhere. The “ weight of a pound’ and the “ weight of
a gramme” are called the F.P.S. and C.G-.S. “ gravitational ” units of
Jforce respectively ; their value is affected by the intensity of gravity.
Gravitational units may be converted into absolute units by multiply-
ing by the value of g, and absolute into gravitational by dividing by g.
Thus—

m pounds weight = mg poundals (g = 32'2 in England).
m grammes weight = mg dynes (g = 981 in England).

11. Work and its Units.—

A force does work when its point of application moves in the
direction in which the force acts; work is done against a force
when the point of application moves in the opposite direction
to that in which the force acts.

The idea enunciated clearly involves two factors, force and distance,
and in Tact the measure of the work is the product of the force and
the distance through which the point of application moves in the line
of action of the force ;

1. Work = Force X Distance.
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[ If the actual displacement be inclined to the direction of the acting
force, ‘“ the distance moved in the line

C ,  of action of the force” refers to the

| P Frojection of the displacement on the

1 o ine of action of the force. Thus if

A D “g o force P (Fig. 2) acts in the direction
Fig. 2. AB, and the point of application

moves from A to C, the work done
by the force is P x A D.

From the definition it is apparent that if the distance moved be
zero, no work is done however great the applied force. A stone rest-
ing on a table, a man supporting a weight without moving it, or
pushing a heavy body which he is unable to move, are examples of
force applied but no performance of work. Further, if the point of
application moves in a direction perpendicular to that of the force the
latter does no work, for the point D (Fig. 2) coincides with A, and
AD is zero; thus no work is dome by gravity when a body moves
along a horizontal plane.

An absolute unit of work is done by the absolute unit of force in
moving its point of application unit distance. Hence—

The ¥.P.8. unit is the work The C.G.S8. unit is the work
done by one poundal in moving | done by one dyne in moving its
its point of application one | point of application one centi-
foot. Itiscalled afoot-poundal. | metre. It is called an erg.

1 ft.-poundal = 421,390 ergs.

The erg being very small, three additional work (or energy) units
are employed in electrical engineering, viz.:

(1) The Joule = 10 million (<.e. 107) ergs;
(2) The Watt-hour = 3,600 joules = (3,600 x 107) ergs;

(8) The Kilowatt-hour = 3,600,000 joules = (1,000 x 3,600 x 107)
ergs ; the last named being the legal supply unit fixed by the Board
of Trade (B.0.T. unit or B.T.U.). These will receive exact definition
in Chap. X. Still another unit—the calorie—is largely used in the
science of Heat; it is equal to 42,000,000 ergs.

The F.P.S. gravitational unit of work is the foot-pound, defined as
the work done in raising one pound mass vertically one foot.
If m pounds mass be raised vertically 4 feet, the work doneis mh foot-
pounds. Since “ one pound weight ”= 322 poundals, it is clear that
a foot-pound of work = 32-2 foot-poundals.

The C.G.S. gravitational unit of work is the gramme centimetre,
which is the work done in raising one gramme mass vertically
one centimetre. Since “one gramme weight”’= 981 dynes, a
gramme centimetre of work = 981 ergs.
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Owing to the smallness of the gramme centimetre, another unit—
the kilogrammetre—is more frequently employed ; it is the work done
in raising one kilogramme vertically one metre. Since 1 Kg.=1,000
grm. and lm =100 cm. the kilogrammetre = (1,000 x 100) =
100,000 grm. cm.

12. Power or Activity and its Units.—By the “ power” of an
agent, say a dynamo or motor, is meant its rate of doing work, d.e.
the amount of work it can do in unit time.

The F.P.S. absolute unit is the power of an agent which performs
one foot-poundal of work per second.

The C.G.8. absolute unit is the power of an agent capable of per-
forming one erg of work per second. This being very small, two
additional power units are employed in electrical engineering, viz.: the
Watt and Kilowatt (1,000 watts). The watt is equivalent to
10,000,000 (i.e. 107) ergs per second, and since the joule = 107 ergs,
the watt may be defined as the power of an agent which per-
forms one joule of work per second (Chap. X.).

A ““Horse-power ” is the British gravitational power unit. An
agent capable of performing 550 foot-pounds of work per second
or 33,000 foot-pounds per minute is said to be of one horse-power.
Thus if the actual horse-power of a motor be four, it is able to do
2,200 foot-pounds of work per second.

The metric gravitational unit is the Force de cheval. Itisequiva-
lent to 75 kilogrammetres per second or about 542 foot-pounds per
second, and is therefore somewhat less than the British h.-p.

The important relation between the h.-p. and Watt may thus be
established :

1 1b. = 454 grm. (approx.); 1 ft. = 30-5 cm. nearly.
< 1 pound weight = (454 X 981) = 445,000 dynes approx.
Now—
1 foot-pound = work in overcoming 1 pound weight through 1

foot,

» » = work in overcoming 445,000 dynes through 305
cm.,

” »  =13,670,000 ergs nearly;

s 550 foot-pounds = (13,570,000 x 550)
= (746 x 107) ergs.
Hence 1 h.-p. = 550 foot-pounds per second = 746 x 107 ergs per

second.
= 746 watts, since the watt = 107 ergs per second.
Thus 1 h.-p. = 746 watts;

& 1 watt = 75 h.-p.
and 1 kilowatt = 4%°2 = 134 h.-p.
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The distinction between ‘work” and ¢ power” should be carefully noted.
Power is rate of doing work, and is therefore of the nature of work divided by
time ; ¢ "nvolves a time unit : e.g. 1 h.-p, = 550 foot-pounds per second ; 1 watt =
107 ergs per second, ete. Stated algebraically—

Work

—— and Work = Power x Time.
Time

Power =

Thus the ‘‘watt” and “kilowatt” are units of power; but the watt-hour”
and “ kilowatt-hour,” being products of *‘ rates of working” and ‘‘time inter-
vals,” are work units,

13. Energy.—Energy is capacity to do work; it is measured in
work units: foot-pounds, joules, calories, watt-hours, kilowatt-hours,
etc.

‘While a body is in motion it can do work, 4.e. it possesses energy.
Energy in this form is termed kinetic energy.

A mass raised to a height above the earth is endowed with energy,
for by a suitable arrangement it can, in changing its position, raise
another body from the ground and thus do work. The energy of a
body due to its position relative to surrounding bodies, or due to the
positions of its parts, is called potential energy.

In distorting or coiling a spring work must be done in changing the
relative positions of its parts; the distorted spring possesses emergy
(potential) and can do work in returning to its pormal position.
Work must be done in charging a body with electricity, and the
charged body is endowed with energy (potential), for it can do work
in attracting other bodies to it, or a spark may be obtained from it, in
which case the energy is partly converted into heat energy, part is
utilised in setting up the ether vibrations which constitute light, and
part gives rise to sound. A piece of coal possesses energy (potential)
due to its tendency to combine with oxygen, for when the combination
takes place heat, light, and mechanical work are obtained therefrom.
Kinetic energy is possessed by a moving cannon ball, and a consider-
able amount of work can be done in the arrest of its motion.

Owing to the tendency of zinec to combine with sulphuric acid, a
piece of zinc in sulphuric acid resembles the coal and the elevated mass
previously mentioned. They possess energy (potential), and when
the combination occurs heat energy is the result, or by a suitable
arrangement part of the energy may be utilised in driving a current
of electricity, which in turn may be made to drive a motor and to do
mechanical work. In all cases, whether we speak of electrical energy,
chemical energy, radiant energy, gravitatiomal energy or heat, it must
be remembered that the energies are of the same essential character,
and are measured in the same work units.

It is proved in works on Mechanics that if m be the mass of a
moving body in pounds and v its velocity in feet per second, its kinetic
energy is given by the expression :
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K.E. = } mv® ft.-poundals = } ’% ft.-pounds (g = 32:2).

If the mass be in grammes and the velocity in cm. per second,
2
mv

KE =]imv'ergs =1 grm. cm, (g = 981).

Again, if m be the mass of a body in pounds and 7% its height above
the ground in feet, its potential energy is given by—

P.E. = mgh ft.-poundals = mh ft.-pounds (g = 32-2).
If m be in grammes and % in centimetres,

P.E. = mgh ergs = mh. grm, cm. (g = 981).

It is clear from these expressions that if a heavy body and a light
one strike an obstacle with equal velocities the heavy one will penetrate
to a greater depth, for having greater kinetic energy owing to its
greater mass it will do more work in coming to rest. Similarly if a
leaden bullet and a wooden one of the same size be projected through
the air with equal initial velocities, the leaden one will travel to a
greater distance, for it will do more work in coming to rest, and
therefore overcome the retarding force due to the air through a
greater distance.

14. The Principle of Conservation of Energy.—In simple
language this may be enunciated as follows:

The total energy of the universe is constant: energy cannot
be created and cannot be destroyed; it can only be changed
from one form into another.

Thus we realise the true function of a dynamo or any other machine.
It does not create energy, but is merely a device for transforming one
form into another more suited to the purpose in view; and in the
transformation a certain amount is degraded—not destroyed—but
converted in the bearings, etc., into heat energy, which is less available
for useful purposes.

EXAMPLES.

1. Find the number of dynes in a poundal,
1 pound = 45359 grm. 1 foot = 30°48 em.
1 poundal acting on 1 pound for 1 second gives a velocity of 1 ft. per second.
. 1 poundal acting on 45359 grm. for 1 second gives a velocity of 30'48 om.
per second. ‘
Hence the momentum generated by 1 poundal in 1 second
= 45359 x 30'48 = 13,825 C.G.S. units.
But the momentum generated by 1 dyne in 1 second = 1 C.G.S. unit.
.. 1 poundal = 13,825 dynes (Art. 9).
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2. Find the number of ergs in @ foot-poundal.
1 foot-poundal = work done by 1 poundal in moving 1 foot
= work done by 13,825 dynes in moving 3048 cm.
= 13,825 x 30°48 = 421,390 ergs (approx.).
1 foot-poundal = 421,390 ergs (Art. 11).

3. Find the number of foot-pounds in a kilowatt-hour.
By Art. 12, 1 kilowatt = 1:34 h.-p. = (134 x 550) foot-pounds per second.
Now—
Work = Power X Time in seconds.
-~ 1 kilowatt-hour = (1'34 x 550) x (60 x 60) foot-pounds.
.~ 1 kilowatt-hour = 2,653,200 foot-pounds.

4. How many 16 candle-power lamps taking 3°5 watts per candle can be run
from an 18-kilowatt machine ?
Watts absorbed by each lamp = 3'5 x 16 = 56.
Output of dynamo in watts = 18 x 1,000 = 18,000.
18000
==—= = 321.
56

B. An electric car whose velocity is 10 miles an hour is brought to rest in 12
yards when the brakes are applied. If the mass of the car be 10 tons, find the
average retarding force due to the brakes.

Mass = 10 tons = 22,400 pounds (m).
Velocity = 10 miles per hour = 52,800 feet per hour
_ 52800 _ 44
= =  "feet per second (v).

3600 3
DB = LM L 200 44 4
s KE = 3 foot-pounds 3 X 35 X 3 X 3
= 75289 foot-pounds (approx.).
Hence work done against brakes = K.E. destroyed = 75,289 foot-pounds,
i.e. retarding force X distance in feet = 75,289.
75289 _ . :
1253 2,091:36 pounds weight.
Nore.—For simplicity g is here taken = 32 feet per second per second.

~. Number of lamps =

- Average retarding force =

EXERCISES I.

The letter (B.) is put after questions taken from the late ‘‘Lower"” or Second Stage Exami-
nations in Magnetism and Rlectricity of the Board of Education. The letters (P.), (O.), (H.) denote
respectively the Grade 1, Grade 2, and Final (late Preliminary, Ordinary and Honours) Exami-
nations in Electrical Engineering of the Caity and Guilds of Xondon. Questions taken from other
examinations (the Universities, the Institution of Electrical Engineers, etc.) are fully indicated.

1. Give a list of the prefixes employed with metric units, showing by how
much they increase or decrease the value of the unit. Explain the advantages of
the metric system.

2. Distinguish between ‘‘mass” and ‘‘ weight.” Explain how the weight of
a substance a3 determined by a pair of scales is the same everywhere, while it
will vary if a spring balance be employed.
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3. Define the various absolute and gravitational units of force, work, energy,
and power.

4. Mention the quantities of which the following are the units: watt, dyne,
joule, calorie, kilowatt, horse-power, kilowatt-hour, poundal, watt-hour, foot.
pound, erg, force de cheval.

5. Why can a leaden bullet be fired further than a piece of wood of the same
size and shape? (P.)

6. If a man supports a weight of 10 1b. for 17 minutes, does he do any work?
If so, how much? (P.)

7. Why is energy expended in bending or coiling a spring? (P.)

8. What are foot-pound, poundal, dyne and kilogrammetre? How are they
related? (O.)

9. Explain numerically the relations between the dyne, the erg, the joule, the
kilogramme, the British h.-p. and the Metric h.-p. (0.)

10. Define force, work, energy, and power. Is a kilowatt a unitof work or a
unit of power ? Of what quantity is a kilowatt-hour the unit?

11. If a 16 candle-power lamp takes 4 watts per candle, how many such lamps
can be run from a 16 unit (kilowatt) machine ?

12. How many foot-pounds of work will be done in 20 minutes by a motor
working at 4 brake h.-p.? (P.)

13. How many 16 candle-power lamps taking 4 watts per candle can be run
off a dynamo giving 7 electrical h.-p. 2 (P.)

14. How many (electrical) h.-p. are needed to drive a dynamo supplying 120
16 candle-power lamps if the lamps absorb 33 watts per candle ?

15. An arc lamp takes 10 amperes at 50 volts, which is equivalent to 500
watts and gives a mean candle-power of 550 ; how many candles per h.-p. is this

equivalent to?

18. Determine : (a) the number of foot-pounds in a joule ; (b) the number of
gramme centimetres in a foot-pound; (c) the number of watts in a *force
de cheval.”

1%. Prove :—(a) that a B.O.T. unit = 3,600,000 joules ; (b) thata calorie = 3°968
watt-hours ; (c) that a B.O.T. unit = 1:34 h.-p. hour.

18. Defineone h.-p. If 1 foot = 3048 cm., and 1 pound = 4536 grm., calculate
the number of ergs equal to one foot-pound at a place where the acceleration of
gravity = 981 cm. per second per second. Lastly, calculate the number of ergs
per second equal to one h.-p. (0.)

19. Find the h.-p. required to keep a car weighing 10 tons moving on the
level at 7 miles an hour if the resistance to traction is 25 pounds per ton.



PART II.—ELECTROSTATICS.

CHAPTER II.

GENERAL PRINCIPLES.

15. Electrification by Friction: the Two States of Electri-
fication.—The ancients were acquainted with the fact that pieces of
amber and jet possessed, when rubbed, the property of attracting
light bodies, and it is from the Greek name élekiron (amber) that our
word “electricity ” is derived. It is now known that, with proper
precautions, all substances suitably rubbed will attract to some extent
such light articles as pieces of paper, bran, cork, pith, ete.; glass
rubbed with silk, sealing-wax with flannel, and vulcanite with fur, dc
so in a marked degree, and particularly the last named. A substance
endowed with this property is said fo bz electrified, to be excited, to be
charged, to possess a charge or to be in a state of electrification, and the
unknown mysterious agent which is the cause of this state is named
““electricity.” Bodies not endowed with the property
mentioned are said to be neutral.

If a glass rod which has been rubbed with silk be
brought near a ball of elder pith suspended by a dry
silk thread from a suitable stand (Fig. 3), the pith-ball
will be attracted to the rod, and, after being in contact
for a second, will be strongly repelled, from which it
may be surmised that the ball becomes charged on
touching the rod, and that when a neutral body takes a
portion of the charge from an electrified one the two
no longer attract, but repel. Again, if a vulcanite rod
which has been rubbed with fur be placed in a stirrup
suspended from the stand by a dry silk thread, and a

Fig. 3. second vulcanite rod also rubbed with fur be brought

near, the suspended one will be repelled ; but a glass rod

rubbed with silk will attract it. Similarly, if the electrified glass be

suspended, a second glass rod excited with silk will repel it, but

the vulcanite rod rubbed with fur will produce attraction. Repeated
14
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experiments of this character with various substances lead.to the
conclusions :

(1) That there are two states of electrification.
(2) That bodies in similar states of electrification repel.
(8) That bodies in unlike states of electrification attract.

It has been agreed to call the state of electrification exhibited by
glass rubbed with silk, “positive,” and to say that the glass is
““ positively ’ charged ; it has further been agreed to name the state
of electrification of vulcanite rubbed with fur, “negative,” and to say
that the vulcanite is ““ negatively ” charged. Hence:

(1) Positively charged bodies repel each other.
(2) Negatively charged bodies repel each other.
(3) A positively charged body and a negatively charged one attract.

So far we have not concerned ourselves with the rubber; but
experiment proves that if a vulcanite rod be fitted with a fur cap to
which is attached a dry silk thread, and if on electrifying the rod, the
thread and not the fur be held in the hand, on separating, the vulcanite
is negatively charged and the fur positively charged. Further, if,
before separating, the two be brought together mear an uncharged
pith-ball, the latter is not affected in the least, from which it may be
gathered that the two electrifications are equal, and are neutralising
each other. Numerous tests all lead to the same conclusion, viz. that
both states of electrification are established af the same time and to an
equal degree.

Whilst speculation and theory are scarcely profitable at this stage of the reader’s
progress, a suggested explanation (really a slight modification of Franklin’s theory)
may be of service as satisfactorily explaining to a beginner many well-known
phenomena. It may be conceived, for example, that the vulcanite rod and the
fur, when neutral, are each imbued with a definite amount of ¢ electricity.” On
rubbing the two together, it may be further conceived that a certain amount
passes from the rod to the rubber ; thus the rod will have a “deficit,” and may
be said to have a ‘‘negative charge,” the fur will have a ‘‘surplus,” or a
¢ positive charge,”” and since the surplus on the rubber has come from the rod,
the two ‘‘charges” will be equal and capable of neutralising. Of course, since
the terms Positive and Negative have been fixed arbitrarily, it is possible that
what is termed by consent a positive charge may be the deficit and the other the
surplus, but there is no means of settling the question. It should be noted, too,
that according to this theory there are not two kinds of electricity, but two states of
electrification, t.e. two electrical conditions, one due to a surplus, the other to a
deficit of electricity.

To harmonise with modern thought, the original ¢ one fluid ” theory of Franklin
needs much modification, because: (1) it regards electricity as a material fluid ;
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(2) it ignores the function of the medium surrounding the charged body. Modern
theory, on the other hand, justly abandons the idea of a material fluid, and
regards the medium as the seat of the energy, attributing to it a condition of strain
to which the electrification of the surface of the charged body and the energy
associated therewith are due. It is, however, interesting to note that save in
the meaning of the terms Positive and Negative, the modified Franklin theory
above approaches somewhat the latest electron theory, which regards an atom as
consisting of a positive nucleus surrounded by small negative corpuscles or
electrons, a negatively charged body as one containing a surplus of (negative)
electrons and a positively charged body as one with a deficit of (negative)
electrons. The even partial explanation of many electrical phenomena on strictly
modern lines would, however, only confuse the reader at this stage of his progress.

The section of our subject which treats of electricity at rest and of
the measurement of electric charges is called *“ Electrostatics.”

16. Conductors and Insulators.—In the infancy of the science
it was discovered that, holding the bodies in the hand, some (e.g. glass,
wax, vulcanite, sulphur, etc.) could readily be electrified by friction,
whilst others (notably the metals) exhibited not a trace of electrifi-
cation. The difference is due to the fact that the first group are
“insulators,” the second “ conductors.” At this stage resistance may
be defined in a general way as that property of a body which opposes
the flow of electricity. An insulator is a substance possessing
such enormomns resistance that practically it does not permit
electricity to flow through it; a conductor is a substance of
such small resistance that it readily allows electricity to flow
through it and to pass from it to other bodies. Consider, then,
a glass rod, one end held in the hand, the other rubbed with silk.
The end rubbed becomes positively electrified, and the *surplus”
remains there; for the rod, being an insulator, does not permit the
electricity to flow along it to the hand, from whence it would readily
pass to earth, since the human body is a good conductor. Similarly,
the “ deficit” on the vulcanite rod cannot be made up by a flow of
electricity from the earth, because vulcanite is an insulator. A brass
rod held in the hand and rubbed with india-rubber becomes positively
charged, but the electricity immediately passes along it and down the
body to the earth. By fitting the brass with a vulcanite or glass
handle it can be electrified in the usual way.

The best conductors are the metals of which annealed silver is
pronounced: amongst the good insulators are dry air, dry glass,
paraffin wax, mica, vulcanite, shellac, india-rubber, sulphur, sealing-
wax, silk, ete.

17. Changes in Conducting and Insulating Powers: Con-
ductors in Practice: Practical Insulation.—The conducting and
insulating powers of most bodies are influenced by temperature. Good
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corductors (metals) become worse conductors as their temperature is
raised, z.e. the resistance they offer to the flow of electricity becomes
greater. Insulators, on the other hand, decrease considerably in in-
sulating power when heated ; i.c. the resistance they offer to the flow of
electricity becomes decidedly less, and some, if strongly heated, may
even become good conductors. For example, a rise of 10° F. increases
the resistance of copper by about 2 per cent., and decreases the resist-
ance of gutta-percha to mnearly one-half its original value; a rise of
20° F. increases the copper resistance by about 42 per cent., and de-
creases the gutta-percha resistance to about one-fifth of its initial value.

Alloys do not vary in conducting power to the extent that pure
metals do for the same temperature change. Manganin, an alloy
consisting of 84 per cent. of copper, 12 per cent. of manganese, and
4 per cent. of nickel, increases slightly in resistance from 0° C. to
about 35° C. and then decreases, but the variation is so small that it
may be neglected in practice; hence it is largely used as a standard
in testing. German silver, an alloy consisting of 4 parts of copper
to 1 part of zinc and 2 of nickel, and platinoid, consisting of 59 per
cent. of copper, 25'5 per cent. of zinc, 14 per cent. of nickel, and 1'5
per cent. of tungsten, also vary very little with temperature. Carbon
becomes a better conductor, i.e. decreases in resistance when heated ;
but if the heating be cuntinued beyond a certain limit the resistance
begins to increase again (Chap. X.).

In practice copper and aluminium are mainly used as conductors
of electricity ; the latter has a higher resistance (volume resistivity)
and lower tensile strength than copper, but in certain circumstances
its lesser specific gravity renders it more suitable. Owing to their high
resistance and small variation with temperature, alloys are largely
used as standard resistances for testing purposes. For overhead lines
hard drawn copper is employed but aluminium is coming into more
extended use and, where great tensile strength is required, bronzes
composed of copper with tin, silicon, ete., are often used.

As a practical insulator shellac is often employed. It is obtained
from an insect which deposits its eggs on certain trees in India; these
are placed in bags, heated, and the liquid squeezed out, which latter
forms crude shellac. Shellac dissolved in methylated spirits produces
shellac varnish ; it is a very good insulator but does not withstand
the action of oil. As an insulating protection for electric wires and
cables, vulcanised india-rubber, which consists essentially of pure
rubber treated with sulphur at a high temperature, is largely employed ;
it lasts longer and is not so much affected by temperature changes as
pure rubber, but owing to the action of the sulphur upon the bare
nllletallic conductor, a layer of pure rubber must be interposed between
them.

In the manufacture of, switches, fuses, etc. (see Chap. XXIIL),
porcelain is a usual insulator, but it is easily cracked and tends to
collect moisture. Slate and marble are invariably met with as

T. B, 2
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insulating material for distribution boards, switch boards, etc. (Chap.
XXIIL), but in such cases care must be taken that the slate is free
from metallic veins. In dynamo electric machinery, mica and various
modifications of mica are extensively used as insulating materials.
The mineral mica consists essentially of a double silicate of potassium
and aluminium; it can be manufactured in very thin layers, is
influenced but slightly by temperature changes and does not absorb
moisture, which rapidly lessens insulation. Micanite and megomit
are mechanically stronger than mica ; they consist of mica sheets fixed
together by insulating cement, and by subjection to intense heat can
be prepared in any convenient form for practical purposes. Micanite
cloth and micanite paper consist of mica cemented to cloth and
paper respectively. Presspahn, which is pure wood fibre with an
oily glaze, is also largely used for insulating purposes. Bitumen is
much used for surrounding electric cables when laid ; it can be poured
round them at a temperature not much higher than that of boiling
water. Vulcaniged fibre is a well-known insulator; it is composed
of vegetable fibres, chemically treated, and compounded together under
very great pressure. Ambroin and isolit are insulators of recent
introduction, the former being made from fossil copal mixed with
certain silicates, and the latter being a special kind of papier maché.
Just as the displacement of air, say from one place to another,
necessitates the existence of a difference in air pressure, so electrical
pressure is needed to transfer electricity, and all insulators become
conductors if the pressure be high enough. In practice, electrical
pressure is measured in “volts” and the following table shows the
“voltage” required to pierce the insulators mentioned, each being
‘001 inch thick: the greater this voltage the greater is said to be the
dielectric strength of the insulator. The volt is defined later.

Breakdown Pressures of certwin Insulators.

Micanite plate . . 1,012 volts Oiled asbestos . . 320 volts
Micanite paper . . 467 ,, Red fibre. . . . 307 ,,
Micanite cloth . . 439 White Bristol board . 240 ,,

18. Electrostatic Induction.—Consider an insulated body C
(Fig. 4) in the centre of the room, and let a positive charge be given
toit. It is believed that this gives rise to a pressure extending right
throughout the insulating medium (air), but diminishing at first
rapidly and then slowly as we recede from the body C to the earth-
joined bodies in the room ; that in consequence the insulating medium
is strained until it sets up an opposing influence which exactly
balances the forward pressure due to the charged body. Taking,
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then, any two points A and B (Fig. 4), the pressure at A exceeds
the pressure at B; this pressure difference tends to drive electricity
from A to B, but the medium sets up an opposing influence which
balances the forward pressure, so that the insulating medium is
strained, but there is no “flow.”

Now let the conductor (Fig. 5)

be placed so as to connect A and Ao
B. The pressure difference tends
to drive electricity from A to B,
and the conductor being unable,
like an ingsulator, to set up aun
opposing influence, permits the —_—

flow; thus electricity flows from A + B
A to B until uniform pressure

exists over the whole conductor. Fig. 5.

Clearly, then, the end A will have

less than its normal amount, <.e. a negative charge, and B will have
an equal surplus, i.e. a positive charge. Remembering, too, how the
pressure varies as we travel from C outwards, it will be apparent
that the displacement will be greater the nearer the conductor is to the
charged body.

If C be negative, its pressure is below that of the earth, i.e. the
walls, etc., of the room. Thus the pressure rises as we recede from it,
being therefore greater at B than at A. On placing the conductor
in position, electricity flows from B to A; B in this case exhibits a
negative charge, and A an equal positive charge.

These actions are referred to as ‘ electrostatic induction”; C is
called the inducing body, A B the body acted on inductively, and the
insulating medium which transmits these influences, itself playing a
vitally important part in the action, is known as the dielectric.

By interposing a solid dielectric such as glass, wax, mica, etc. (or
a liquid dielectric), between C and the conductor A B, the inductive
effects will be still more marked, for they permit the influence to take
place through them better than air, and are said to have a higher
specific inductive capacity. It has been indicated that the nearer the
two bodies are together the better is the result, and the introducticn of
these solid dielectrics is (electrically) equivalent to shortening the air
space ; thus a piece of mica 5 cm. thick is equivalent to an air thick-
ness of 1 cm.; its specific inductive capacity is 5, that of air being
taken as unity (Art. 81). Specific inductive capacity is also called
the * dielectric constant.”

"We have seen that a light and suitably suspended conductor is
attracted by an electrified body (Art. 15). Prior to attraction
inductive displacement occurs, the nearer side of the conductor
exhibiting an electrification opposite to that of the electrified body,
the remote side an electrification similar to that of the charged body,
ang, atnaction ensues between the unlike charges facing each other.
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Thus induction always precedes the attraction between a charged and
uncharged body.

19. Potential.—If an isolated positively charged conductor be put
in metallic connection with the earth, its *“ surplus” flows to earth and
the body becomes neutral; this is because its electrical pressure is
above that of the earth, and the fact is expressed by saying that it is
at a higher potential than the earth; or, taking the latter as our zero,
it is said to be at a positive potential. After the momentary flow the
potential of the body is zero.

On earthing an isolated negatively charged conductor, electricity
flows from the earth until its * deficit” is made up and the body
becomes neutral ; this is because its electrical pressure is below that
of the earth ; it is said to be at a lower potential than the latter, or at
a negatwe potential. After the flow the potential of the body is zero.

Again, if two points in a dielectric at different potentials (e.g. A
and B in Fig. 4), or two conductors at different potemtials, be put in
conducting communication, electricity will flow from the one at the
higher potential and the flow will continue until equality of potential
is established ; from which it follows that if the flow is to be main-
tained, means must be devised for keeping up the potential difference
(abbreviated P.D.). This is the function performed by batteries
and dynamos.

The reader must guard against a likely error here. If the two
vessels of Fig. 6 contain water as indicated, on
opening the stop-cock the flow takes place
from A to B until the two attain the same
water level. The initial quaniity of water in A
may be considerably less than that in B; it is
the respective water levels which settle the
direction of flow. Similarly if two like charged
conductors be joined it is their respective poten-
JERNER,  tials which settle the direction of flow, not the
Fig. 6. amount of their charges, and the potentials
depend on the sizes of the bodies and on the
medium as well as on the actual charges (Art. 25).

At this stage we may summarise in a general way as follows: The
potential of a body is its electrical pressure above or below
that of the earth; it is the electrical condition which settles
whether the body will give electricity to the earth or another
body, or get electricity from the earth or another body when
they are joined; a body is al a positive potential if electricity flows
from it to the earth regarded as the zero of potential, it is at a negative
potential if electricity fiows from the earth to it, and it is at zero
votential if there is no flow ; similarly a body A is at a higher potential
than another ons B if electricity flows from A to B when they are joined,
and they ave al the same potential i there is no flow between them. The
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mathematical aspects of potential and its exact definition are dealt
with in the next chapter.

20. Potential due to Neighbouring Charges.—Referring again
to Fig. 5, experiment proves that when the conductor A B is earthed,
the positive charge at B disappears and a greater negative charge
appears at A. This must be the result of electricity flowing to earth,
hence before earthing, A B must have been at a positive potential,
although it had a negative charge at one end and a positive one at the
other. This positive potential is due to the influence of the positive
charge on C; it is spoken of as an induced potential, since it is due
to inductive influence.

Further, when A B is earthed 1t ¢s reduced to zero potential, but it
exhibits a negative charge at the end A. In this case the negative
potential due to its acquired negative charge is exactly cancelled by
the induced positive potential due to C.

Finally, if AB be disconnected from the earth and the charged
body C be then removed, A B exhibits a negative charge at all points
of its surface and is at a negative potential due to its acquired negative
charge.

Fig. 7 represents these points graphically, the vertical distances denoting
potentials ; distances
above the horizontal

C

- A B A B A B
denote positive poten- = —
tials, distances below @ @ (j ) F )
the horizontal negative m;z.
potentials and the ho- _—t
rizontal line denotes [ N A B
zero potential. The G A 8 C A B L___V
figure is, of course, dia- Fig. 7.

grammatic only. Note
that the potential of C is lowered when A B is earthed.

If C be negatively charged, the end A exhibits a positive charge
and B a negative one. On earthing, the negative charge at B dis-
appears and a greater positive charge appears at A. This must be
the result of electricity coming from the earth; hence before earthing,
A B must have been at an induced negative potential due to C, although
it had o positive charge at one end and a megative one at the other.
‘When A B is earthed ¢ is af zero potential, but it has a positive charge
at A. Here again the positive potential due to its own positive charge
is exactly cancelled by the induced negative potential due to C. When
A B is disconnected from the earth and C is then removed, A B is
p;:sitively charged and is at a positive potential due to this positive
charge.
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21. Electric Field. Lines of Force.—An Electric Field is the
space surrounding an electrified hody (or system of electrified
bodies) within which the influence of the charge (or charges)
extends. When considering the forces in the field it is spoken of as
a Field of Electric Force; when concentrating on the phenomena
associated with induction it is often spoken of as a Field of Induction.

A free, small, positive charge placed at any point in the field will
be urged by a definite force in a definite direction, which latter is
indicated by the line of force passing through the point in question.
A line of force is a curve such that the tangent at any point
gives the direction of the electric force at that point. The
positive direction of a line is the direction in which a free positive charge
tends to move: in some of the diagrams which follow arrows indicate
the positive direction of the lines of force.

Fig. 8,
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It has been mentioned that the insulating medium surrounding an electrified
body is srained. In more advanced theory it is necessary to distinguish between
‘“lines of force” (which yeally deal with the stress in a field) and what are
called ““linos of induction” (which deal with the strain), but it is not necessary
at this stage, for in an air medium (which we are considering) lines of force and
{ines of induction are coincident, (Art. 28).
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Fig. 8 shows the lines of force for a positively charged sphere in the centre of a
large room. TFig. 9 represents the case of two equal conducting spheres with equal
and opposite charges, whilst Fig. 10 depicts the case of two equal positive point
charges. Tig. 11 shows the lines in the case of two positive charges in the ratio

N
Fig. 11,
\" % &~
Fig. 12. Fig. 13.

4:1 (A =+20, B=+5), and Fig. 12 gives the corresponding case of A =+ 20
and B = — 5. Fig. 13 represents the case of a charged sphere C acting inductively
on an insulated conductor A B : the ‘“induced charges” at A and B are equal and
opposite (it will be noted that the number of lines
ending on A is drawn equal to the number proceeding
from B), but each i3 less than the inducwng positive
charge at C, the balance being on the walls, ete., of
the room. Fig. 14 shows the lines in the case of a
positively charged sphere A inside an insulated hollow
conducting sphere B but not situated at the centre
of the latter. The distribution of the charge on the
ingide of B is irregular but outside it is uniform.
Further, as will be seen from the lines in the figure,
in cases such as this, where B completely surrounds the Fig. 14,
inducing charge A, the induced charges on B are not

only equal but each 13 equal to the inducing charge on A. (See Arts. 23, 29).
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In all cases the lines start from a positive charge and end on a

AN

Jd T x
B o o

Fig. 15.

negative charge some-
where. It should also
be noted that lines of
forcedonot passthrough
a conductor but end on
its surface. It may be
mentioned too that the
field occupies theentire
space surrounding the
charges and is not con-
fined to one plane as
the illustrations must,
of necessity be.

In order to explain
the fundamental facts
of attraction and re-
pulsion and of induc-
tive action, Faraday
imagined these lines
of force to be, so to

k speak, real connections
@ between the positive

and negative charges,
and further, that each
line tended to contract
longitudinally, whilst

lines proceeding in the same direction tended to repel each other
laterally. Thus longitudinal contraction will account for the attraction
between unlike charges, and lateral repulsion will afford an explanation

of the repulsion between like charges.

[

22. The Wimshurst Electrostatic Induction Machine.—So
far our “charges” of electricity have been obtained by the simple
friction of suitable substances, or by the simple inductive action of a
charged body on an initially uncharged conductor; but to quickly
obtain large charges some form of electrical machine must be em-
ployed, the most commonly used type being, perhaps, that of Wims-
hurst. Fig. 15 will serve to explain the action, while Fig. 16 depicts

the actual machine,

The machine consists essentially of two vulcanite or shellac
varnished glass plates capable of rotation in opposite directions
about’a horizontal axis. On the sides of the plates remote from each
other are fixed a number of metal sectors ; in Fig. 15 the sectors on the
front plate are represented by the inner broken circle, those on the back

plate by the outer and thinner broken circle.

Standing at each side is

a U-shaped conductor, each carrying on the inside two rows of sharp
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points (called the combs), facing the plates; these are connected to
the *“ dischargers ” or ‘““poles ”” of the machine X Y and to the inside
coatings of two condensers K K, the object of the latter being to
increase the capacity and to 1ender the accumulation of heavy charges

possible (Art 29). Lying across the front plate, at an angle of about
45° with the combs, is a metal rod B C, terminating in wire brushes,
which graze the sectors as the plate rotates. Across the back plate
and, roughly speaking, at right angles to BC 1s a second metal rod
E H, terminating in brushes; for convenience this is drawn outside mn
the figure

Disregarding for a moment the « earthing ” of the rods BC and
E H, and 1magining the sector A to have a shight + ve charge given to
it, the'action of the machine may be described as follows:—A acts
mductively on the conductor B C, causing the sector B to acquire a
— ve charge and C a + ve one. Concentrating our attention on the
front plate, B moves to the right with its — ve charge, and on reaching
F acts inductively on E H, making the sector B on the back plate
+ ve and H —ve Leaving F, the front sector moves into the comb
on the right, where it again acts inductively, causing the points to
become + ve and the discharger Y — ve. The density of the charge at
the points 18 so great (Art. 23) that particles of air and dust in the
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vicinity are attracted, become charged by contact, and are then repelled,
carrying the + ve charge with them: thus the comb loses some of its
charge, and the + ve particles coming in contact with the — ve sector
partly neutralise its charge. Further, the air is ionised, i.e. has + ve
and — ve charged particles called ions produced in it (see Advanced
Text-Book of Magnetism and Electricity) and the — ve ions are attracted
to the comb thus neutralising ils + ve charge whilst the + ve ions are
attracted to the sector thus neutralising its — ve charge. Thus the
comb loses its charge leaving the discharger Y — ve, and the sector
comes out of the comb uncharged. When the front sector reaches C
it acquires a + ve charge, when it reaches G it acts inductively on the
back plate, causing H to become — ve and E + ve, and when it enters
the comb on the left, actions similar to those already explained take
place, the result being that the discharger X becomes + ve, and the
sector comes out uncharged. At B the sector becomes — ve, and the
action is repeated.

Turning to the back plate, the sector E moves to the left with its
+ ve charge. At A it acts inductively on the front plate, making the
sector at B — ve and that at C <4 ve; it then enters the comb, with
the result that X acquires a further + ve charge. On reaching H
the sector in question becomes — wve, at D it acts inductively on C B,
making C 4 ve and B — ve: it then enters the comb, with the result
that Y acquires a further — ve charge and the action is repeated.
Thus the rotation of both plates results in X acquiring a strong + ve
charge and Y a strong — ve one.

In the above we have assumed that a small charge is given to A;
in practice the small difference of potential between different parts is
usually sufficient to start the action.

23. Miscellaneous.—The following additional points in the general prin-
ciples of electrostatics may be briefly referred to :—

(1) When a conductor is charged the charge i3 entirely on the outside. Thusif a
metal can be insulated and positively charged the inside will show no signs of
electrification, but the outside will be positively charged. If an electrified ball
be lowered into an insulated metal can, touch the inside, and then be removed,
the ball and the inside of the can will show no signs of eleotrification, but the
outside of the can will show the charge. In both cases, however, the outside of
the can, the inside of the can, and the air inside except near the mouth are ail at the
same potential from which it follows that there i8 no electrical force inside a hollow
conductor if there are no charged bodies inside. Of course if there is a charged
body hanging inside matters are different: thus in Fig. 14 the inside has an
induced negative charge and there is an ‘‘up gradient” of potential from the
inside of B to the positively charged ball. The student should reason these
experimental facts out from the conception of lines of force (and induction).

(2) The distribution of the charge on a conductor depends on its shape (also on
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on a cube it is greatest at the corners, next at the edges; on a disc it is greatest
round the edge. If sharp points project from the outside of a charged conductor
the charge tends to accumulate at the points and the conductor loses its charge
(Art. 22). Put in general terms the “ density” of the charge on an isolated charged
body 18 greatest where the curvature i3 greatest (but the potential is the same at all
parts).

EXERCISES 11

1. Define ‘“ conductor” and *‘insulator.” Arrange the following substances
in the order of their conducting powers, putting the best conductor first: an-
nealed copper, glass, platinoid, mica, rosewood, dry air, manganin, lead, gutta-
percha, water, india-rubber, porcelain, paraffin wax, iron. (See Appendix )

2. Define “potential ¥ and give examples of—(1) a body with a positive charge
and at zero potential ; (2) a body exhibiting both charges and at a negative
potential ; (3) a body with a negative charge and at zero potential.

3. State clearly the evidence for the opinion that there are two kinds of
electrification.

4. Write a short essay on the one-fluid theory of electricity, and explain in
accordance therewith (1) the positive, (2) the negative electrification of a con-
ductor by contact. Explain also the discharge of (1) a positively, (2) a negatively
electrified conductor.

5. A charged conductor B is used to induce a charge on a conductor A.

(@) What is the reason for breaking the earth contact defore removing the
inducing body B? What would happen suppdsing B were removed
first?

(b) Will it make any difference in the final state of A if it had originally
a charge of its own?

(¢) Will it make any difference in the final state of A if it is earthed before
bringing B near it?
6. What do you understand by an electric fleld and a line of force (electric)?
Skotch the lines of force for :—
(@) Three equal like charges at the corners of an equilateral triangle.

(b) Two equal like charges at the ends of the base, and an equal unlike
charge at the apex of the triangle.
(¢) A charge of + 20 three inches from a charge of - 10.

7. Describe the construction and action of the Wimshurst induction machine.



CHAPTER TIIL

QUANTITATIVE RELATIONS AND UNITS.

24. Quantity of Electricity: Units of Quantity.—The degree
f electrification of a * charged ” body is ascertained by the force the
yody is capable of exerting in virtue of its “surplus” or * deficit.”
Consider two positive charges placed at a certain distance apart, and
.herefore repelling each other. Experimentally it can be proved that
f one of the charges be increased 2, 3, 4, . . . times, the force of
epulsion is increased 2, 3, 4, . . . times, and if, with one charge
loubled, the other be quadrupled, the repulsive force is increased
vight times. Various tests lead to the conclusion that the force
retween two charges varies directly as their product; stated algebrai-
ally, if Q, and Q, denote the charges and f the force between them,
FoQ, X Q,.

Agéin, if2 the distance between the two charges be increased 2, 3,
i, . . . times the force is found to decrease to %, %, &, . . . of its
nitial value, whereas if the distance be reduced to %, 1, 1, ., . the
‘orce is increased 4, 9, 16, . . . times. This establishes a second
aw—viz. that the force belween two charges varies inversely as the
rqualr/e&gf their distance apart ; stated algebraically, if 4 be the distance,
f oo .

Remembering the part played by the medium, the reader will be
prepared for the statement that the force depends on the nature of the
insulating medium. Combining these facts, the force between the two
sharges considered may be expressed thus:—

f:BQ‘ X_Qz

@z’

8 being a constant depending on the medium and on the units we
vdopt. Now the electrostatic unit charge is so taken that with Q in
these -units, f in dynes, and d in cm., the factor B is unity if the
charges are in air, i.c. in air, the formula is :—

f= Qx Q, ;2 Q dynes.

[fd=1cm,f=1dyne, and Q, be equal to Q,, Q, and Q, are each
unity., Hence : —
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The C.G.8. electrostatic unit The practical unit is the coun-
of quantity is such that if | lomb ; itisequal to 3,000,000,000,
placed one centimetre in air | i.e. 3 x 10° electrostatic units.
from an equal and like gquan- The coulomb is defined later
tity it repels it with a force of | (Chap. IX.).
one dyne. It has no name.

Another quantity unit known as the ¢‘C.G.S. electromagnetic unit” is em-
ployed in current electricity ; it is equal to 3 x 101° electrostatic units ; thus the
coulomb is ; of the electromagnetic unit. The * electron’ = 465 x 10~e.s,
unit = 155 x 10~ e.m. unit = 1'55 X 10~ coulomb.

For any other medium the factor 8 must be introduced. S8 1s

really equal to 1/%, where % is the specific inductive capacity (for air %
is taken as unity). Hence the more general formula is :—

k

To be exact the above law is only applicable to point charges.

f= lQ———‘; Q. dynes.

Clearly the ratio of the force between two charges in air to the force between the
same two charges ut the same distance in a medium x measures the specific inductive
capacity of x.

25. Potential: Units of Potential.—In Art. 19 « potential” has
been defined in a general way; we proceed now to the principle upon
which the actual measurement of potential is founded—viz. its rela-
tion to work and energy.

We have seen that in practice the earth is taken as the zero of
potential, because, owing to its size none of our experiments are likely
to alter its potential. The mathematical zero of potential is, however,
at an infinite distance, for, at infinity, the force due to any electrified
body must be #il, and to be exact we must, in defining the potential
unit, adopt this zero. It should be mentioned, however, that the
P.D. between two points is the same whether the practical or the
mathematical zero be taken, and in practice it is only with P.D.’s that
we are concerned.

Let A (Fig. 17) be a positively charged body, no other charge being
near ; the potential falls

from its positive value at lc§’
A to zero at all points at A@ B 51 B
an infinite distance. Im- c Di §
agine D to be a mathe- Fig. 17.

matical point with a unit .
positive charge. To bring this unit charge from infinity to C work
must be dona acainst the reoulsion of the charge on A. and when the
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unit is at C it possesses potential energy equal in amount to the work
expended in bringing it there. Clearly more work must be done in
bringing it to B, and still more in bringing it to A.

The work expended in these operations depends on the repulsive
force, which again depends on the medium, on A’s charge, and on the
distance—in short, on the way in which the potential changes from A.
outwards; and naturally some connection must exist between the
potential and the work. If w, ergs of work be done in moving the
positive unit from infinity to C, w, electrostatic units is the potential at
this point due to the charged body A ; if w, ergs of work be expended
in moving the unit to B, w, electrostatic units is the potential at B,
and the P.D. between B and C s (w, — w,) electrostatic units.

Finally, w, electrostatic units is the potential of the body A. if w, ergs
of work be done in moving the positive unit up to it. If the body is
negatively charged the same reasoning holds, but in this case the unit
would do work itself in moving up under the attraction of A.

This leads to the following definition:—The potential at any point
in the field surrounding a charged body is represented numerically by
the work done on or by a positive unit in moving from infinity, regarded
as the zero of potential, to the point in question; the P.D. between two
points i8 represented numerically by the work done on or by a positive
unit in moving from one point to the other. Hence:—

The potential at a point is The practical unitis the volt;
one C.G.8. electrostatic unitif | it is equal to 535 of an electro-
one erg of workis done on or by | static unit.

a positive unit charge in mov- The volt is defined later (Chap.
ing from infinity to that point. | IX.). ,
It has no name.

Another potential unit, known as the “C.G.S. electromagnetio unit,” is em-
ployed in current electricity. One electrostatic unit is equal to 3 x 10! electro-
magnetic units ; hence the volt is equivalent to 335 x 3 x 10'¢, s.e. 10° electro-
magnetic units.

It can be proved that if Q electrostatic units be put on a sphere of
r centimetres radius completely surrounded by a medium of specific
inductive capacity %, the potential of the sphere in electrostatic units
is Q/kr, and the potential at a point r, centimetres from its centre is
Q/kr,. If the medium be air, k is unity, and these expressions become

-g and g respectively. If there are several charges, the potential at
a point is the algebraic sum of the potentials due to each.

Clearly the ratio of the potential of a charged body in air to its potential with the
same charge in a medium x measures the specific snductive capacity of «.
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26. Capacity: Units of Capacity.—The capacity of a body is
measured by the quantity of electricity which must be given to it to
raise its potential by unity. Hence :—

A conductor has a capacity The practical unit is the
of one C.G.S. electrostatic unit | farad; a conductor has a capa-
if the electrostatic unit quan- | city of one farad if a charge of
tity raises its potential by one | onecoulombraisesits potential
electrostatic unit. It has no | by one volt.
name.

One farad = 900,000,000,000 =9 x 10" electrostatic units.
One microfarad = 1455505 farad =9 x 10° , ”

Another capacity unit is employed in current electricity ; it is known as the
¢C.G.8. electromagnetic unit,” and is equal to 9 x 10%° electrostatic units ; thus

the farad is .IIW electromagnetic unit, as may also be seen from the relation—

1 N
— electromagnetic unit
1 farad = 1 coulomb _ 10

Ivolt  10° electromagnetic units
1
109

electromagnetic unit.

ot

If Q denotes the charge on a conductor of capacity C, and if in
consequence of this charge the potential has been raised from zero to
V, it is clear that—

_Q . .o _ Quantity Coulombs
C=35- e Capacity = 5 tentl’ Volts

Q = CV, i.e. Quantity = Cap. X Pot.!; e.g. Coulombs
= Farads x Volts:

e.g. Farads =

—_Q . .1 _ Quantity __ Coulombs
V= ¢’ 1.e. Potential = __——Capzvcity ; eg. Volts = “Farads

If two conductors having capacities C, and C, be joined together
and charged, they acquire a common potential V ; if Q, and Q, denote
their respective charges :—

Q,=CVand Q,=C,V
5% Q:Q=CV:CV=¢,:C,;
that is, the total charge divides between them in the ratio of their
capacities.

We have stated in Art. 25 that if Q electrostatic units be given to a
spherical conductor of radius = centimetres surrounded by a medium
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of specific inductive capacity %, the potential of the sphere is equal to
1?7 electrostatic units. If C denotes its capacity in this medium, its

potential is also equal to —% electrostatic units; hence C = kr. With

air as medium % is unity, and this reduces to € =r; hence the
capacity of an isolated spherical conductor in air is, in electrostatic
units, numerically equal to the radius in centimetres. Employing
practical units :—

C= g—T——farads = r —microfarads.

x 10t 9x10

With another dielectric in place of air these expressions must be
multiplied by the value of k for that dielectric.

Clearly the ratio of the capacity of a body in a medium 2 to its capacity in air
measures the specific inductive capacity of ac.

27. Potential Energy of a Charge.—When a conductor is
charged work is done in straining the medium, and the latter is
endowed with energy ; when the field is made to disappear by, say,
taking a spark from the conductor, the medium does an equal amount
of work in returning to its normal condition ; this work appears partly
as heat and sound and part is utilised in setting up the ether vibra-
tions which constitute light. An expression for this energy may be
developed thus: Imagine a conductor initially without charge, and
picture the charging process to be accomplished by bringing up sue-
cessive positive units from infinity until the potential is raised from
zero to a value V electrostatic units. The average potential during the

process is-Y., and this represents by tho definition of Art. 25 the

average work, in ergs, in putting on a unit charge. If the total charge
communicated is Q electrostatic units, the total work done in charging

is Q X -‘2L, i.e.%.QV ergs. This represents the work which can be

obtained in discharging; hence, employing electrostatic units, it may
be said that the energy W of the charge or discharge or the energy of
the field surrounding the conductor is given by :—

W= %Qv ergs

_1 _1
_.2-CVXV-—2CV’ergs
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If Q be in coulombs and V in volts, then since Q coulombs are

equal to Q X 8 x 10° electrostatic units and V volts are equal to
V X 335 electrostatic units :—

_ (1 0 1
W = {gQV x 3 x 10° x W}ergs
= %.QV X 107 ergs
= -;—QV joules, since one joule = 107 ergs.
Hence with Q in coulombs, V in volts, and C in farads, the energy, as
calculated from the three relations just established, will be in joules.

In this case, since one joule = ‘7375 foot-pound,

W= {—;— Q (coulombs) x V (volts) x -7375 } ft.-pounds

_ Qv _¢cv_ @
9712 ~ 2712 2712 X C

ft.-pounds.

The reader may here be briefly warned against the common and erroneous idea
that electricity is a form of energy. From the relation W = 1QV it will be seen
that pressure (V) is necessary before electricity has the power to do work. If the
electricity of & body is at a different potential to that of neighbouring bodies it is
endowed with energy, but 1f no difference exists there is no energy. The réader
should think this out in detail for himself.

28. Field Strength. Unit Field.—It has been agreed that the
intensity of an electrostatic field be measured by the force (in dynes)
on a unit positive charge. Unit electric field may thus be defined
as that field which exerts a force of one dyne on a unit positive
charge placed in it, and a field of intensity F' units, is one which
exerts a force of F dynes on a positive unit charge.

From the above it follows that the intensity of the electric field at
distance d cm. from a point charge 4+ Q e.s. units, or at a distance
d cm. from the centre of a uniformly charged sphere having + Q e.s.
units (d being greater than the radius of the sphere), is given by

-Q i =9 i
F= & es.units or F= T & units,
the medium in the first case being air, and, in the second, one of
specific inductive capacity %.

Strictly speaking every point in a field has its line of force and
therefore the number of lines falling on a given area is infinite. In
the theory of electricity, however, it is convenient to imagine a definite
number of lines proceeding from a given charge and this leads to

T.E. 3
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another definition of field intensity. Thus imagine a charge of Q
electrostatic units in & medium of specific inductive capacity & and
imagine a spherical surface of radius d cm. drawn in the field, the
charge Q being at the centre ; the intensity of the field at any point
on the surface of this imaginary sphere is Q/kd? C.G.S. units. Now

imagine that 4';:Q lines emanate from the charge Q (or in other words

that 4_;_lines emanate from unit charge) in this medium ; these are

called Maxwell lines of force. These lines all pass through the
surface of the imaginary sphere, and since the area of this spherical
surface is 4= d?, it follows that

Number of Maxwell Lines of) __  47Q
Force per unit area } ~ % dnd?

But the last expression gives the intensity of the field in electro-
static units; hence :—

(1) The intensity of a field in C.G.S. electrostatic units is repre-
sented numerically by the number of Maxwell lines of force per unit
area (perpendicular to their direction): thus a field of intensity F
has F lines of force per unit area.

(2) Unit field is that which has one Maxwell line of force
per unit area.

=9,
kd?

In air K is unity and the number of Maxwell lines of force from a
charge Q 18 4wQ and the number from unit charge is 4. This 4ar thus
arbitrarily introduced finds its way into many formulae as a conse-
quence of this first choice.

Consider now the induoctive action in the field so that our lines are now referred
to as lines of induction. Ymagine that 47Q lines emanate from the charge Q
whatever the medium (i.e. 4w lines emanate from unit charge) ; these are called
lines of induction. Theseall pass through the surface of the imaginary sphere ;
hence

Number of Lines of Induotion} =4 _Q _, ( Q )

per unit area S dmd: @ Idz

But Q/kd? gives the number of Maxwell lines of force per unit area ; hence

Number of Lines of Induction } ={rx Number of Lines of
per unit area - Force per unit area,
i.e Induction = k& x Field
or N = kF.

In air k is taken as unity, and the number of lines of induction, and the number
of lines of force, are the same, 1.¢, for air, lines of force and lines of induction are
coincident (Art. 21).
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Yet another convention—Faraday Lines—is met with in electrical theory :
Q Faraday lines emanate trom a charge Q, and therefore one Faraday line from
unit charge (see Figs. 11, 12). Faraday lines are the most useful in electrostatic
theory, but they are of less importance to the electrical engineer.

To be scientifically accurate in these numerical relations tubes of force and
induction, eto., and not lines of force, eto., should be dealt with : in electrical
engineering, however, it is customary to speak of ‘‘lines” (see Advanced Text-
Book of Magnetism and Electricity).

We would again remind the student that 4xQ/k lines of force, 47Q lines of
induction and Q Faraday lines emanate from a charge Q: in air, since % is unity
the lines of force and lines of induction are each 4wQ. Further, since N = kF,

the specific tnductive capacity k may be defined as the ratio of Induction to Field
(k = N/F).

EXAMPLES.

1. Compare the forces between two spheres charged to the same potentials (1) in
air, (2) tn @ medium of specific inductive capacity k.

If Q, and Q; be the charges on the spheres in air, and d be their distance apart,
the force f, between them in air is given by—

f=UXQ
1 re

When in the medium, the potential of each becomes% of what it was in air

(Art. 25); hence the charge on each must be increased % times to bring the
potentials up to the initial values, i.e. the charges must be 4Q, and kQ, respec.
tively. If the spheres were in air with these charges the force between them

would be—
kQ;, x kQ,
d2 ’

but as they are in the medium the force is (Art. 24) %. of this; thus if f; be the

force in the medium,

_ 1 kQ, x kQ, _ X
f’-T ld’ 2_kQ1d2Qz

Thus the force is % times greater in the medium when the potentials are the same.
When the charges are the same in air and in the medium, the force is by Art. 24
k times greater in the air.

2. Two small spheres, each of mass m grammes, are suspended from a point by
threads, each ! cm. long. They are equally charged, and repel each other to a
distance of 2d cm. If g = 981, express the charge on each in electrostatic unite,
electromagnetic units, and coulombs.
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Theo forces on the sphere A (Fig. 18) are :—
(1) The weight, my dynes.
(2) The repulsion, viz. .(,ng dynes.
(3) The tension of the thread,
and these are in the directions indicated.
An examination of the figure will show that the triangle
CDA has its sides parallel to these forces ; hence the forces are
proportional to the sides of this triangle to which they are

parallel.  Thus, 7
4£= D[\‘ = ————_d
my  CD Ny

. _ 4d . ]
Q= ;\/Hm”d~’ , te q=2d \/.._d_"fi’_T e.s. units.
- (2 - dz)’z‘

In electromagnet units the charge is ¢/(3 x 10%°), and in coulombs ¢/(3 x 10).

EXERCISES II1.

1. Two equally charged spheres repel each other when their centres are half a
metre apart with a force equal to the weight of 6 millhigrammes. Find the charge
on each in electrostatic umts. (B.)

If the charge on one of the spheres be doubled and the distance apart be also
doubled, find the force in dynes between them.

2. Charges of 1, 2, 3, and — 4 units are placed at the corners of a square taken
in order. If the length of each side is 2 em., find the potential at the middle
point of the side joining 1 and 2. (B.)

If the surrounding medium be paraffin wax instead of air, what will be the
value of the potential? Express the results 1n electrostatic units and in volts
(k for wax = 2'3).

3. What is meant by saying that the potential of a conductor is + 20 elec-
trostatic units? What is meant by the statement that the potential of a body is
— 20 electrostatic units? How much energy is expended in carrying a charge of
30 electrostatic units from a place where the potential is — 10 electrostatic units
to a place where it is 4+ 35?

4. Does the energy of an electric charge depend upon the magnitude of the
charge only? If not, upon what other circumstance does it depend? Find an
expression for its magnitude, and criticise the statement that ¢ electricity is a
form of energy.”

B. Two conductors have capacities in the ratio of 5 to 6, and charges in the
ratio of 216 to 125. Compare the heats produced by discharging them (i.e. com-
pare the energies).
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6. A conductor of capacity 10 microfarads is charged to a potential of 85 volts ;
determine the charge in coulombs. A second conductor is rmsed in potential to
3,000 volts by a charge of 1455 of a coulomb; determine its capacity in micro-
farads. A third conductor ot capacity 20 microfarads 1s charged with 5355 of &
coulomb; determine its potential in volts. Finally cxpress the three results in
the corresponding C.G.S. electrostatic units,

7. Estimate in ““joules,” ‘“foot-pounds,” and ¢ B.0,T. units” the energy
stored on each of the conductors of Question 6.

8. A conductor has a capacity of 5 microfarads, and it can be charged by a
battery to a potential of 100 volts. It is repeatedly charged and discharged 30
times in one mmute. Caleulate its ““hoise-power” and the total work given
out in the minute,

9. Two small spherical pith-balls, each one decigram in weight, are suspended
from a pownt by threads 50 em. long, and are equally charged so as to repel each
other to a distance of 20 em. Find the charge on each in electrostatic units
(9 =980). (B.)

10. A small brass sphere is charged with 30 units of positive clectricity, and
is then made to touch another equal sphere having a chaige of 10 units of nega-
tive electricity. Find the force exerted between the charged spheres when they
are separated by a distance ot 10 em.

11. Two charges of 4- 10 and - 10 wuts are placed at two corners of an
equilateral triangle of 10 em side. Find the magnitude and dircction of the
resultant force acting on a charge of + 10 umts placed at the third corner of the

triangle.

12. A, B and C are three conductors equal in all respects. A is charged,
made to share its charge with B and afterwards to share the remainder with C—
both B and C being previously without charge. The three are now separately
discharged. Compare the quantity of heat resulting from each discharge with
what would have been produced by the discharge ot A before any sharing of its
charge (i.e. compare the cnergies),  (Univ.)



CHAPTER IV.

CONDENSERS AND CAPACITY.

29. Principle of Condensers.—Consider an insulated metal plate
A (Fig. 19) joined by a wire to the positive pole of an electrostatic
induction machine. On working the machine electricity flows to A
until the plate acquires the limiting potential V of the pole at the

+ + + +

time of the experiment; when this condition is reached no further
charge can be accumulated on A, for electricity will not flow between
two bodies whose potentials are the same. It is, moreover, evident
that the larger the plate the greater
the capacity, and therefore the greater +
the charge necessary to bring it up |
to the potential of the machine. +

Take, now, a second insulated metal I _O:
plate B, and with A still at potential +
V let B be placed parallel to, and say |
four inches from it. Inductive dis-
placement occurs (Art. 18), electricity
being urged to the side of B remote B A
from A ; thus the near side exhibits
a negative charge, the far side a I
positive charge, and the uniform
potential of B is 4 » say, this being |
somewhat less than V in magnitude.

Now consider the effect of B on |
the potential of the plate A. The |
actual potential of the latter is the
resultant of: (1) the free positive ¢ |
potential V due to its own charge, (2) 8 A
the induced negative potential due to Fig. 91
the negative charge on B, and (3) the
induced positive potential due to the positive charge on B. The two
latter opposing influences nearly counteract each other; but the
negative charge being somewhat nearer than the positive has the
advantage, and therefore on the whole the potential of the plate A is
weakened a little. Clearly, then, an additional charge can now be
given to it from the machine until its potential is once more equal
38
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to V as at first. Clearly also the nearer B is to A the more marked
will be the lowering of the latter’s potential.

If B be earthed by touching it with the finger, electricity will flow
out of it until its potential is reduced to zero. B has now a negative
charge only, and, as a matter of fact, a greater negative charge than in
the case considered above, for, when earthed, more electricity flows out
of it to reduce its potential to zero (thus leaving a greater negative
charge) than previously existed as a positive charge on the far side of
the plate. The increased negative charge reacting on A lowers the
latter’s potential, and as there is no positive to counteract its influence
it is evident that the potential of A will be considerably weakened, and,
in consequence, a much greater charge must be given from the machine
to raise the potential to its original value V—in short, the capacity of
A is constderably increased. To summnarise:

The potential of an insulated charged conductor is weakened
and its capacity is increased when an insulated uncharged
conductor is brought near, and the effects are enormously
increased if the latter be earthed.

Such an arrangement of conductors separated by an insulator is
called a condenser : the conductors are termed the coatings, and the
insulator the dielectric of the condenser.

We have previously indicated that glass, wax, mica, vulcanite, shellac, etc.,
allow inductive influence to take place through them better than air (i.e. they
have a higher specific inductive capacity), from which it follows that with one of
these as dielectric the effects enumerated will be still more marked. Further,
not only is the capacity of the insulated plate increased by the introduction of
these substances, but owing to their greater mechanical rigidity there is less
tendency to rupture and loss of charge by sparking between the plates—a result
which might ensue with air ag dielectric when the coatings are strongly charged
and at a suitable distance apart. For these reasons solid dielectrics of glass,
wax and mica are employed in practical condensers,

In the case considered, the charges on B are each less than the inducing
charge ; when earthed more electricity flows to earth than is represented by B’s
positive charge, but the total quantity flowing out of B is less than the charge on A,
In the spherical condenser of Art. 31, since B entirely surrounds A, the induced
charges are each equal to the charge on A, and on earthing an amount represented
by B’s positive charge only goes to earth, i.e. the outflow from B i3 equal to the
charge given to A. To practical condensers consisting of large plates separated
by very thin dielectrics, the same remark may be applied. Regarding, then, the
two coatings of such a condenser as a single system, there is no accumulation of
electricity on the whole, since B gives out as much as A gains (Art. 32), but there
13 a heavy charge on A nevertheless.

30. Capacity of Condensers: Electric Absorption.—The capa-
city of a condenser is measured by the quantity of electricity which
must be given to it to establish unit P.D. between tts coatings. Hence—
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A condenser has a capacity The practical unit is the
of one C.G.8. electrostatic farad; a condenser has a
unit if the electrostatic unit capacity of one farad if a
quantity produces a P.D. of charge of one coulomb pro-
one electrostatic unit between duces a P.D. of one volt be-
its coatings. tween its coatings.

One farad = 9 x 10" electrostatic units.

One microfarad = Tlﬁﬁ farad = 9 x 10° electrostatic units,

When a condenser is charged some time elapses before the coatings reach their
maximum P.D., the charge meanwhile gradually ‘soaking,” so to speak, into
the dielectric ; and similarly if a charged condenser be allowed to stand for a
time, the P.D. will be found to have diminished (this is, in part, due to leakage).
Again, when a condenser is discharged by momentarily connecting its coats by a
thick wire, additional smaller discharges can be obtained after a time (termed
residual charges). These phenomens are due to what is termed ‘‘electric ab-
sorption,” and emphasise the all-important part played by the dielectrics.

On charging, the solid dielectric is strained to a greater extent than would be an
air dielectric, for it sets up a less opposing influence to the forward pressure of the
machine (just as an elastic cord offers less opposition to a stretching force than a
stiff cord), thus permitting the charge, as it were, to partially soak into the
dielectric ; and as long as this condition exists the dielectric will be charged even
if the coats be removed. Solid dielectrics are not only very much strained, but
they tend to retain this condition of strain ; when discharged they do not recover
themselves at once but do so gradually, and therefore after a time a slight charge
appears on the coatings. In air condensers electric absorption is practically
absent.

Clearly the capacity of a condenser will be affected by the phenomena referred
to above, and any experimental determination will depend on the time of charg-
ing ; for these reasons the capacity 18 often defined as measured by the instantaneous
quantity required to produce between the coats @ P.D. equal to unity.

31. Specific Inductive Capacity.—The fact that solid (and
liquid) dielectrics permit the transmission of inductive effects better
than air has been referred to, and in Art. 18 it is stated that their
introduction between the inducing charge and the conductor is equi-
valent electrically to a shortening of the air space. If d centimetres
denote the thickness of an air dielectric, and kd centimetres
the thickness of a dielectric « which is equivalent to it, %
measures what has been called the *“specific inductive capacity”
or “dielectric constant” of x.

In Arts. 26 and 29 it is explained that the capacity of a conductor
is affected by the nature of the surrounding dielectric; it depends,
in fact, upon the amount of strain in the dielectric when a given P.D.
is established. The greater the strain to which the dielectric is
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subjected the greater is the charge accumulated, and hence the
greater is the capacity of the conductor. If the capacity of a con-
ductor be increased % times when it is embedded in another
dielectric « in place of air, k measures the specific inductive
capacity or dielectric constant of x.

The preceding may be put into a more convenient form for experi-
mental purposes. Imagine two precisely equal condensers, one with
air the other with « for dielectric, and let their capacities be compared
by methods to be explained later. The ratio of the capacity of the
condenser with dielectric « to that of the equal air condenser
gives the specific inductive capacity, or dielectric constant of x,
t.e.—

Capacity of condenser with dielectric — [Specific Inductive} —k
Capacity of equal air condenser Capacity of = !

. [Capacity of condenser) _ 7 {Capacity of an equal
° with dielectric x air condenser

The above is usually given as the definition of specific inductive
capacity or dielectric constant. (Note also Arts. 24, 25, and 28 how-
ever.)

From what has been said it follows that the capacity of a condenser
depends on: (1) the size of the plates—the larger the plates the
greater the capacity ; (2) the distance between the plates—the less
the distance the greater the capacity; (3) the specific inductive
capacity of the dielectric—the greater the value of % the greater the
capacity.

Table of Specific Inductive Capacities.

Mica . = 664 India-rubber . =25
Glass . =6t09 Gutta-percha . = 2462
Ebonite . = 345 Paraffin wax . = 2-3
Shellac . = 2'95 to 373 Air . .o=1

32. Methods of Charging Condensers.—Our condenser of Art. 29 was
charged by earthing one coat B and connecting the other A to the positive pole
of the machine. If Cand V denote respectively the capacity and potential of A,
both in electrostatic units, the charge accumulated (Q) and the energy of this
charge (W) will be given by—

Q = CV electrostatic units.

__]_ 3—-_1 =}33
W= 2CV = 2QV oo o8
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With C in farads and V in volts, Q will be in coulombs and W in joules.

The effects enumerated in Art. 29 will be considerably increased if the
potential of B, instead of being zero, be made to take a negative value. To
accomplish this both plates must be insulated, A joined to the positive pole at
potential 4+ V and B to the negative one at potential ~ V (approx.). The P.D.
between the coatings is V ~ (~ V), i.e. 2V, and the *charge” and ‘ energy”
expressions become—

Q =2CV
W = 1C (2V)? = 2CV?, eto.,

i.e. double the charge and four times the energy obtained by charging in the
usual way.

In practical electricity condensers are usually of large capacity, and are
charged by means of batteries ; in connection with this the following experiment
is instructive: B, (Fig. 20) is & battery, its poles being connected to a large
capacity condenser C through two
galvanometers of the reflecting bal-
listic type, the characteristic property
of which is that the first swing is pro-
portional to the quantity of electricity
which passes through in any momen-
tary discharge. On arranging the
key K,, as indicated by the dotted

G line, the coats become charged to the

Fig. 20. respective potentials of the positive

and negative poles of the battery, the

galvanometers are momentarily deflected, and their first swings show that the
quantity passing through G to A is equal to that which passes through G, from B.

If the battery be now cut out of the circuit, and the condenser coatings be joined
by moving K, to the other stud, the galvanometers will show that the condenser
becomes discharged by electricity flowing from A to B through the connecting
wire. By varying the number of cells in the battery B,, estimating the charges
(Q) from the galvanometer indications, and measuring the P.D.’s (V) between A
and B by an electrostatic voltmeter (Chap. V ), it can be proved that the ratio

gis constant. In other words, the capacity of a given condenser is constant ;* it

can only be altered by changing one or more of the three factors mentioned in
Art. 31

* The reader must here distinguish between the capacity of a condenser, which
is obtained by dividing the charge on the coat A by the P.D. between the coats A
and B, and the capacity of the coat A, which is obtained by dividing the charge
on A by the actuc! potential of A. In addition to the three factors mentioned in
Art, 31, the capacity of A is affected by the electrical condition of B ; it is only
numerically the same as the ¢‘ capacity of the condenser ¥ when B 1is earthed, for
in this case the actual potential of A will be the P,D. between the coats, since B
is at zero potential.
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If V be the E.M.F. (Art. 108) of the battery in volts and C the capacity of the
condenser in farads, the charge given to A is CV coulombs and the energy is

% CV? joules, t.c. 207‘;; foot-pounds, ete. {Art. 27).

33. Standard Condensers and Condensers in Practice.—A
convenient type of standard condenser for testing purposes is con-
structed of alternate sheets of tinfoil (thin lines
in Fig. 21) and paraffined paper or mica (thick
lines), the odd conducting sheets being bunched
together and connected to one terminal A, the
even numbers being joined to terminal B; the
arrangement is thus equivalent to two large
plates separated by a thin and good dielectric.

They are frequently of } microfarad capacity, —
this being approximately the capacity of one Fig. 21.
knot of the Transatlantic cable.

An adjustable condenser for telegraph work is shown diagram-
matically in Fig. 22. Each consists of tinfoil and paraffined paper,
the total capacity of the seven
condensers being 71 microfarads.
Their B coatings are joined to
terminal C of the box; the A
coatings of four of them can, by
inserting plugs, be connected to
T TTTETTT the brass piece D, while the cor-
responding coats of the remain-

; der can similarly be put in con-

Fi. 22 nection with E. yWith section D
capacities from *25 to 3-75 microfarads can be obtained with increments
of ‘25 microfarad ; section E varies from 5 to 35 microfarads, the
increments being ‘5 microfarad. The total 7% microfarads can be
used by inserting all the plugs and joining the brass pieces D
and E.

i

|

For experimental work in statical electricity the Leyden jar is a convenient
condenser. It consists essentially of a glass jar coated to & certain height both
inside and outside (also the bottom) with tinfoil. A metal rod passes through
the stopper, its upper end terminating in & ball and its lower end carrying &
metal chain which rests on the inside tinfoil.

Every aerial telegraph line is a condenser of small capacity, the conductor
forming one coating, the ground and neighbouring earth-joined bodies the other
coating, and the intervening air the dielectrio; e.g. a copper wire ‘224 inch
diameter and 30 feet above the ground has a capacity of about ‘016 microfarad
per mile. Concentric and submarine cables are condensers of decided capacity,
the surface of the copper conductor being one coat, the water or metal sheath the
other. and the insulating material—gutta-percha, india-rubber. diatrine. vul-
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canised bitumen, air-paper, ete.—the dielectric. The following values may be
quoted :—

Cable. Dielectric. Capacity.
Glasgow - Belfast submarine | Gutta-percha. 275 m.f.  per
telephone cable from Port knot.
Kail to Donaghadee.
Transatlantic cable between | Gutta-percha. 408 m.f.  per
Ireland and Newfoundland. knot.
Ferranti high-tension concen- | Compressed  brown | 3675 m.f. per
tric electric light cable. paper and black wax. mile,
British Insulated Wire Co’s. | Paper. ‘31 m.f. per mile
high-tension electric light
cable.

34. Capacity of a Spherical Condenser.—If a conducting
sphere A (Fig. 23) of » centimetres radius be concentric with
another conducting hollow sphere B of r, centimetres radius, the space
between being occupied by a dielectric of specific inductive capacity k,

it can be proved that the capacity of the condenser
B thus formed is given by—

C =& """ electrostatic units . . . . . ¢
ry— 7,
5 ”r
=k il . 2
9 x 10" (r,— )
=k "
9% 10 (r,—7)

farads . . . . . ()

Fig. 23. microfarads . . . (3)

Proof of the Formula.—Let the outer sphere B (Fig. 23) be con-
nected to earth and let the inner sphere A be insulated and have a
charge + Qe.s. units communicated to it, thus inducing — Q e.s. units
of charge upon the inner surface of the outer sphere.

The potential at all points inside the outer sphere due to the outer
sphere’s charge only = — Q/kr, (Art. 25). '

The potential at all points of the inner sphere due to the inner
sphere’s charge only =+ Q/kr,. .

Hence the resultant potential of the surface of the inner sphere
=8_8_Q(n-n)

kr, kr, Ek\ 7

Ty — 1T .
That i8 :— V= Q —2___le.s. units.
7,75
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But since the outer coating is at zero potential, this is the P.D.
between the coatings, and we have seen (Art. 30 and footnote, page 42)
that the capacity of a condenser (C) is obtained by dividing the
charge on the coating A by the P.D. between the coatings A and B.
Thus :—

C = Qe =k 1" eg, units,
v r,—1T
and for an air condenser

T, .
C=_—12_ es. units.
rrz —_T

Consider now a spherical air condenser, say, the external radius of

the coating B of which is »,cm. TLet B be insulated and the condenser
charged, in which case + Q e.s. units will appear on its outer surface.
The potential of A will be fj - fﬁ + ‘3 and the potential of B will
1 2 3
be + ?9 Thus the P.D. between the coatings will be rQ -~ ? and the
3 1 2

. . .
capacity of the condenser, defined as above, will be —12_ as before.
r,—7
2 1

35. Capacity of a Parallel Plate Condenser.—Let A square
centimetres denote the surface area of either of the plates of
Fig. 19, ¢t centimetres the distance between the plates, and %k the
specific inductive capacity of any dielectric completely filling the space
between them ; the capacity can be shown to be—

c=r2  dectrostatic units . . . . . . (4)
4t

A

=k4ﬂ_ 9% 107X tfarads

P A
dr Xx 9x 10°x ¢

microfarads.

If the measurements be expressed in inches, then, since 1 inch = 254
centimetres, the capacity in microfarads becomes—
C=k A X 2:54 x 2:54
T V4r x 9 x 10° X £ x 254
= 225 A (square inches)
- 107 x ¢ (inches)

NG

If, instead of filling the entire space between A and B, the dielectric
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of 8I.C. & be a slab of thickness d cm., the remaining space being
air, the capacity is given by—
c—= A (sq.cm.) 3 electrostatic units . (6)
ar { (t—d)+2 §

Proof of the Formula.—Let us reconsider a spherical condenser of
inner radius 7, which is exceedingly large, separated from the outer
sphere by a radial distance ¢, the medium having a specific inductive
capacity & Since », =, + ¢, we have:—

C= k’;‘(—ﬁt—-'"—t) e.8. units

»

=pnitnt
t

Now, if 7, be imagined infinitely great, so that any small portion of
the sphere is practically plane, and ¢ is small, ¢ may be neglected,
and the expression becomes practically :—

C=k ('r—;ﬂ) e.s. units.
Multiply numerator and denominator by 4, and we get :——
_ g4 :
C= km e.s. units,

the numerator, 4arr?, being the area of the whole inner sphere. Since
this is true for the whole, it will also be true for any part; hence if
A 5q. cm. be the area of any part—practically plane—

_ ., A .
C=k 4—;;ie.u. units,

and for a parallel plate air condenser C = 4% e.8. units.

Formula (6) may be derived by the following reasoning: the actual
air-thickness is (¢ — d) cm., and the slab of thickness d cm. and S.I.C.

%cm. (Arts. 18 and 81). Thus

the total equivalent air-thickness is {(t —d) +_d]; } and the capacity is

k is equivalent to an air-thickness of

therefore—
e.8. units,

C=

A
4»{(t—d)+—i}
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36. Capacity of a Submarine or Concentric Cable.—If the length of the
cable be ! centimetres, the radius (or diameter) of the inner conductor r; centi-
metres, the outer radius (or diameter) of the insulating material », centimetres,
and k the speoific inductive capacity of the insulation, the capacity of the cable
is given by—

C=k electrostatic units

r
2 log.
where e = the base of the Napierian logarithms = 2-71828.
Common logs of base 10 can be converted into Napierian logs by multiplying
by 2-3026. Hence:
c=k ! (cm.)

2:3026 x 2 log,, 72
”

electrostaticunits . .+ . o . (7)

Further, since 72 is a mere ratio, r, and 7, may be in any length unit, provided

r
that the same be ulsed for both. Employing practical units :

C=k ! (em.) farads
9 x 101 x 2:3026 x 210gw.::_2
1

t.e C-rx2313  llem) proge o L L . L e . . (8)

10°  1og,, 22
) w,rl
=k x 2'14‘:'73 X Llem) jicrofarads . P (1))

log) >
”

EXAMPLES.

1. Determine the capacity of one knot of telegraph cable of which the following
particulars are known: Diameter of copper conductor = ‘16 inch ; outside diameter
of gutta-percha = ‘40 inch ; S.I. capacity of gutta-percha = 403 ; log,, 2 = -30103.

1 = 2,029 yards = (2,029 X 3 x 12 X 2:54) centimetres
k = 403

40 10
logo % = logo i6 = logo ol logy 10 — log,(2)?

= log,, 10 — 2 log,,2 = 1 — ‘60206
= '39794.
Substituting in the above formula, € = ‘45 m.f. per knot.

2. Two cables of equal length have wires of 80 and 100 mils. diameter and total
diameters of 120 and 180 mils. respectively. What s their relative electrostatic
capacity ? log 2 = 30103 ; log 3 = *47712. (C. & G. Honours.)

Let = length of cables, C, and C, = their respective capacities,
7, and 7, = internal and external diameters of insulation of the first cable,
». and 7, = internal and external diameters of insulation of the seaond nahla
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Then— Ex l 150
s 7.
c, 2 log,, > x 23026 logm;;: 1og14 706
6 = = . =
P okx—f log,s =2 logy, 120
2 logy T¢ x 2:3026 " 80
3
- logyo %
logyo &
log,o8 = logi9 - log,p5 = log;,3* - log, %2
=2 log,3 — {log,,10 — log,,2} ;
= log,,g = 95424 — {1 — 30103} = 25527.
log o3 = log;e3 — log,,2 = 47712 — 30103 = *17609,
C, _ 25527 ..
Hence C, = TT600 — 14,

3%. Condensers in Parallel, Abreast or in Battery.—This arrangemen
is indicated 1n Fig. 24 ; it is equivalent to forming one large condenser, the aret
of whose coatings is equal to the sum of the areas of the coats of the individua
condensers. Hence if C be the joint capacity, C,, C,, C; the separate capacities

C=C +0C,+C,

[ I I . If the condensers are alike, say em?h of capacity
[ C,, the joint capacity is 3 C,, and if there are 7
[ I T condensers the combined capacity, being as before
Fig. 24. denoted by C, then C is equal to nC,.

Again, if V be the P.D. between the coatings,

the charge given to each is C,V and the total charge is CV, i.e. n G, V.
Finally, the energy of each is 4 C,V? and the accumulated energy of the battery

is 4 CV% d.e. n 3C, V2

Summary of n equal Condensers in Parallel. Al

1. Joint capacity = n times the capacity of one condenser. ©!
2. Total charge = n times the charge of one condenser
used alone.

3. Total energy = n times the energy of one condenser
used alone.

38. Condensers in Series or in Cascade: Mixed |
Arrangement.—A series or cascade isindicated in Fig. 25.
Since the outflow from one condenser passes to the next, the 03
charge Q on the positive coating of each must be the same B|: o
and equal to that communicated to the first condenser from Fig 25.
the battery. If V be the P.D. between A and B, V,, V,,
V; the P.D.’s between the coatings of the separate condensers, Cy, C,, C; the
individual capacities, and C the joint capacity,
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V=V, +V,+V,

Q,Q @

C+(-j;+C.

But Q=Cv -.v:%.
Q_Q ,Q ,Q

Hence C_Ul+02+0;
.1_ 1 1 1

"—6—0_1+52+—03.

If the capacities are the same, say each equal to C,, the above expression

becomesé = g— ie.C= -}; C,. Smilarly if there are n equal condensers each
1

of capacity C;, the joint capacity is lCI.
n
Again, since the condensers are alike, the P.D. between the coatings of each
must be the same, and equal to%of the total P.D. V, i.e. the P.D. for each,

is %; thus the charge on each is C, %7 , and the total charge n x Cl.}: , t.e. C\V.

This is equal to the charge which one condenser would receive from the battery
if used alone.

Finally the energy of each is & Ol et and the accumulated energy of the whole

oascade isn x 3 C; VL v e — - X 3 0, V%  Thisis only ;of the energy of a single

condenser used alone.

Summary of n equal Condensers in Series.

1. Joint capaeity:%of the capacity of oneo —(—— -—L— —-l-— +

G [o}) Cs
condenser. | I
2. Total charge = same as on one condenser G2 Ce Ce
used alone. [ l l —
3. Total energy = .1.12 of the energy of one con- Fig. 26. i

denser used alone.

If six capacities are arranged, two in series and three rows in parallel (Fig. 26),
the capacity of the first row obtained from the relation —IC = Cl_, + l is C,CLCCO
Similar expressions are obtained for the remaining rows, and the tota,l capacity

is olearly—

oo OC . CO . CC
C+C G +GC, G +GC,

Erercisze.—Write down a list of all the capacities it is possible to obtain with
three condensers of 1, 2, and 3 microfarads respectively (C. & G.—0.).
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39. Determination of the Capacity of a Cable or Condenser.—Fig. 27
illustrates a good method if the cable is not too long. In it B is a convenient
battery, A a standard condenser, E V an electrostatic voltmeter (Art. 41), and C
the cable, one end a of which is insulated and left ¢ free,” the other end b being
also insulated, but with a little removed for connecting purposes. For the
present the reader must simply regard E V as similar in principle to a condenser
—one system, however, being movable, the amount of which motion measures the
P.D. applied in volts.

(1) Place the switch S on stud ¢, thus charging A and E V to the potential of
the positive pole of B, and note the reading V, volts of E V.

(2) Move the switch to stud d ; the charge is shared with C, and the common
potential becomes V, volts indicated by E'V.

Now let Q coulombs denote the charge from the battery, C farads the capacity
of A, C; farads the capacity of C, F, farads the capacity of the voltmeter at V,
volts, and F, its capacity at V, volts; then in the first case Q = (C + ¥,)V,, and
in the second case Q = (C + C, + F,)V,. Hence—

(C+F)V,=(C+C.+F,)V,
L= CV, -~ V) + ¥,V - szz.
Vv,

F, and F, may be taken from data supplied with the voltmeter,
If the capacity of E V be neglected, we have CV, = (C + C,)V,.

LG VoY,
b ) e v,
aﬂj C @a In testing the capacity cf a short length

of cable, it is customary to coil it in a
metal tank containing water, leaving
only the ends outside ; the tank and water

z 3
. correspond to the ‘‘earth” in Fig. 27,

S A E The specific inductive capacity & of the

dielectric of a cable may be found by

finding, as above, the capacity C farads

= of a known length / cm., and applying
! ‘E the relation of Art. 36 (No. 8).

D .
; ;& EV E The capacity of any condenser may be

] determined as in Fig. 27, the condenser
Fig. 27. taking the place of the cable.

The specific inductive capacity of any
solid or liquid insulator may be found by constructing two suitable condensers
exactly alike, except that one has air and the other the given substance for di-
eleotrio, comparing their capacities, and applying the third definition of Art. 31.

The capacity of a condenser may also be readily determined by the aid of a
ballistic galvanometer. The condenser of unknown capacity C; farads is charged
by & cell of E.M.F. V volts, then discharged through the galvanometer, and the
first swing d, is observed. This is repeated with the standard condenser of
capacity C farads. If d, be the first swing—

Charge on the Condenser _ d,, ., C.V _ d, ie C —‘LIC
& Ce=g O

; Charge on the Standard d,” ' CV ~ d,

-
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40. The Cambridge Capacity Testing Set.—This isa portable
testing set for the ready determination of capacities ranging from ‘01
to 10 microfarads. The principle is that of the ballistic galvanometer
method of the preceding section: Fig. 28 shows the construction, and
explains the action. The battery is connected to the terminals + and
— on the right, and the capacity under test is joined to the terminals
X on the left. The two-way switch on the left can bring into circuit
either the unknown capacity at X (as shown in the figure) or a
standard condenser of -1 microfarad capacity contained in the instru-
ment. The ballistic galvanometer which is of a special type known as
the “ unipivot” (Chap. XIL.) is shown in the centre. The resistance
coils S on the right are joined across the galvanometer as shown :
they are provided with five contact studs, and according to the stud
on which the lever is placed, the
galvanometer deflection, in a test,

must be multiplied by 1, 5, 10, 50, .
or 100. ° -
With the standard condenser in
circuit the key on the right is
depressed (thus charging the con-
denser) and then released: the X
condenser thus discharges through O [ O

the galvanometer. The lever S is

adjusted until a suitable large Fig. 28.

deflection is obtained on thus

charging and discharging. Let d, be the deflection, and 8, the multi-

Elier (according to the position of §). The unknown capacity is then
rought into circuit by means of tte two-way switch on the left and

the test repeated. Let d, be the deflection, and 8, the multiplier.

Then—

Capacity under test _ d,S, . _ 48,
Tt =as Capacity under tes =104S,

The key just to the left of the galvanometer is merely a short-
circuiting key to bring the pointer of the galvanometer quickly to
rest. The whole is contained in a neat teak box, the switches, etc.,
inside being manipulated by projecting knobs. The *multiplying
part” due to the position of S will be better understood after reading
Chap. XIL

m.f.

A Few Additional Capacities for Reference.

The following are merely inserted for reference. The capacities are in electro-
statio units, and *“lengths ” in centimetres. For the method of converting the
logarithms to common logarithms of base 10 the student should refer again to
Art. 36, For “proofs” see Advanced Text-book of Magnetism and Electricity.
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(1) Isolated wire, length /, radius » :—

o= 1

2 log, é—

(2) Two parallel isolated telegraph wires, distance d apart, and each of radius

ri—

c=—1

per unit length.
4 log, 7

(8) Telegraph wire, radius #, height & above the ground :—

_ 1 '
C= —, Per unit length,

2 log, -

EXAMPLES.

1. One of the Ferranti mains between Deptford and London has a capacity of 3
microfarads. What 18 the work stored in it in ergs if the inner and outer con-
ductors are charged to a P.D. of 10,000 volts? (C. & Q.—0.)

By Art. 27, if C and V be the capacity and P.D. in electrostatic units,

Work or Energy = 3CV* ergs.
Since 1 farad = 9 x 10! electrostatic units,

1 microfarad =l%‘ farad = 9 X 10° electrostatic units ;

.. 3 microfarads = 3 X 9 x 10° electrostatic units = C,
And 1 volt = 314 electrostatic unit ;
.~ 10,000 volts = 23332 = 190 electrostatic units =V 3
& Energy = {4 x 3 x 9 X 10° x 332 x 139} ergs
={1'56 x 10% ergs.

2. A conducting sphere of diameter 6 is electrified with 103 units; it i3 then
enclosed concentrically within an insulated and unelectrified hollow conducting
sphere formed of two hemispheres of thickness 3 and internal diameter'l. The
outer sphere 18 then put to earth. Determine the potential of the inner sphere before
and after the outer sphere is earthed. (B.)

Before earthing we have a negative charge induced on the inner surface and a
positive charge on the outer surface of the outer sphere, and since the latter
completely surrounds the inducing charge the induced charges are each equal to
the inducing charge, viz. 105 units ; hence (Art. 25), if V be the potential of the

inner sphere,
105 105 |, 105
— - = 33.
3 3% + 32 3
After earthing we have, since the + 105 units on the outer sphere have gone to
earth,

V=

v 105 _105 _

3 31
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EXERCISES IV.

1. An insulated conductor placed at some distance from other conductors
receives a positive charge. Is its potential altered when another conductor

uninsulated and uncharged is brought near to it? Give reasons for your answer,
(B.)

2. Describe the construction of a condenser of moderately large capacity, and
state how you would compare it with another condenser of which the capacity
was known. (B.)

8. An electrified body is brought into the neighbourhood of (a) an insulated
conductor and (b) an earth-connected conductor. Describe exactly the effect on
the potentials of the electrified body and of the unelectrified conductors in each
case. (B.)

4. How would you measure the static capacity of a length of open telegraph
line? (O.)

5. What is meant by the electrostatic capacity of an insulated wire, and how
may it be measured? (O.)

6. A condenser of 6 m.f. capacity is joined in ‘“cascade” to a condenser of
3 m.f. capaoity ; what is the capacity of the combination? (H.)

¥. What is meant by charging Leyden jars (condensers) in cascade? Three
Leyden jars, whose capacities are 3, 1, 11, are joined in cascade ; what is the
capacity of the combination? (B.)

8. If you had two samples of insulated wire, the diameters of the wires and
gutta-percha covering being known, how would you calculate the relative electro-
statio capacities of the two wires? (H.)

9. A condenser having a capacity of 2 m.f. is connected to two terminals
maintained at 2,000 volts ; how much work is taken from the terminals, and how
much can be got out of the condenser again? (0.)

10. Two condensers are exactly alike, except that one has air and the other
glass for dielectrio. Equal charges are given to the two condensers. In which
is the energy of the charge greater? (B.)

11. An insulated sphere of 2 om. radius is connected by a long, thin wire with
another insulated sphere of 6 cm. radius, which is surrounded by a third sphere
of 8 em. radius concentric with it. The connecting wire passes through a small
hole in the third sphere, so as not to touch it. All the spheres are conductors.
Calculate the capacity of the two connected spheres. (B.)

12. Calculate the size of plates that must be separated by a layer of air ‘01 in,
in thickness, so that the air condenser may have ‘0001 m.f. capacity. (O.)



54 CONDENSERS AND CAPACITY.

13. Calculate the capacity in microfarads of a condenser composed of two
plates each 1} m. long, 65 cm. wide, placed parallel to one another at a distance
‘2 mm. apart. 1f. =9 x 10! electrostatio units. (0.)

14. A Leyden jar consists of two concentric spheres of 5 and 6 cm. diameter
respectively, the intervening space being filled with air. The outer sphere is
uninsulated, the inuer is charged with 20 units of electricity. How much work
is done when the inner sphere is put to earth? (B.)

15. Three equal similar condensers are connected (1) in series, (2) abreast, and
in each case the set is charged as fully as can be by the same machine. Compare
the heats produced by completely discharging the two sets. (B.)

16. You have two Leyden jars of the same kind of glass; the coatings of one
measure each 1 sq. ft , and the glass is % in. thick; the coatings of the other
measure each 3 sq. ft., and the glass is } in. thick. They are charged to the
same P.D.’s. Compare their charges and the heats produced by discharging
them. (B.) (Use the formulae of Art. 35.)

1%7. How would you combine four condensers, each of capacity 1 m.f., so as to
produce a capacity of 75 m.f. ?

18. A copper wire ‘02 in. in diameter is insulated by a covering of gutta-
percha -0l in. in thickness; what thickness of gutta-percha would be required to
insulate a copper wire ‘03 in. in diameter in order that ite capacity may be the
same as that of the first wire? (H.)

19. The capacity of 1 mile of copper wire 50 mils in diameter covered with
gutta-percha to a thickness of 62} mils is 29 m.f. ; what is the capacity of a wire
100 mils diameter cuvered to a diameter of 390 mils?

log 35 = 5440680, log 39 = *5910646,



- CHAPTER V. W

ELECTROSTATIC MEASURING INSTRUMENTS.

41. The Kelvin Vertical Electrostatic Voltmeter.—An in-
strument designed for the measurement of P.D.’s in practical units
(volts) is termed a voltmeter ; in the present chapter only those based
on electrostatic principles will be considered. :

The Kelvin Vertical Electrostatic Voltmeter, whick, in common with
all electrostatic measuring instruments, depends for its action on the
mutual attraction between two conductors at different potentials, is
represented in Fig. 29. It consists of two fixed brass plates, each of
the shape of a double quadrant, placed parallel to, and in conducting
communication with, each other, but thoroughly insulated from the
other parts of the apparatus. Between these is a thin light aluminium
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vane resting at its centre on a knife edge, and capable of swinging in
a vertical plane exactly midway between the fixed conductors.

The upper point of the vane carries a fine aluminium pointer which
moves over the scale of the instrument, while the lower end carries a
projection and knife edge, to which various controlling weights supplied
with the instrument may be attached. Two stops, seen projecting
from the back of the case, are placed so as to curtail the movements of
the vane and prevent damage to the pointer, and any inconvenient
oscillation of this moving system is prevented by causing the pointer
to rub against an insulated horizontal checker, the latter being
manipulated by the checker handle outside the instrument.

"As a protection against air currents and the influence of electrified
bodies, the whole is enclosed in a metal case provided with a glass
front and a glass window at the side. The movable vane is, through
the medium of its central knife edge, in conducting communication
with the case and with a terminal attached thereto ; the fixed insulated
conductors are connected to a second terminal thoroughly insulated
from the case. The whole instrument rests on three levelling screws,
and is provided with an insulating base with spirit-level attached.

If the movable vane and the fixed plates be respectively connected
to two points at different potentials they become charged to this P.D.
and the electrostatic attraction between them tends to draw the vane
completely within the fixed conductors, thus increasing the capacity of
the system. If Q denotes the charge given to either, C the capacity
and V the P.D., Q is equal to CV; in other words, the quantity is
proportional to the P.D., so that if the latter be doubled, the charge
on each will be doubled also. But since the force between two charged
bodies is proportional to the product of the charges, doubling the
charge on each will increase the force fourfold; hence the force of
attraction 18 proportional to the square of the P.D. This force is
opposed by the particular weight attached to the lower extremity of
the vane, and clearly the latter will come to rest in such a position
that these two opposing influences are equal and balance each other.

In one type of instrument the scale is graduated from 0 to 60, the
value in volts of each division depending on the controlling weight
employed. Three weights are supplied; with the smallest one each
division reads 50 volts, so that the maximum reading is 3,000 volts;
with the intermediate weight in addifion each division represents
100 volts, the maximum being 6,000 volts, and with all three weights
the reading is 200 volts per division, the maximum voltage being in
this case 12,000. In the type shown in Fig. 29 the ranges are 1,000—
5,000, 2,000—10,000, and 4,000—20,000 volts.

In practice one of the conductors to be joined to the voltmeter is
often earthed ; in such instances the earthed main should be attached
to the terminal in contact with the metal case and vane, for the case’
will then be at zero potential the same as the human body, and there
will be no danger should it be accidentally touched.
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It should be observed that the attractive force for a given P.D. is
the same, and in the same direction, whether the vane is at a higher
or lower potential than the fixed conductors; hence voltmeters of this
type can be employed either for continuous pressures or pressures
rapidly alternating in direction. Once calibrated for continuous
pressures, they read alternating pressures (virtual volts) direct. (See
Chap. IX.)

In transit from place to place, damage to the instrument is pre-
vented by easing the vane from its bearings, passing the right-hand
stop through its upper wing, and placing its knife edge in slots pro-
vided for the purpose.

The following * general warning” by the makers is of vital im-
portance when the instrument is in use on high-pressure systems:
““ Never open the case to change the weights nor touch the terminals to
connect or disconnect without being sure either that the dynamo is not
running or that both the conductors leading to the voltmeter are safely
disconnected from its circuit,”’

42

Fig. 30.

42 The Kelvin Multicellular Electrostatic Voltmeter.—
This is a moditied form of the preceding, specially designed for so
multiplying the electrostatic effects. that smaller P.D.s can be
measured. Separate instruments, varying in range from 20 to 600
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volts, are constructed. The general appearance of the latest pattert
is depicted in Fig. 30, the essential parts being shown diagram.
matically in Fig. 31.

The fixed system consists of two sets of fifteen cells or boxes sup-
ported by a vulcanite plate v. These cells are formed of triangular
brass plates Q fixed equidistant and parallel to each other on two
brass supports BB, the two sets being in metallic connection, but
thoroughly insulated from the other parts of the apparatus.

The moving system consists of fifteen light aluminium vanes V
fixed parallel and at equal distances apart on a vertical spindle S, and
capable of rotating about this vertical axis. The upper end of this
spindle passes through a hole in the case, and is attached to a small
coach spring T which is suspended by a platinum iridium wire W from
a torsion head at the top of the instrument, while the lower end of the
spindle carries a disc D which, moving in oil, prevents undue oscilla-
tion of the moving system and renders the instrument ‘“ dead beat ”—
an efficient uniform “ damping ” device in this case, since the whole of
the disc rests continually immersed in the oil, no part being at any
stage withdrawn therefrom. A light aluminium pointer is fixed to
the upper part of the spindle; in some forms this pointer moves over
a horizontal scale, but in the pattern indicated it moves across a
vertical scale. In the earlier instruments one terminal is attached to
the metal case, and therefore via the suspension to the movable vanes
V; the other is insulated from the case, and in metallic connection
with the insulated cells. Two vertical brass repelling plates R R are
fixed to the lower side of the cover, and limit the movements of the
system V.

On connecting the two terminals to two points at different potentials,
the electrostatic attraction causes the system V to move forward into
the cells, the motion in this case being resisted by the torsion of the
suspending wire. The remarks made on the working of the vertical
voltmeter apply also to the multicellular instruments.

In the latest form of this instrument the case is entirely insulated
from the working parts. To guard these parts against electrostatic
effects, the whole interior is lined with insulating material and coated
with tinfoil, which is connected to the movable system. The cells—
ten in number—are cast in type metal, the vanes are of aluminium,
and the suspension is of phosphor bronze ribbon aged in a particular
way. The range can be increased by * multipliers.”

43. The Ayrton-Mather Gravity Control Electrostatic Volt-
;aegzr.——The essential parts of this instrument are shown in Figs.
The fixed system consists of three part-cylindrical conductors A, B, C,
of polished and gold-plated brass fixed to the plate D and forming
two cylindrical boxes or cells. The movable part consists of two part-
evlindrieal  nlater E. F of nolished alumininm fixed to a horizantal
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axle G pivoted in jewelled screws, and capable of moving about this
axis into and out of the cells. The front of the axle G carries a
pointer which stands at zero on the scale when the moving system is
completely outside the fixed as indicated by the dotted lines in Fig. 82,
To the frame which carries the moving part a horse-shoe magnet is
attached, its length being parallel to the axis G- and one of its poles N
over-lapping the other 8, thus leaving a narrow air space between them.,

m

Fig. 32. Fig. 33.

A sector-shaped copper piece K, which is fixed to the movable part,
passes across the air space between the poles when a deflection occurs;
the reader will learn later that in such cases currents of electricity are
developed in the copper, their direction being such as to oppose the
motion, although they do not lessen the final deflection ; in this way
undue oscillation of the moving system is prevented, and the instru-
ment rendered dead beat. In this voltmeter the cells and the vanes
are both thoroughly insulated from each other, and from the outer
containing metal case; they are put in conducting communication
with the two terminals through fuses which protect the parts in case
of any short circuit or abnormal rise in voltage. The terminals are
insulated from the case by being fixed in a vulcanite block, and the
screws are equipped with vulcanite heads as a further precaution for
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safety. A weight attached to an arm on the axle furnishes the con-
trolling influence which balances the electrostatic attraction when the
two systems are connected
to two conductors at differ-
ent potentials; this attrac-
tive force is proportional to
the square of the P.D., and
the instrument can be used
with equal accuracy on direct
or alternating pressure cir-
cuits.

44. The Addenbrooke
Low - Pressure Electro-
static Voltmeter.—This is
a laboratory instrument for

\ the measurement of small
Fig. 34.—Movable Part and Damping P.D.’s, direct or alternating;
Arrangement. its working parts are depic-

ted in Fig. 85.

The movable system consists of two brass crosses placed as indi-
cated, and insulated from each other by mica. The whole is sus-
pended by a phosphor bronze strip,
through the medium of which the upper
cross 1s in conducting communication with
the metal case and a terminal attached
thereto. The lower cross is insulated from
the case, and connected to an insulated
terminal.

The fixed system consists of two discs
of brass each divided into eight sectors,
the latter being held by eight supporting
pillars. One of these discs is fixed above
and the other below the moving system;
in the figure the upper disc is removed.
Four alternate sectors are insulated from
the case joined together and to the lower
cross, and therefore in metallic connection with the insulated terminal ;
the remaining sectors are joined to the case, to the upper cross, and to
the terminal in connection with it.

Clearly, on joining the terminals to two points at different potentials,
say the upper cross to the higher potential, the systems become
charged to the relative potentials indicated, and the moving part will
be deflected in a counter-clockwise direction. The controlling influence
is the torsion of the phosphor bronze strip ; the latter carries a mirror,
and the deflection is read by means of a beam of light reflected there-
from to a scale.
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45. Increasing the Range of Electrostatic Voltmeters.—In the
chapter dealing with the transmission and distribution of electrical energy the
reader will learn that to secure economy in the copper conducting mains high
alternating pressures are essential ; in actual practice 10,000 to 20,000 volts has
been reached, and abroad 130,000 volts has been attained. In high-pressure
systems voltmeters are generally put on the low-pressure side of transformers
(Chap. XX.); but should it be desirable to connect them direct to the mains
instruments of the electrostatic type are undoubtedly the best, and methods for
increasing their range call for attention. The plan, due to Professors Ayrton
and W. Peukert, is given diagrammatically in Fig. 36. A B C D and E are five
condensers, say of equal capacity, joined in ¢ series ”

between the two mains,maintained at a P.D. of say ABCDE
10,000 volts ; thus the difference in potential be- H H H
tween the coatings of each condenser is 2,000 volts, + —

The voltmeter V is joined across one condenser as

indicated ; olearly its reading, multiplied by five,

will give the total pressure, or it may be graduated Fig. 36.

to read the total pressure direct. The condensers

must each have a very large capacily compared with V, otherwise the joint
capacity of A and V in parallel will much exceed that of A alone, thereby
upsetting the simple voltage ratio mentioned above. The arrangement also
reduces the tendency to sparking between the two systems which may arise in
consequence of any unusual rise in voltage.

46. Advantages of Electrostatic Measuring Instruments.—These
may be briefly summarised as follows :—

(1) Being constructed of two disconnected systems electrostatic voltmeters
have no ‘ way through” ; hence they take no current and waste no energy.

(2) Since their action does not depend on the passage uf a current through
them they are free from errors due to variation in temperature, and in magnetio
field.

(3) They are not affected by stray lines from dynamos or other external mag-
netic fields.

(4) They act with either direct or alternating pressures, and the law of the
instruments is such that when calibrated with continuous pressures they read
‘“‘alternating pressures ” direct. (See Chap. IX.)

(5) They are absolutely independent of periodicity and wave form. (See
Chap. IX.)

(6) In laboratory work where battery cells are under test or where the experi-
ment is such that the constancy of the cells is essential, an electrostatioc measur.
ing instrument is frequently desirable, for taking no current, it neither alters the
P.D. to be measured nor causes ‘* polarisation ” (Chap. XIIL) in the battery.

47. A few Errors and their Prevention.—(1) Unless special care be taken,
external eleotrified bodies considerably affect the instruments. The object of the
conducting case is to screen the parts from external electrification ; but it has
been discovered that the mere rubbing of the glass face to remove dust causes
sufficient eleotrification to produce errors. To avoid this Messrs. Ayrton and
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Mather coat the glass with a conducting varnish of transparent gelatine, glacial
acetic acid, sulphuric acid, and anti-sulphuric enamel.

(2) In some types sparking between the systems may arise if the voltage
suddenly increases to an unusual degree. Some manufacturers test their instru-
ments to more than double the normal pressure. In addition to fuses, some are
provided with a spark gap, which permits the transit of a spark when the
pressure increases to a certain value. Messrs. Ferranti have overcome the diffi-
culty by placing in series with the instruments liquid resistances such that the
contained liquid boils away and breaks the circuit immediately any unusual rise
in pressure occurs.

(8) A Defect :—The lower parts of the scales of these voltmeters are somewhat
crowded and the higher parts very open. To remedy this Professor Ayrton
suggests a condenser in series with the instrument so that the total P.D. divides
between them inversely as their capacities (V = Q/C). When the moving part is
only slightly within the fixed, the capacity of the voltmeter is low, and thus the
volts on it will be relatively high. When the moving part is considerably within
the fixed the capacity is hgher, and therefore the volts on it relatively lower.
Thus the effect will be to spread out the readings in the lower parts of the scale
and to compress the readings in the higher parts. Of course the instrument
must be calibrated to give the correct total voltage.

48. Electrometers and Electroscopes.—The electrostatic measuring in-
struments which have been described have originated from earlier instruments,
used in the investigation of statical electricity, and termed electrometers.

Lord Kelvin’s early form of Quadrant Electrometer consists of four quad-
rants of metal, a, b, ¢, d (Fig. 37), being really four quarters
of a flat cylindrical box. Each quadrant is supported on
an insulating pillar, but @ and ¢ are connected together by
a wire, and so are b and d. A light needle of aluminium,
n, of paddle shape, is suspended by a fine fibre so as to
hang inside the cylindrical box, just clear of the quadrants.

When everything is at the same potential the needle
hangs symmetrically, as shown in the diagram. If the
needle alone is charged to a high potential it still remains
aschown, but if the adjacent quadrants are then connected
to a source of P.D. the needle will tend to move from the
higher potential quadrants to the lower. In such a case it can be shown that
the deflection, read by means of a mirror and scale, is proportional to the
potential of the needle and to the potential difference between the two pairs of
quadrants, If, therefore, the needle be kept at a constant high potential, the
deflection will be a measure of the potential difference between the two pairs of
quadrants, and if one pair be earthed (zero potential) and the other pair con-
nected to an electrified body, the deflection will be a measure of the common
potential of the body and the quadrants to which it is joined. If the needle and
one pair of quadrants are connected together, and are at a much higher potential
than the other pair, then obviously the law becomes that the deflection will
be proportional to the square of the potential difference between the two pairs of

quadrants,
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The formula for the instrument is :—
0=K(V—”—‘l§3’2)(v, — )

where 6 = deflection, K = a constant, V = potential of needle, v, and v, = the
potentials of the two pairs of quadrants. From this the statements above im-
mediately follow. Thus if V be big the term (v; + v,)/2 may be neglected and
we get :—

0« V(v, — v,).
If one pair of quadrants be earthed, say
v, = 0 we have :—

0 Vo,

Finally, if v, =V we get (from the first
expression) :—
. g (Vo0 \%

( 2 ) - 'v.z)»

i.e. 6o (V- u,)?

Some forms of the electrometer are
very complex in construction. The
needle is connected to a Leyden jar,
which is charged by means of a small
induction machine, called a replenisher,
and its charge and potential are noted
by another gauge electrometer working
on what is termed the attracted disc
principle, observations on this latter
instrument indicating when the needle
must be recharged. The whole is very
elaborate and costly and is now compar-
atively little used.

In a very neat form, lately introduced
by F. Dolezalek, the whole is of more
slender construction, the needle being of
thin, silvered paper, and the suspension
a fine quartz fibre. In order to charge
the needle, the quartz fibre is coated
with a little calcium chloride, which is
always moist in air and a conductor,
thus furnishing a path over the surface
of the fibre to the needle. With the needle at 100 volts, quite a large deflec-
tion can be obtained when the quadrants are conneoted to the poles of a single
primary cell. Fig. 38 shows the instrument with the case removed.

U1 Y T P TR TR U

Fig. 38.

The principle of the Attracted Disc Electrometer, mentioned above, may
be just stated here. In Fig. 39, PP is an insulated plate which can be raised or
lowered by a micrometer arrangement. A A BB is a metal box, the bottom of
which has a small square piece C in the centre (the movable plate) separated
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rom the remainder BB (the guard ring) by a cut all round. C is suspended by
v spring from the top of the box and, normally, it lies above the level of the
juard ring BB. When the two systems are at different potentials C is attracted
)y the plate P P, and the latter is raised or lowered until C is just on a level with
he guard ring BB. If M grm. be necessary to make C sink to the level of the
mard ring, the P.D. V between the two systems is given by—

V=d \/ngM{ e.s. units,

vhere d = distance apart of the plates in cm., § = the area of C in sq. cm., and
' = intensity of gravity. Although a fuller treatment of this electrometer
annot be given here the student would do well to read up the *f theory and
pplication ” in the Advanced Text-Book of Magnetism and Electricity.

A A .
B B5_1
. - .
B ¢ B Battery | Lsezféllv:g
P, T
Fig. 39. . Fig. 40.

A simple type of Electroscope for elementary experiments in statical elec-
ricity consists of a tin box fitted with two opposite sides of glass and a metal
od passing vertically through the cover of the box, its upper end terminating in

Fig. 41.—General view of Tilted Electrometer.

disc and its lower end carrying two gold leaves which normally hang side by
de. The metal rod is insulated from the case. The action depends on the fact
nat the leaves will diverge if there i8 a P.D. between them and the case. Thus if
he case be earthed (zero potential) and the disc be connected to, or brought
ear, a charged body the leaves will diverge and the amount of divergence will
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indicate whether the potential is strong or weak. For other applications the
student should refer to the Advanced Text-Book of Magnetism and Electricity.

A modern type due to C. T. R. Wilson for experimental work on the condue-
tion of electricity through gases is shown in Fig. 40. A is a brass box provided
with a window W through which the movement of the single gold leaf L can be
observed and measured by means of a microscope (and scale). P is a brass plate
joined to a battery and therefore charged. The insulation at D and C is as per-
fect as possible (say sulphur or quartz). L is joined to the insulated system into
which the ‘‘current” under examination is flowing. As the voltage of this
system changes L is attracted towards P moving about 300 or 400 eye-piece
divisions per volt. Thus knowing the capacity C of the electroscope and (from
the deflection) the ‘ change of voltage (V) per second” the current flowing into
the system is known (Q = CV and current is ‘‘ quantity flowing per second”).
The reader will understand these points better as his studies proceed. Fig. 41
shows one type of the instrument complete,

EXERCISES V.

1. Describe a good form of voltmeter for use on an alternating current
system. (O.)
2. What are the special advantages and disadvantages of electrostatic volt-

meters as compared with current voltmeters? Describe in detail some form of
electrostatic voltmeter that is suitable for use in a central station. (0.)

8. Explain carefully what is meant by specific inductive capacity. How
would the indications of an electrostatic voltmeter be affected by immersing the
whole instrument in oil which completely fills it ? (B.)

4. Define potential, capacity, and specific inductive capacity. Describe any
nstrument which may be advantageously employed for the measurement of
differences of potential. (Univ.)

8. Describe the attracted disc electrometer, and show how it can be used to
measure differences of potential in absolute electrostatic units. Define this abso-
lute unit of potential. If the trap door is 5 cm. in diameter, is 3 mm. from the
under plate, and is at 1,200 volts potential difference, what force of attraction
would you expect between them? (Univ.)



PART III.—MAGNETISM.

CHAPTER VI,

GENERAL PRINCIPLES.

49. Natural and Artificial Magnets.—Although a few of the
simpler properties of a magnet have been known from very early
times, accurate knowledge of the subject, as in electricity, is com-
paratively recent.

Magnetic phenomena are in general easy to observe, and constantly
present themselves, without being sought, in many evident natural
effects. Thus the mineral known as * Lodestone” attracts to itself
particles of iron, and if suitably suspended, tends to assume a definite
direction in space. If a piece of steel or iron be rubbed with a lode-
stone, some of the magnetism appears to be communicated to the steel
or iron, and such a piece then acts precisely as did the lodestone itself,
though the effect may not be permanent when the piece is removed
from the neighbourhood of the lodestone. The extent to which the
property is thus retained depends upon the hardness of the steel or
iron, and will be more fully considered later; but it may be noted
that a piece of hard steel thus magnetised will retain the property
practically unaltered for an exceedingly long time. Such a piece of
steel is then termed a permanent magnet, and this property once
discovered all investigations relating to magnetism are mnaturally
carried out with artificial magnets of suitable shape, rather than with
the natural mineral.

It may be noted here, too, that magnetism does not stand alone,
but is related to electricity in a most intimate way, though the dis-
covery of the relation and its connecting laws form a branch of science
of quite recent development. In consequence of this connection it
will be seen that a magnet can be constructed without the necessity
for possessing a magnet to begin with, and further, the artificial
{nggnet may be made of much greater strength than any natural
odestone.

50. Magnetic Bodies.—A body is termed magnetic when it is
capable of being affected by a magnet. Faraday was the first to state
that all bodies are to a certain extent affected by magnets, but that

66



GENERAL PRINCIPLES. 67

they are of two kinds, viz. paramagnetic (or, as they are more usually
termed, magnetic) bodies which are attracted, and diamagnetic bodies
which are repelled. Few substances appear to be magnetic, and of
these the only ones of practical importance are iron, nickel, and cobalt.

Diamagnetism is of little importance to the electrical engineer, as
the effect is small and only apparent in the case of a few substances.
For practical purposes the study of the magnetic properties of iron
and its modifications is all that is necessary.

Modern theory classifies bodies into ferromagnetics (iron, nickel, cobalt, and
perhaps manganese), paramagnetics (feebly attracted by a magnet), diamagnetics
(repelled). The reasons for this classification cannot be given here.

51. Magnet Poles.—The attracting power of a magnet appears to
be concentrated at definite regions near the ends, and these definite
regions are called ““ poles.” These polesare not alike in their properties,
as is shown by the fact that if two similar magnets be taken, say in
the form of bars, and each be placed in a stirrup supported by a thread
80 as to be free to turn, each will come to rest in a definite direction
which is nearly north and south, the one end of each always pointing
towards the north and the other end always towards the south. If, now,
we mark the ends pointing northwards N and N’ (they are known as
the north poles of the magnets), and the other ends (known as the
south poles) 8 and §', then N and N’ will be found to repel when
brought near each other; so also will S and 8', while N and §' or N’
and S will be found to attract.

The directive power of the free ==—c-e=o

magnet is, however, merely ano- N.POLE -3 —
ther illustration of the attraction

and repulsion mentioned above, =
since, as will be seen later, the M e == 1>

suspended bar is in the neigh-
bourhood of anotherlargemagnet,
the earth, and behaves accord- NEBL’EA'- EQUS;‘OERW-
ingly. The fundamental rule of
which the above effects are mani-

festations, is—Iike poles repel each | __MAGNETIO
other and unlike poles attract each axis
other.

Further investigation shows in - --s.poLE

connection with this, that the
two poles of a magnet are always Fig. 42.

equal. That is, the repulsion be-

tween the two N poles of the bars, when these are at a definite distance
apart, equals the repulsion between the two S poles at the same
distance. Hence the magnetic condition may be regarded much as
the production of the two electrostatic charges is regarded: that is,
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when bars are magnetised both north and south polarities are produced
at the same time, and these magnetic poles are always of equal strength,
but the phenomena differ from the electrostatic case inasmuch as we
can never isolate our magnetic poles as we can our charges.

The distribution of magnetism along a bar magnet may be experi-
mentally studied quite easily by apparatus of the following description.
Let the bar magnet be lying upon a table and a small iron ball be
suspended above it by a thread from a delicate spring balance. Then
the ball is held in contact with the bar by the attraction of the magnet
and the reading of the balance, when the latter is raised until the bal
is detached, gives the pull needed to overcome the attraction. By this
means a measure of the attraction exerted at different points along
the bar can be obtained. This attraction is found to be a maximun
near the two ends and zero at the centre. The graphical result of suct
an experiment is shown in Fig. 42.

This experimental fact, that the attraction of a magnet appears tc
proceed mainly from the ends and is zero at the centre, might lead onc
to think that if the magnet were broken at the centre one half woulc
contain N magnetism, and the other S magnetism ; but such is not the
case. Every separate piece of a broken magnet possesses its two poles
and, in fact, it must most carefully be borne in mind that it is impossibl.
to produce a magnet having only one pole.

52, Constitution of Magnets.—Further investigation indicate
that a magnet actually consists of a vast number of minute molecula
magnets, and the apparent concentration at the ends is due to the fac
that the magnetic molecules may be considered as arranged as i
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Fig. 43. Neutralisation occurs except near the ends where there is
N pole at A and a 8 pole at B. Clearly from the figure if the magne
be broken a N pole will appear on the left of the break and a 8 pol
on the right, i.e. each piece will be a complete magnet.

53. Induced Magnetism.—The attraction known to exist betwee
any permanent magnet and a piece of previously unmagnetised iron c
steel needs some explanation. Magnetic induction is the name given i
the power that a magnetic pole possesses of inducing in a neighbourin
wiece of magnetic material a magnetic condition, such that at the en
nearer to the magnet pole unlike polarity is produced, and at the mo
distant end like polarity.
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Thus in Fig. 44 the magnet A B induces in the magnetic material
CD a 8 pole at C and a N pole at D. When this effect is produced,
however, we have the condition

necessary for attraction between

the poles B and C, and between |si N| s WI
A and D, while there is repul- A 8 % D
sion between A and C, and B Fig. 44.

and D. On account of the

effect of the varying distances of the poles the resultant is an attrac-
tion between the two, though not following the law of attraction
between simple poles given in the next chapter. Hence the body
moves, or tends to move, toward the magnet.

It is, then, to be noted that induction always precedes the attraction
of a previously unmagnetised body. If two permanent magnets are
near each other there is an attraction or repulsion between the poles
already existing, depending upon the way in which the magnets are
presented to each other. Thus in Fig. 45 B is attracted by D, while

it is repelled by C. If one

magnet be much weaker than

s N [N__ S| theother, then the final result
A B c D may be rather curious. The
Fig. 45. magnet A B is endeavouring

to magnetise C D in the re-
verse condition to its existing, magnetism, just as would be the case if
CD were previously not magnetised. If CD be small and weak,
then, on the approach of B, the inductive effect of B may presently
overcome the existing magnetism of CD, and thus the repulsion will
change to attraction. Such a reversal of magnetism can easily be
produced by approaching a fixed compass-needle to the pole of a
powerful dynamo fieldmagnet, and the effect must be remembered in
all cases where instruments containing weak magnets, not free to move,
are taken into the neighbourhood of much more powerful magnets.

54, Demagnetising Effect of Magnetic Poles.—The preceding
eiplains the demagnetising effect of a magnet on itself. Thus if N8
(Fig. 46) be a permanent magnet and O any point in it, then at O
there will be a magnetic force acting in the direction from N towards

S N[s
N [E—=—"3}---—>
N0 s N s ] s n
Fig. 46. Fig. 47. Fig. 48.

S, due to the poles of the magnet. This tends to magnetise, by
induction, the material at O, so that southern polarity is towards N
and northern polarity towards 8, a distribution of magnetisation ezactly
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opposite to that of the magnet. This demagnetising effect is reduced
by arranging bar magnets in pairs as shown in Fig. 47, with soft iron
““keepers” across the poles. The north pole of the magnet, for
example, induces a south pole in the part of the keeper in contact
with it, and the effect of this at any point of the magnet is practically
equal and opposite to the effect of the magnet pole. Further, these
keepers close the magnetic circuit and render the system independent
of external disturbances.

Again let Fig. 48 represent a bar of iron lying off the north pole of
a magnet, and therefore magnetised by induction as indicated. If an
isolated morth pole be imagined free to move at a point O inside, it
will be urged to the right, but the induced end poles in the bar will
tend to urge it towards the left: hence the force on the north pole at O
is reéluced owing to the demagnetising effect of the induced poles
n and s.

Further, to fix ideas, imagine the pole at O to be a unit north pole (Art. 70)
and picture it to be in a cavity of such a shape that the magnetism on the walls of
the cavity has no effect whatever on the unit pole (the kind of cavity will be explained
later) so that we have only to consider the effect of the poles N, n and 5. Let H
be the force on the unit pole fowards the right due to N (and this would be the
force on it if the iron were absent) and let & be the force on it towards the left
due to the poles 7 and s: then the actual force H; on the unit pole is given by
H, =H - A, i.e. it is less than H owing to the effect of the induced poles.
More exact details of this will be given later.

G

[N

m—— —-mN]S
Fig. 49,

55. Magnetic Field.—The region in the neighbourhood of a magnet
within which magnetic material will experience magnetic effect is termed
o magnetic fleld. Strictly speaking, any one magnet has a field of
infinite extent; but practically the effect dies away so quickly when
the distance from the magnet is increased that the region where the
magnetic force is appreciable is very limited, and it is to this region
that the term magnetic field is a,p;ﬂed. If an isolated N magnetic
pole (Fig. 49) be placed at P in the magnetic field due to a large
magnet N 8, then this single pole will be attracted by S—the S pole
of the large magnet—and repelled by N, and these two forces will have
a resultant P T as shown in the figure. If the single N pole be free
to move, it will naturally be urged in the direction of this resultant,
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but as it moves its position relatively to the poles N and S, the resul-
tant will vary in direction from place to place, and thus the free single
pole will be urged along a curve and will ultimately reach the S pole
of the large magnet. Thus a free N pole would be urged to describe
a certain curve starting from the N end of the large magnet and
finishing at the S end. Such a curve is termed a line of force, and
the whole of the space surrounding a magnet—that is, the magnetic
field—can be mapped out into these lines of force. Their directions
for a bar magnet are shown by the fourth diagram in Fig. 52.

If instead of a single N pole we place a small pivoted compass a b in
the field of the magnet N S (Fig. 50) then the N pole a will experience
a force of repulsion due to N and one of attraction due to S and the
resultant force on it will be as indicated by the diagonal of the
parallelogram on the right. Similarly the resultant force on the S
pole b is as indicated by the diagonal bT. Thus pole b tends to move
in the direction of bT, whilst pole a tends to move in the direction of
the other diagonal. The net result is that the compass sets in a
definite direction, and if it is very small this direction 1s tangential to
the line of force through the small compass : this furnishes a method
of mapping out the lines of force (Art. 56). To summarise:—A line
of force is a line along which an isolated N pole would travel
if free to move in a magnetic field and it is such that the tan-
gent at any point gives the direction of the resultant force at
that point. Fig. 52 illustrates various cases of lines of force.

So far we have considered only

/._._,..aﬁ-r-'-n».,_‘

the space outside the magnet— 7 k™ .y

the ‘‘external field” as it is U Yy
called—and we have seen that ,;" . P et S v,
the lines of force pass from the - JUSCI “s“’ \&
north pole through the field to 2‘ 2 At T Yy 0
the south pole (positive direction [ ::::Z.}gggggi;{g{gg{i%;"_,, -
of lines). The magnet itself con- "N I S Wil s
stitutes what is sometimes called ;’ 1: 5 7 )
the ‘“internal field” and the X >, DA 7 A
lines entering the south pole are "‘; A I . A
continued through the magnet ., o
itself finally reaching the north sy "

pole from which we supposed P aa e

them starting. These internal Fig. 51.

lines are strictly lines of induc-

tion (a line of induction gives the direotion of the induction). Thus each line
forms n closed oirouit, i.e. when a line of induction OD A (Fig. 51) leaves the
magnet at A it is continued as a line of force ABC in the air, and when this
passes from the air to the magnet it is continued into the line of induction. In
air lines of force are also lines of induction so that the olosed circuits, both the
parts in air, and the parts in the magnet may (more exactly) be spoken of
as lines of induction throughout. These points will be dealt with later: for
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56. Tracing Lines of Force.—The compass needle method of tracing lines
of force referred to in Art. 55 is shown by the very small compass needles ab on
the extreme right and left of Fig. 50. The bar magnet N 8 is placed on a sheet
of drawing paper, the small compass @ b is placed near say the N pole of the bar
magnet and a dot is made opposite each end of the compass. The latter is then
moved until the south pole b comes over the dot which has just been made oppo-
site the north pole ¢ and the new position occupied by the pole a is marked.
This is continued, and finally a line drawn freehand through the several points
gives the line of force required. Thus by starting from various positions the
character of the field is determined.

Fig. 53.

Magnetic fields may also be mapped by means of iron filings. The magnet (or
combination of magnets) is placed on the table and covered by a thin plate of
glass over which is placed a sheet of paper. Iron filings are then sifted through
muslin on to the paper, the glass being gently tapped so as to assist the setting
of the filings. Each filing becomes by induction a small magnet and therefore
sets along a line of force just as the very small compass does. Fig. 53 depicts
the results obtained by this method in the case of (1) a horse shoe magnet with-
out its keeper ; (2) two bar magnets end on with unlike poles facing each other.

57. Magnets with more than one Pair of folel and Magnets with
no Poles.—It is possible to so

magnetise a bar that poles may be
distributed along its length, sg’me- [ﬁ‘ SS N N S S' iI
what as in Fig. 54, in which the Fig. 54.

magnet appears to possess five

poles. Such magnetism may be produced in a strip of steel by suitably
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touching with a permanent magnet, or better, by an electromagnetic arrangement
to be desoribed later. Such poles which appear at places other than the cnds of
the magnet are termed consequent poles,

If a long thin bar magnet be bent into a circular arc until the two ends
ultimately come together, the whole will form a ring, and there will be no
evidence externally of the existence of poles at all. 1f a complete ring magnet
be cut anywhere a N pole will appear on one side of the cut and a S pole on the
other. Such a closed circular magnet will retain its magnetism very perfectly
since there is no resisting air portion for the lines of force to pass through in
completing their circuit. A ring of iron can be best converted into & ring maguet
by the electro-magnetic method described later.

58. Permanence of Magnetism.—A bar of magnetic material
once magnetised may not retain the property indefinitely. The rate
at which the substance loses the magnetic property depends upon
several properties of the substance. Perfectly soft iron will not retain
magnetism at all, while hard steel will retain its powers practically for
ever, provided it is of suitable shape and not exposed to vibration or
very high temperature. The power of retaining magnetism is
termed retentivity. The retentivity deé)ends upon the form of the
magnet as well as upon its composition, and also upon the temperature,
and it is affected by the mechanical circumstances in which the magnet
is placed.

59. Effect of Form.—The more nearly the magnet is formed into
a closed metallic circuit the more permanent the magnetism: hence
the employment; of keepers across the poles of horse shoe magnets and
as shown in Fig. 47 for bar magnets.

60, Effect of Composition.—This has already been referred to in
the extreme cases of very soft iron and very hard steel. For inter-
mediate degrees of hardness the retentivity is also found to vary
between zero and, practically, permanence. Obviously for magnets
intended always to Se of constant strength the material to use is hard
steel, while for magnets which are needed for certain purposes where
the magnetism must grow and die away as quickly as possible, as in
various magnetic mechanisms, the best material to select is the softest
iron.

The addition of other substances to iron or steel affects considerably
the magnetic properties of the alloy. Thus permanent magnets are
improved if the steel contains from 5 to 8 per cent. of fungsten : high
grade carbon steels are better than low grade carbon steels for this
purpose, and recent work shows that the presence of about 4 per cent.
of molybdenum is even more effective than tungsten. Again, there is
the striking case of the non-magnetisable alloy known as manganese
ateel (15-2 per cent. of manganese) : another alloy, viz. 80:15 per cent.
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of irom, 8 per cent. of carbon, 501 per cent. of manganese, and 14:04
per cent. of nickel is practically unmagnetisable. Finally, in what are
called the Hensler alloys certain alloys of mom-magnetisable substances
and manganese become magnetisable almost equivalent to cast iron.

61. Effect of Temperature.—Any magnet raised to bright red
heat loses the whole of its magnetism, nor can it be given any further
magnetic powers until it is cooled below a certain temperature, That
is, magnetic bodies become non-magnetic when raised above a certain
limiting temperature, which is different for different substances. This
critical temperature, as it was termed by Hopkinson, is between
700° C. and 900° C. for iron and steel, differing for different specimens.
When dealing with lower ranges of temperature such as atmospheric
changes, etc., the temperature has practically no effect.

62. Effect of Mechanical Surroundings.— Vibration undoubtedly
much affects the magnetic properties of a substance, and will either
weaken or strengthen a magnet according to its condition. If it is
placed in a strong magnetic field, and previously unmagnetised,
vibration will enable it to take up more than would be the case with-
out it; while if, after being magnetised, the material is removed from
the magnetic field altogether, or placed in a reversing field, then
vibration will accelerate the loss of magnetism. This may be summed
up by saying that vibration will help the prevailing tendency of the
magnet ; if it s tending to become stronger by induction, vibration will
assist the growth of magnetism ; if it 18 tending to become weaker when
alone, vibration wrll accelerate the loss.

A practical instance of the effect of vibration in causing the acquisi-
tion of magnetism is known to every mechanical engineer in the strong
magnetic properties acquired by steel drills, particularly when drilling
cast iron. Another instance is the magnetism acquired by steel ships
during construction.

Fig. 65: Fig. 66,

63. Preliminary Ideas on Permeability. Magnetio Screens.
—TFig. 55 shows the lines when a bar of soft iron is placed between
the N and 8 poles of two bar magnets. The iron is, of courss,
magnetised, and the lines crowd into it as if they found it easier to
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go through iron than through air. Iron, in fact, is a better con-
ductor of lines than air or, as we say, is more * permeable,” or has
greater “ permeability” than air. The permeability of a sub-
stance may be defined at this stage as its conducting power for
lines as compared with air. Thus if there were 5 lines per sq. cm.
(H) in the air space before the iron was placed there, and 4,000 lines
per sq. cm. (B) in the iron, the permeability (1) of the iron would be
said to be 800 {x = B/H), neglecting the demagnetising effect of
the -induced poles.™

Fig. 56 shows the effect of placing a thick cylinder of iron between
the poles: it screens the space inside from the influence of the
magnets, for the lines keep to the iron and do not pass across the
central air space. (alvanometers are sometimes protected from
external magnetism by surrounding them by a thick cylinder of iron
in this way.

64. Lifting Power of Magnets.—This depends upon two things,
(a) the strength of the magnet poles, (b) the shape of the magnet.
By taking an exceedingly strong magnet and suitably shaping the
poles so as to concentrate the magnetism upon the armature which is
to be attracted, exceedingly large attractive forces can be produced.
In some experiments by Joule a force a little larger than 200 1b. per
square inch of pole face was obtained. It is found that if the magnet
has considerable cross section there is a tendency for the magnetism
to exist mainly on the outside surface, and the interior is not affected
to any high degree. In order to render the magnetisation more
uniform throughout the section, and thus to increase the lifting force,
magnets have been constructed of thin sheets of steel instead of solid
blocks, Such a magnet is said to be laminated.

Practical use of the holding power of magnets is now to be seen in
many engineering works. For example, instead of using hooks for
liftirg large sheets of iron when transporting them from one machine
to another, an electromagnet (Art. 66) hanging from a crane is used ;
this is energised by a current when required, and thus a large thin
sheet, which is a difficult thing to grip in the ordinary way, may
be easily carried. Again, as a means for holding small iron articles
on the bed of a machine while various operations, such as drilling or
milling, are being performed, the electro-magnetic vice is exceedingly
useful. The track brake on electric trams is another illustration.

65. Rapid-acting Magnets.—When an electro-magnet is re-
quired to quickly change its strength, that is to rapidly acquire or
lose magnetism, the laminated construction is adopted. Such a
magnet is built up of thin soft-iron sheets. Magnets intended to be
energised by alternating currents, as in some forms of arc lamps and
in transformers, are also laminated for the same reason.
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66. Construction of Magnets.—(iven one magnet, any number
may be made from it by taking advantage of the properties of induec-
tion mentioned above. Thus by stroking a bar of steel from end to
end with one end of a permanent magnet the bar becomes magnetised
as indicated in Fig. 57, the end of the bar where the rubbing magnet

leaves it being of opposite polarity to the rubbing pole. There are
modifications of this method, but all such have given place to the
electro-magnetic method. Mere contact with a large electro-magnet,
such as the field magnet of a dynamo, is sufficient to induce strong
magnetism in a hard steel bar. Or the bar required to be mag-
netised may be inserted in a spiral of wire through which a current
can be sent at will, and the effect produced may be regulated by con-
trolling the strength of the current. This will be more fully attended
to in the section on electro-magnetism later, but it may be mentioned
here that, looking at the end of the bar, if the current in the coil be
countex-clockwise tn direction, that end will be a north pole; if it be
clockwise, that end will be a south pole (Fig. 58).

67. Mechanical Results of Magnetisation.—It has been shown by experi-
ment that an iron rod lengthens when magnetised, provided that the magnetising
force has not exceeded a certain limit, but if the force be greater than this the
bar becomes shorter. An allied phenomenon is that known as the Villari Re-
versal. If an iron bar be weakly magnetised the effect of a pull on the bar isto
increase the magnetism, but if the bar be strongly magnetised the effect of the
pull is to diminish the magnetism. There are other developments in this connec-
tion, but they cannot be adequately treated here.

68. Magnetic Condition of the Harth.—For the purposes of the electrical
engineer this need only be dealt with very briefly.

The earth is really a huge magnet, one pole—the north magnetic—being in the
vicinity of Boothia Felix in the north of North America, and the other pole—the
south magnetic—in the southern hemisphere, Lat. 72° 25’ S., Long. 155° 16' E.
Thus it is that a compass needle comes to rest along the lines of the earth’s field,
i.e. nearly north and south, the one end always pointing towards the north and
the other end towards the south. The vertical plane containing the magnetio
axis of the needle is termed the magnetic meridian, and the angle between the
magnetio and geographical meridians is called the variation or declination,
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In the case of a freely suspended magnetic needle, the needle not only sets in
the magnetic meridian, as above, but one end dips. The angle between the
horizontal plane and the magnetic axis of a freely suspended needle, or of a
proper ‘‘dip needle” able to move in the magnetic meridian, is termed the
inclination or dip. In the northern hemisphere the N pole ¢ dips ” towards the
north, in the southern hemisphere the S pole “dips” towards the south : at the
earth’s “ magnetic equator ” the dip is zero, and at the magnetio poles it is 90°.

The essential measurements to be made at any place are (1) the declination,
(2) the dip, (3) the total intensity or total force on unit pole. Now let T denote
the total intensity (Fig. 59), and let it be resolved into a horizontal component H
and a vertical component V. Clearly d° is the angle of dip, and :—

H H="Tcosd, s T = H/cos d.
1 V=Tsind; T*=V24+ H?; VH=tand.

For practical convenience H and the dip are measured
and T found from the second relation above. The Green-
wich values are :—Declination = 15° 6:3' W., Dip = 66°
\" 51', H = 18534, T = *4695, V = *4318. These values are
not constant, but are gradually changing year by year;
they have also daily and yearly regular changes and sudden
fluctuations accompanying ‘¢ magnetio storms,” ete.

Fig. 59. Since what we term the N pole of a suspended magnet is

attracted by the N magnetic pole of the earth, it follows

that the real magnetic property resident at the N magnetic pole of the earth is
S magnetism, and at the S magnetic pole of the earth N magnetism.

Thus, if a piece of soft iron be placed in the earth’s field at London, inclined at
the angle of dip in the magnetic meridian, the bar will have induced in it a
N pole at its lower end and a S pole at its upper end. If the bar be placed
horizontally in the meridian the end pointing northwards will become a N pole.

So, too, a wertical bar of soft iron in the northern hemisphere will have
induced in it a N pole at the bottom and a S pole at the top. In the southern
hemisphere the reverse will hold—the bottom will be a south and the top a
north.

EXEROCISES VI.

1. What is the exact difference—magnetically speaking—between a piece of
brass, & piece of soft iron, and a piece of lodestone ?

2. What aré the reasons for the assertion that a magnet cannot be produced
which has only one pole ?

3. Explain preocisely what happens when a piece of soft iron is attracted by a
bar magnet brought into its neighbourhood.

4. State clearly what is understood by a line of force in a magnetio field. How
may the direotion of any one such line be obtained practically ?
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5. State exactly how the following magnets may be constructed: (z) A bar
magnet with 8 poles at each end and a N pole at the centre ; (b) A ring magnet
with no poles at all evident ; (¢) A ring with a N pole at one point and a S pole
diametrically opposite.

8. If a permanent magnet is desired to be very strong and very lasting in its
properties, of what material and shape should it be made ?

7. Explain the effect of the following upon the strength of a magnet ;
(a) Alteration of temperature ; (b) Mechanical vibration.

8. What connection has been discovered between the length of a rod of iron
and its magnetic condition?

9. In connection with the magnetic condition of the earth define the following :
Total magnetic force, horizontal component, dip, declination, Which of these
are connected, and how ?



CHAPTER VIIL

MAGNETIC UNITS AND THEORY.

69. Law of Magnetic Attraction and Repulsion between
Isolated Poles.—Experiment shows conclusively that if two like,
but possibly unequal, poles be imagined isolated, and each concentrated
at a point, the repulsive force exerted between them varies as the product
of the strength of the poles and inversely as the square of the distance
between them.

The actual force between the like poles of two real magnets does not obey this
law because : (1) the poles are not concentrated at points; (2) the poles are not
isolated, and the second pole of each exerts an influence. By making the magnets
very long and thin the result is, however, approximated to very closely.

Before this law can be used for calculations a system of units must
be adopted in terms of which magnetic quantities can be expressed.
The following units have been found convenient :

70. Unit Pole.—A pole is said to have unit strength when,
if placed one centimetre away in air from another like and
equal pole, the two will mutually experience a repulsive force
equal to one dyne. The symbol m will be used for the strength of
a magnet pole in terms of this unit.

From the law of Art. 69, using the unit defined above, the force
between two poles of strength m, and m, distant d centimetres apart
in air, is given by the expression—

r= ﬁ% dynes.

mlmz
dl

The more general formula is f = ,'17. where u is the permeability

of the medium: for air u is taken as unity (Compare with Art. 23 but
note that whilst % is practically constant for a given medium p is by
no means constant).

71. Magnetic Moment.—The moment of an ideal magnet is
defined as being the product of the strength of ome of the poles—
either will do, since they are always equal—into the length of the

80
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magnet. In the practical magnet the moment is the product of
the pole strength into the distance between the poles, which
will usually be a little less than the length of the bar. Thus, using
M for magnetic moment, we have

M=ml
if I be the distance between the poles in centimetres. (See Art. 75.)

72. Intensity of Magnetisation.—This is obtained for any
magnet by dividing the magnetic moment of the magnet by its
volume, and thus it is an expression for the magnetic moment per
unit volume, Hence if V be the volume and a the cross-sectional
area,

Intensity (I) = J:__[ = 1:.; (approx.)= %”.

From this it will be seen that the magnetic intensity is also the pole
strength per unit area of the pole face. '

73. Field Strength.—A magnetic field is said to be of unit
strength at any poiut if a unit pole placed there is acted on
with a force of one dyne. The symbol H will be used to denote the
strength of a field, thus indicating that unit pole in the field would be
acted on with a force of H dynes. Hence if a pole of m units is placed
in a field of strength H, the resultant force on the pole is Hm dynes.

The intensity of the field at distance d cm. from an isolated N pole
of strength m is therefore given by the expressions:—

H= g-,t-units or H= F:%‘ units
the medium in the first case being air and in the second one of per-
meability p. Further the field at a point due to a number of poles is
found by the parallelogram law as indicated in Fig. 49.

As in electrostatics (Art. 28) it is convenient to picture a definite
number of lines of force proceeding from a given pole. Imagine an
isolated N pole of strength m situated in air and further imagine a
spherical surface of radius d cm. drawn in the magnetic field, the pole
m being at the centre: the intensity of the field at any point on the
surface of this sphere is m/d* units. Now imagine that 4axm lines of
force emanate from the pole of strength m in air (in other words 4ar
lines from unit pole). These all pass through the surface of the
sphere and as the area of this surface is 4wd? sq. cm. it follows that

. . _4dm _m
Number of Lines of Force per unit area = o Sl T

But this last expression also gives the intensity of the magnetic
field at the sphere in C.G+.S. units: hence :—

T, E. 6
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(1) 4arm lines of force radiate from a pole of strength m in air and
4 lines of force from unit pole in air.

(2) The intensity of a field is represented numerically by the number
of lines of force per unit area (perpendicular to their direction) : thus
a field of strength H has H lines of force per unit area.

(3) Unit field has one line of force per unit area.

The 4« introduced in this way is found in a large number of
formulae as a consequence of this first choice. Note that in electro-
static theory the number of Maxwell lines of electric force from a
charge Q in air was taken to be 4wQ (the equivalent of Faraday lines
18 not used in magnetic theory).

The unit magnetic field is sometimes called a ‘‘gauss”: thus a
field of strength H units may be spoken of as a field of H gausses.

74. Magnetic Potential and Magnetic Potential Difference.—Before
procéxding with this section the student should again read Art. 25 of Chapter IIL
Let N (Fig. 60) be an isolated north pole, and
i imagine n to be a unit north pole at an infinite
‘- R el R it ..: distance. To bring » from infinity to A, work
! must evidently be done against the repulsion
' of N, and to bring the unit pole to B clearly
more work must bo done. With a given pole
N, the work in these cases depends on the positions of the points in question,
and such work is taken as a measure of what is termed the magnetic potential
at these points. Thus, if V, ergs of work be done in moving the unit north pole
from infinity to A, V, C.G.S. units is the potential at this point A ; if V, ergs
of work be expended in moving the unit north pole to B, V, C.G.S. units is the
potential at the point B, and the difference in magnetic potential between A
and. Bis V; - V, C.G.S. units.
If N be replaced by a south pole the same reasoning holds, but in this case the
" unit north pole would move up under the attractive force.

Hence the magnetic potential at a point is defined as measured by the work done,
in ergs, in moving a unit north pole from infinity to that point, and the difference in
magnetic potential between two points is defined as measured by the work done, in
ergs, in moving a unit north pole from one point to the other. Thus the magnetic
potential at a point in a field is 1 C.G.S. unit if one erg of work be
done in moving a unit north pole from infinity to that point, and the
magnetic potential difference between two points is 1 C.@.8. unit if
one erg of work be done in moving a unit north pole from one point to
the other.

75. Action of a Magnet in a uniform Field.—If the infensity is
the same in magnitude and direction at every point of a magnetic field
the latter is said to be a uniform field. In such a field the lines of
force will be parallel straight lines. The earth’s magnetic field over
fairly extendeg areas is uniform.
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Let m be the pole strength of the magnet N'S (Fig. 61), H the
intensity of the uniform field, and « the angle the magnet makes with
the direction of the field. The force on each
pole is mH ; these constitute a couple the mo- A !
ment of which is obtained by the product of one !
of the forces and the perpendicular distance ST E

|
|

3
I

between them ; thus

Z

Couple on NS =mH x ST =mH x SN sin ™
=m x SN X H sin a. /
~. Couple on NS — MH sin .

The effect of this couple is to rotate the magnet
until it lies parallel to the direction of the field,
in which position the couple vanishes since a = 0°,
and sin a is therefore zero. Clearly the couple
has its maximum value when the magnet is at
right angles to the field, in which case a = 90°,
sin o = 1, and the value of the couple is M H. Fig. 61.
Further, if H =1 the value of the couple is M :
hence the moment of a magnet is numerically equal to the
moment of the couple acting on the magnet when placed at
right angles to a field of unit strength,

T~
(]
[
1
H 1
]
]
]
[]

Of course before coming to rest the magnet will oscillate backwards and
forwards about its equilibrium position like a pendulum. In connection with
this it should be noted that a double swing, i.e. a “to and fro” movement is
called a vibration whilst a single swing from one extreme povition to the other
is called an oscillation.

76. Oscillation of a Magnet in a Uniform Field.—The time in
which a magnet will execute a complete vibration when displaced
from the mean position in a uniform field and allowed to swing can
be expressed by the following formula—

_ K
T = 2r ﬁ P et ietentiiieatiettatssceas . (1)
where T = time of a complete vibration in seconds,

K = moment of inertia of magnet.*
M = magnetic moment of magnet.
H = strength of the uniform field.

* This depends only on the mass, size and shape.

K (rectangular bar) = w(l2 :'2 bz) ; K (oylindrical bar) = w(_lf + "T: )

12
where w = mass (grm.), 7 = length, b = breadth, » = radius (om.).
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If thiy is expressed differently in order to give the number of com-
plete vibrations per second we have—

T = (2r)* ,MKE-,
and since # the number of vibrations per second is equal to 'lr_[T»

_ 1 MH
=g K (3

This formula must be taken as established. It is easily proved, but
the proof would be out of place here.

From equation (2) it is at once seen that the square of the number
of vibrations a given magnet will make in a magnetic field depends
directly upon the strength of the field and upon its own magnetic
moment, and inversely upon the moment of inertia of the magnet.

,nz

Hence, if this same magnet be transferred from field to field, since
M will be practically constant and K will be constant, the ratio of the
squares of the number of vibrations in each field in a given time will be
the ratio of the strengths of the fields. Further, as we are dealing with
comparisons, single swings and not complete vibrations may be counted.
Finally, if two magnets have equal moments of inertia and if they be
caused to vibrate in turn in the same field, the ratio of the squares of
the number of vibrations in equal times will be the ratio of the mag-
netic moments.

77. To Compare Two Magnetic Fields.—Take a small suspended magnet
and let it oscillate in each of the two fields H, and H,. Count the number of
vibrations (or the single swings) executed per minute by the magnet in each field
and square these numbers ; then—

H :H,::n?:0,%

There is one source of error which must be carefully avoided here—that is, the
effect of the earth’s field, which is always present.

If neither of the above two fields is the earth’s field it must be remembered
that we are then dealing in the one case with H; + earth’s field and in the other
with H, + earth’s field, and thus the procedure must be as follows :—

(@) When in the earth’s field H, only, let the number of swings be n, per
minute.

(b) When in the earth’s field plus that of first magnet H,, let the number of
swings be n, per minute.

(c) When in the earth’s field plus that of second magnet H),, let the number of
swings be n, per minute.
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Then— H,+Hy: Hy=n?:n2

and H, + H,: Hy = n,%:n?,
i H, - ™M,
that is E+1_W’

CH _n? 1

ST Tw Tl
Hy _n? _

and so ™= ar 1.

n,? . n?
Hence HI:H,=—-H—“F—1.%—;—1

Further, H; and H, can each be obtained in terms of the earth’s field H,, which
may be assumed to be known.
If the earth’s field be opposing the fields to be compared, we have—
H, - Hy: H; =2,2:n,
H, — Hy: Hy = n,% : ng?,
which, as above, leads to the final expression—
H; :H, = n* + n®: 1,2 + n,2

78. To Compare Two Magnetic Moments.—If two magnets are supplied
and the ratio of their magnetic moments is desired, then each may be caused to
oscillate in turn in the same field H. If the moments in question are M, and
M, and the swings per minute », and n, respectively,

M;: M, =n2:n2%
H in this case can usually be the earth’s field. In this w
assume that the magnets have equal moments of inertia K.

79. Field due toa Small Magnet.—This will
be investigated for two positions only, viz. at a
point on the axis of the magnet produced and at
a point in the plane bisecting the magnet at right
angles. ‘ Field ” is of course measured by * force
on unit N pole.”

To simplify the problem it is assumed that the
length of the magnet is small and even negligible
in comparison with the distance of the selected

points from the magnet. Thus the results would

not hold for points close to the magnet. Bt
Case I.—To find the force on wunit pole at R Fig. 62.

(Fig. 62).

To simplify the formulae the length of the magnet A B will be denoted
by 21 in this and in Arts. 80 and 81.

Force at R due to A = -g- (repulsive).

” ” ”

B= :-’-Z' (attractive).
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Denoting these forces by the lengths R'T and RV, completing the
parallelogram and drawing the diagonal R H, this latter represents
the resultant force F. From the figure it is clear that the triangle:
ABR and RHT are similar, hence :—

RE _ 2 F_2
RT — +° ""m  r
e
_2ml _ M
aF=—M (3)
(@ + B2

If 1 is exceedingly small compared with d, I* may be neglected and we
get—

M
F =-—(—L§< Ceeereats teareiesereatiairensann (41)

In this case the magnet is said to be “broadside on” to the
point R.

n_ <yt deoemmomes >
L oy d-t------ >S
Pty L2 TP >

Fig. 63,

Case IL.—To find the force on unit pole at S (Fig. 63).

Force at S due to A = @%f)? (vepulsive).
B =—"__ (attracti
” » » =@ (attractive).
Hence the resultant attractive force F is—

. m _m 1 _ 1
Py ~@sy =" {(d—.—l)” (d+l)’}
a0 @y tmd

(d—1LF (d+ 1)2 - (& — )?
, v 2Mda
t.e. F S@ oy e (5)
If 7 be exceedingly small and therefore I negligible :—
2M
F= T e (6)

In this case the magnet is said to be ““end on” to the point 8.
From (4) and (6) it in apparent that the field due to a small “end
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on” magnet ig twice the field due to the same magnet * broadside
on” at the same distance.

80. Action between two Small Magnets in the Earth’s
Field.—This will be investigated for two positions only.

Case I.—When the first magnet AB is at right angles to the earth’s
Jfield, and * broadside on” to the second magnet
CD (Fig. 64). AB is fized whilst CD is sus-
pended and therefore deflected.

Let the small magnet CD be deflected through
an angle 0 from the direction of the earth’s
field. If H be the strength of the earth’s field,
and m' the pole strength of CD, the force on
each pole of CD due to the earth is m'H.
These two forces constitute a “couple” tending
to rotate CD into the meridian, and since the
moment of a couple is given by the product of
one of the forces and the perpendicular distance
between them, we have— Fig. 64,

Restoring couple due to the earth = w'H x D K.

\

Again since C D is small, the force on each pole dueto the deflecting
magnet A B may be taken as m’ %, where M is the moment of AB

(Art. 79, Case I.). These constitute a couple tending to set C D at
right angles to the meridian ; hence as above we have—

Deflecting couple due to magnet A B = m/_[i? X CK.

Since these two couples balance each other—

’ —_ . M__ DK
mﬁﬁx CK=m'H x DK, z.e.H—ﬁXW
M

A=l e (7)

If the more accurate expression involving the half length of the
magnet be used in stating the forces due to A B (i.e. (8) instead of (4)
in Art. 79) the expression becomes—

% = (& + z*)% tan 0 ... ()

Case IL—When the first magnet A B 1s at right angles to the
earth’s field and ““ end on” to the second magnet CD (Fig. 65). A B
18 again the * fized” magnet.



88 MAGNETIC UNITS AND THEORY.

As before we have :—
Restoring couple due to the earth = m'H x DK.

12M
A Bl ____ B
<«—-—fom— dj-——-
Fig. 65.

Again the force on each pole of CD due to A B is, in this case,
o %‘f_(Art. 79, Case IL); thus—

Deflecting couple due to magnet A B = ' Qd_M % O K.

Hence as before :—

:2M ' .. M_d&#&_ DK
= x CK=m'H x DK, 1.6.-H.__2_xm{_
M _ dtan b

If the more accurate expression (Art. 79 (5)) be used for the forces
due to A B, the above becomes :—

™ _ (dl _ l2)2
.ﬁ__--ﬁ—-—tanG ........ C e .. (10)

81. Applications.

(1) To compare two magnetic moments.—Let the first magnet of moment M, be
placed say ¢ broadside on” to a compass needle as in Fig. 64 and let 6, be the
deflection. Let 8, be the deflection produced by the second magnet of moment
M, when similarly placed at the same distance. Then since :—

—LI/'I_I‘ = d? tan 6, and M’—-d“t&n(?,

M, : M, = tan 01 : tan 0,

(2) To compare the earth’s field at two places.—If at a place A where the earth’s
field is H, a magnet *‘ broadside on,” say, produces a deflection D,, while at a
place B where the earth’s field is H, the deflection is D, with the same magnet at
the same distance, we have—

%: d-’tanD,,,und%%:d’tunD,

s H, :H; = tan Dy : tan D,.

(8) To determine a magnetic moment (M) or the earth’s magnetic field (H),—If
H be known the experiment outlined in (1) above may be used for the actual
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determination of M, the distance (d) and deflection (6) beiilg carefully noted, and
similarly if M be known, H may be

determined. If neither H nor M be A—»mﬁ_;gz
known, they may be found asindi- |p = ¢
cated in Arts. 87 and 98. 21, ‘J‘""" —:]‘21
(4) Problem :—Two wvery small ) gj:lc B8
magnets are laid under constraint Fig. 66.

as shown in Fig. 66. Find the couple
acting upon each due to the other.

Let m, 2!, M; = pole strength, length and moment of A B.

0 My 2y My = ”» ”» ” ” ” CD.
Couple on CD :—Force on each pole =m, %[51
M MM
. Couple =m2.d_31 x2l,_,=_é3__2.

Couple on A B :—Force on each pole = m,; .2%[3_2

2M a2M M
C‘ouple:m,.a_d_'z x 2 = n(!ll‘ 2,

82. Magnetic Induction. XLines of FPorce and Induction.—
To fix ideas, we will take, in the first place, a purely imaginary case
which will serve the double purpose of explaining the necessary points
and bringing out the similarity between magnetic theory and the
electrostatic theory dealt with in preceding chapters.

Imaginary Case of an Isolated Pole in a Medium of Indefinite extent
and of Permeability p—Consider two poles of strength m and m,
situated d em. apart in a medium of permeability u; the force between
them is mm,/pd? and if m, be a unit pole the force m/ud?* on it
measures the strength of the field in C.G-.S. units at d cm. from the
pole m. Thus the field intensity (H) depends or the strength of
the pole, on the distance and on the medium.

Now it is convenient to have a quantity which depends only on the
pole and on the distance, i.e. which is the same at distance d from the
pole m whatever the medium, and this quantity is called the magnetic
induction (B). Clearly from the preceding it must be taken as
1 times the field intensity (i.e. B= pH) for the induction at distance
d cm. from the pole m becomes u x m/pd? or m/d? i.e. it depends
upon m and d but not upon the medium. To summarise: for a
point at distance d cm. from a pole of strength m in a medium of per-
meability p:—

o . _m
H = Field Intensity = ,Td—”-

B = Magnetic Induction = pH -_-..% ,
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and if the medium be air (x = 1) both H and B are measured by the
same expression, viz. m/d?

[Compare with electrostatic theory, viz. F = Q/kd* and N = kF = Q/d*: for
air k = 1 and both F and N = Q/d*.]

Imagine now that the lines are chosen so that at any point the number of lines
per unit area (perpendicular to their direction) measures the induction at that point :
these are called lines of induction. Picture a sphere of radius d em. drawn in the
medium, the pole m being at the centre. The induction at any point of the
sphere is m/d?, so that m/d?* lines of induction pass through unit area. But the
area of the sphere is 4rd?, so that the total number of lines passing through the
surface is m/d? X 4wd?, i.e. 4mm. Thus the number of lines of induction
emanating from the pole m is 4w, and this is so whatever the
medinm. The number of lines of force is 1/u of the number of lines of induction.
In air (u = 1) the lines of induction and lines of force become identical, so that
in air the number of lines of force emanating from the pole m is 4w
as stated in Art. 73.

83. Practical View of Magnetising Force and Magnetic
Induction: Permeability and Susceptibility.—The student will
better realise the connection between the preceding section and the
present practical treatment as his studies proceed. In the last section
we dealt with a single (impossible) pole in a medium of indefinite extent
of permeability u: we come now to the practical case of a medium of
Jinite dimensions of permeability u placed in a magnetic field, and the
main object is to get a connection between B the magnetic induction,
I the intensity of magnetisation, and H
the intensity of the field. .

Fig. 67 represents a rod of brass lyin
in a,gunifornll) field of strength H, LD; g
, field which has H lines of force per square
Fig. 67. cm. (perpendicular to their direction) and
which exerts a force of H dynes on a

unit north pole.

As usual the arrows in the field indicate the direction in which a
free N pole would be urged by the magnetic forces. Hence the field
shown corresponds to a N pole lying somewhere to the left, and a
8 pole lying somewhere to the right. Brass is dia-magnetic, hence its
presence scarcely affects the magnetic field. The lines now in the
region occupied by the brass were there before, and, in fact, the brass
is practically as air so far as the field is concerned. If, however, the
brass be now removed and its place filled by a piece of iron or steel of
the same size and shape, induced magnetism will make its appearance
in the block (Fig. 55), a large extra number of magnetic lines will be

roduced inside it, and, at the ends where these extra lines emerge
into the air or pass from the air into the block, magnetic poles make
their appearance, that on the left being a S pole and that on the right
a N pole. Suppose the strength of each pole so produced to be m
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units, then from what has gone before there will be 4wm lines passing
through the iron from the induced S pole to the induced N pole. In
their passage through the block or bar these lines will be in the direc-
tion of the lines of the original field and thus, unless there is any dis-
turbing influence, there is now, passing along the bar, of which the
cross-section is A sq. centimetres, a total number of lines equal to
A H + 4mm ; the first lot are due to the original field (and would be
present if the bar were removed) while the second lot are due to the
effect upon the bar. These lines measure the total magnetic induc-
tion or magnetic flux (¢) in the iron. The number of lines per
square centtmetre in the air space, viz. H ; measures what is termed the
magnetic or magnetising force.

There is, however, a disturbing influence which renders the magnetising force
in the bar less than the intensity H of the original field and in consequence
lessens the total magnetic induction A H +- 4rm. This disturbing influence is of
course the demagnetising effect of the poles of the iron (Art. 54). The magnetis.
ing force in the iron is really the resultant of the force H due to the field (acting
from left to right in the figure) and the force A, say, due to the end poles of the
iron (acting from right to left), i.e. it is H; where H, may be taken to be H — &
(Art. 54). For the remainder of this section, however, the demagnetising effect
will be neglected and the magnetising force in the iron taken as H due to the
original field only.

It is customary to reduce the expression to flux density (more
often called the magnetic induction) or lines of induction per wunit
area the symbol for which is, of course, B. Hence dividing the ex-
pression for the total flux by A, the sectional area of the specimen, we

get B=H + 4= _K— = H + 4«1, where I is the intensity of magnetisa-

tion: clearly also the lines of induction per unit area in the iron (B)
is the sum of two lots, viz. H lines per unit area due to the field and
4] lines per unit area due to the magnetisation (sometimes called
lines of magnetisation).

The ratio of B to H is called the permeability (p) of the iron,
whilst the ratio of I to H is called the susceptibility () of the iron :
thus :—

Magnetic Induction _ B

1 = Permeability = Magnetising Force ~ H

y & B=pH

Intensity of Magnetisation -1 . I=«H,

x = Susceptibility = Magnetising Force H "

and further :—
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We would again remind the student that to be exaot the magnetising force in
the iron (say H,) and not its value before the iron is there (H) should be used in
the above, and that H, is less than H (and .". B is less) owing to the demagnetis-
ing effect of the induced poles. One case of magnetisation, however, in which
the demagnetising effect can be absolutely removed is that of the closed iron
ring. If an iron ring be wound over with an electrio circuit, H can be easily
caloulated as will be seen later, and as there are no poles there is no demagnetisa.
tion so that this is the proper value of H to be used, and B = H + 4«1 gives the
flux density exactly. Further, in the case of bars, if the length be about
500 diameters the demagnetising effect of the poles may be neglected and the
magnetising force in the iron taken as identical with that (H) of the original
field.

A more simple and practical way of regarding the above result is to
consider H and B only, regarding them as cause and effect. In a cer-
tain portion of space occupied by a magnetic field there are H lines
per &q. cm. when air is the medium, or any other non-magnetic sub-
stance, whereas, if the air be replaced by iron or steel, the number of
lines per sq. cm. instantly rises from H to some other number B.
Then the ratio of the number present in the material to the
number present originally in the air is the permeability p (neg-
lecting the disturbances above mentioned).

84. Exact Definitions of the Preceding Quantities.—To apply to the
present investigation the exact definition of the intensity of a magnetic field, viz,
that it is measured by the force in dynes on a unit pole, we must imagine a cavity
in the material in which to place the unit pole. A cavity of any shape will not
do, however, for the walls of the cavity will exhibit magnetism and exert an
influence on the unit pole, so that the force on the latter will not be H,, t.e. the
force due merely to the combined action of the original field and the end poles of
the specimen.

Consider, however, a cavity such as is shown at a (Fig. 68), viz. a long

indefinitely thin tunnel in the direction of mag-

7///////////% % netisation. The sides of the tunnel will exhibit

777877 no magnetisation, the poles at the ends of the

Fig. 68. tunnel will be weak and far away from the centre,

and will not appreciably affect a unit pole put

there; thus the field intensity at the centre of the tunnel will give the actual

value of the magnetising force H, in the specimen. Hence the magnetic or

magnetising force H, inside the specimen is measured by the force in

dynes on a unit north pole placed at the centre of a long and in-
definitely narrow tunnel in the direction of magnetisation.

‘We can also define the induction, B, in a manner similar to the above. Con-
gider, for example, an indefinitely thin crevasse cut across the specimen (Fig.
68 b), its plane faces being perpendicular to the direction of magnetisation, and of
oourse infinitely large compared with the distance between them, and imagine
a unit north pole in the crevasse. It can be shown that the force on the unit
pole due to the walls of the cavity is 4rl. In addition, there is the force H,
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defined above. Thus the total force on the unit pole is H, + 4»I, and this
measures the induction B. Hence the induction or flux density B is
measured by the force in dynes on a unit morth pole placed in an
indefinitely narrow crevasse with its parallel faces at right angles to
the direction of magnetisation.

The relations of Art. 83 may now be more preocisely written :—

B=H, 4 4«1,
=8B _ I_
pz_l__]:.l--1-{~4'»'Hl 14 4mk.

85. Molecular Theory of Magnetism.—It is generally agreed
now that the molecules of a magnetised body are themselves magnets.
The growth of magnetism in such a body under external influence
might then be due to one or other of two effects. The oneview is that
each molecule acquires magnetism under the influence of some external
magnetic influence, and thus the whole bar gains magnetism because
each molecule of the bar is gaining magnetism. The other view, and
the one generally accepted, is that the molecules are always magnetised,
but lie more or less in all directions at random when the bar as a
whole appears unmagnetised ; but when magnetic induction is brought
to bear, these molecules, while not gaining in strength, tend to rotate
so that they all point in a definite direction—their north poles one
way, their south poles the other. The restraining force which prevents
them from all pointing one way on the application of the least mag-
netising force, is due to the action of each molecule on its neighbours.
As the influence becomes stronger so more and more become rotated
until, when all point in the proper direction, the bar is magnetised
to saturation point and no further magnetising force can increase tl.e
magnetic effect.

This is a brief outline of the modern view regarding Weber’s theory,
and certainly the observed facts are in substantial agreemeut with the
theory. For a full treatment of the molecular theory (and electron
theory) of magnetism the student should refer to the Advanced Tewxt-
book of Magnetism and Electricity.

EXAMPLES.

1. 4 uniformly magnetised bar megnet 10 cm,
long, having a moment of 200 C.Q.S. units, 18
placed in a horizontal position, with si3 axis in
the magnetic meridian. A small compass needle
placed at a distance of 10 cm. east of the centre of %' g
the bar is observed to be in newtral equilibrium. Find Fig. 69.
the horizontal sntensity of the earth’s field. (B.)

The conditions are shown in Fig. 69, and evidently the field at R must be
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equal and opposite to H for the needle to be in equilibrium. Thus, from first

principles—
20 5
H=2 (__ L
125" W/ 125)
since the pole strength = 2% = 20, and the term %_5 is obtained by resolving
the forces along the meridian ;
_ 200 _ .
= o~ 143.
See Art. 79 (Case 1.), viz. F = M/AR?® = H in this problem.
Q 2. Field due to Vertical Bar Magnet.—
Find the field at O (Fig. 70), due to a vertical bar
N magnet P Q with its lower end level with O, (a)
~N neglecting the upper pole, (b) taking the wpper pole
SN o account, and assuming the N pole to be at

N the bottom.
— N (@) If we call the strength of the pole m, we
P O have
Fig. 70. _m
fiat 0= ovT
(b) Taking both into account, we have

=" _ M
fz—OP” 0Q? cos LPOQ

1 oP
= my o ~— |,
0P~ TOQ? Low OP* + PQ2)§]

If P Q be very long, then the second term will be negligible in practice.

8. A small compass needle makes 10 oscillations per minute under the influence of
the earth’s magnetism. When an tron rod 80 cm. long 18 placed vertically, with its
lower end. on the same level with and 60 cm. from the needle and due (magnetic)
south of 1t, the number of oscillations of the needle is 12 per minute. Calculate the
strength of pole of the iron rod, (1) neglecting, (2) taking account of, the influence
of the upper end (B.)

Here we first note that the induced magnetism will be such as to make the
lower end of the iron rod a N pole. As the rod is due south of the needle, the
field of the rod strengthens the earth’s field.

Thus, to find the actual field we have—

Field at O 122

Earth’s field = F)?= 144,
We know the earth’s field to be 0°18.
Thus, since H+f_ 1-44, o S = 0'44H.

H «
_ That is, JS=079.
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CASE I.—Assuming f due to lower pole only.
_”L = oo = i "
{60) 079, m, = 285 units
Casge IT.—Assuming f due to both poles.
Noting that OQ = 100 cm.
f=T M- 60
(60)*  (100)
A = -1_ —-——60 = 0"
5079 = m, ((60)2 (100)3) 0:000218m,,
. _ 0079
“ M = 5000218

In this case the answers are not at all in agreement, because the length of the
magnet is not such that the effect of the upper pole is negligible.

from equation in Ex. 2 above ;

= 363 units.

ELXERCISES VII.

1. What is the force exerted between a pole of strength 4 units 2 em. away
from an unlike pole of strength 10 units? Give the answer both in dynes and
pounds.

2. A bar magnet, of which the cross-section is 1'5 cm. and ‘4 ¢m., and of
which the length is 15 cm., is magnetised until the pole strength = 8 units.
What are the values of (¢) the magnetic moment, approximately (b) the intensity
of magnetisation ?

3. If the bar magnet of the last question be placed in a uniform magnetic field
of strength 2 units, what will be (a) the force upon each pole of the bar, (b) the
twisting moment on the bar, when it is at right angles to the field ?

4. How many conventional lines of force will emerge from the N pole of the
bar magnet in Ex, 2?

5. If the same steel bar magnet of Ex. 2 be allowed to oscillate freely in the
field of Ex. 8, calculate the number of oscillations which the bar will execute per
second. (Specific gravity of steel = 8.)

6. A bar magnet allowed to swing in one field executes 10 complete swings in
3 sec. When removed to another field there are 15 complete swings executed in
2 seconds. Compare the strengths of the fields.

7. Explain clearly what is understood by permeability and susceptibility.
What kind of difference in the value of these would you expect in the case of
iron, brass, and air?
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8. Explain briefly the molecular theory of magnetism. How does the theory
explain the condition of saturation?

9. What magnetic quantities are denoted by the symbols B, H, u, and how are
they related to one another? (0.)

10. Two short bar magnets, the moments of which are 108 and 192, are placed
along two lines drawn on the table at right angles to each other. Find the
intensity of the magnetio field due to the two magnets at the point of interseotion
of the lines, the centres of the magnets being respectively 30 and 40 cm. from
this point. (B.)

11. Solve the following :—(a) If a pole of strength 12 repels another pole of
strength 6 with a foroe of 8 dynes, what is the distance apart? (b) If the
strength of the firs pole be doubled, and the distance apart be quadrupled, what
will be the force between them ?

12. Define the pole strength and the magnetic moment of a simple magnet.

A bar magnet, whose magnetic moment is M and length 2/, is placed with its
centre at a distance » from a magnetometer. The direction of the axis is at right
angles to the magnetic meridian and passes through the centre of the magnet-
ometer. Find an acourate formula giving the deflection of the magnetometer.

If the magnet is turned through one right angle, keeping its centre fixed, find
the condition that the magnetometer should be at a neutral point. (Univ.)

13. If two short magnets of equal moment are placed with the line joining
their centres along the axis of one and perpendicular to the axis of the other,
calculate the intensity (magnitude and direction) of the field at the middle point
of the joining line. (Univ.)

14. Prove that the magnetic force exerted by a short bar magnet at a point A
on the line passing through its centre and perpendicular to its axis is the same as
the force exerted at a point on the axis the distance of which from the centre of

the magnet is /2 times the distance of A from the centre. (B.)

15, A magnet 10 em long is placed in the magnetic meridian, the north end of
the magnet being to the south. The field due to this magnet just counterbalances
the earth’s field (18 C.G.8. unit) at a place 35 centimetres from the centre of the
magnet (along the axis produced). Find the strength of each pole of the
magunet. (B.)



CHAPTER VIIIL

MAGNETIC MEASUREMENTS.

86. Law of Inverse Squares.—In this chapter the methods of
experimental investigation and verification of the various effects
mentioned in the two preceding chapters will be discussed. It has
been stated that the force exerted between two isolated poles in air
varies inversely as the square of the distance between them (Art. 69).
These conditions cannot be exactly realised in practice, but certain
results based on the truth of the law can be tested, and the law thus
indirectly verified.

A classical form of apparatus for the proof of this law is known as
Coulomb’s torsion balance, but as it forms no part of the equipment of
a modern laboratory it need not be described here.

1. Proof of Gauss.—In Chapter VIL. we have proved that the force
on unit pole due to an end on magnet is twice the force due to the
same magnet placed at the same distance in the broadside on position,
and in our proof we assumed the truth of the law of inverse squares.

Now, in Fig. 71 let D° be the deflection of a small needle produced
by a magnet “end on” to it. For simplicity, let each pole of the
needle be of unit strength ; let F, be the force on each pole due to the
magnet, and H the force on each pole due to the earth. Thus, since
the needle is at rest,

Deflecting moment,

= Controlling moment H
F,xaK=Hx 0K E
- oK § NT T T AK
Fo=Hx g Fig. 71.
F =H tan D,.

Let the magnet now be placed “ broadside on” to the needle at the
same distance, and let F, be the force on each pole of the needle due
to it and D, the angle of deflection. Then, as above, we have—
F,=H tan D,;
that is, F,:F, = tan D, : tan D,.
But if the law of inverse squares be true F, is twice F,, and therefore
T B 97 7
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tan D, will, if the law be true, be equal to twice tan D,. Experiment
shows that the tangent of the deflection produced by a magnet end on
is twice the tangent of the deflection produced by the same magnet
broadside on at the same distance; hence we are justified in assuming
that the basis of our investigation—the law of inverse squares—is
true. Gauss started with the assumption that the force exerted
between two ideal poles varied inversely as the nth power of the
distance, and then carefully investigated mathematically the ratio of
the forces exerted in the end on and broadside on positions under this
assumption. He proved that the ratio of the forces would be =.
Ezperiment shows that the ratio is 2; hence the deduction is at once
made that » is equal to 2.

The Magnetometer—The instrument used for such purposes and

known as the magnetometer is shown in Fig. 72, The suspended

magnet, which is itself small, carries

a long pointer moving over the scale.

The disturbing magnet may be

placed either broadside on or end on

along the graduated bars extending

both ways. The arms are much longer

go o jn proportion than is shown in the
e figure. Other types are in use.

2. Proof by Oscillations.—Another
experimental proof may be mentioned,
viz. that due to the employment of an
oscillating magnet. The conditions
governing the oscillation of a magnet
in a uniform magnetic field have been
discussed in Art. 76 ; and evidently, if
a suspended magnetic needle be caused to swing when in the field due
to a fixed magnet and the earth, the time of an oscillation will involve,
amongst other things, the fundamental law of action between the poles.
If the needle be set swinging at different distances from the fixed
magnet, since the earth’s field is unaltered, any alteration in the time
of swing will enable calculations to be made involving the effect of
alteration of distance upon magnetic force, and thus the law can be
verified. Thus, in an actual experiment the needle made 18 swings
per minute under the earth alone, 38 per minute when the N pole of
a long magnet was 4in. to the south of it, and 25 per minute when
the N pole was 8 in. from it. Hence (Art. 77)—

Force at 4" __ 382 — 182 _ 37
Forceat 8 25— 1§ — 1 = -2
That s, at twice the distance the force is ome quarter; and this is the
law of inverse squares. With a longer and thinner magnet the result
would have.been nearer the true law.

BROADSIDE
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87. Measurement of Field Strength and of the Moment of a
Magnet.—In the preceding chapter we have seen how to compare one
field strength with another and how to compare two magnetic moments.
It is now necessary to deal with the method for actually measuring
these quantities in any case.

From the investigation given in Art. 76 it is evident that by
observing the time of vibration of a magnet when suspended in a
field and substituting the value found in the equation, an equality can
be obtained of the type—

H M = some number.

From the investigation given in Art. 80 it is readily seen that by
observing the deflection of a small needle placed in the field H by this
same magnet of moment M and substituting the value of the deflection
in the equation, an equality may be obtained of the type—

M _
"o some number.

Hence by taking the two equations—

HM=aaudM

H frd
and solving, it is easy to find the value of both H and M ; thus—

MHx.lv;[zab, M:\/a_b:

b

H
M_a
H‘:“ e =y =t _‘.E'
M =3 H 5
The actual form of these two equations 15—
47K
HM:—,—J_‘_Z-.......,(I)
and— ;
M d’ tan
TIﬂ=d3tzm 0, or -5 - N )]

and the experiment is carried out as follows:—Take the magnet of
which the moment M is desired and measure its moment of inertia
K ; in the case of a bar magnet this is given by—

K= (Mass) (I* + %)
=Sy

where ! and b are the length and breadth respectively of the bar magnet.

Then suspend the magnet in a stirrup in the field of which we desire
to know the strength. Allow the magnet to oscillate and measure the
time T in seconds of a complete vibration ; then all the numbers for
equation (1) are knowa.
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Next arrange the bar magnet in the unknown field as explained in
Art. 80, so that a very small needle is deflected by it, then measure
both d and 6; hence the numbers for equation (2) are known, and
thus both H and M can be calculated.

The experiment is commonly carried out for the purpose of finding
H at any place, in which case the general solutions obtained from the
above equations are—

2r ./ K 27 2K
E=3Votano ™M E= 7V Ttan v
the magnet in the deflection experiment being broadside on in Case 1
and end on in Case 2. A worked example is given at the end of
the chapter.

88. Determination of the Magnetic Properties of Iron.—As
has been already noted, iron is selected for use wheneve magnetic
effects of considerable magnitude are desired, and so general has this
use become in the construction of dynamos, motors, transformers, and
the like that the measurement of the magnetic properties of iron is
now of fundamental importance. So important is this to,the electrical
engineer and so often will he meet references to the methods in his,
reading that an early elementary treatment is most desirable. a8

It will be seen in the section dealing with the magnetic propert
of electric currents that there is a particular case in which an electi.s
current may be used to produce magnetic fields of which the strength
can be easily calculated with all the accuracy necessary for practical
purposes. The case in question is when the wire carrying the current
18 coiled in the shape of a long, thin, hollow tube termed a solenoid,
the condition for accurate calculation being that the length of the
tube must be very large compared with its diameter; and there is a
variation in the shape of the solenoid which is possible which makes
an easy formula apply with all necessary accuracy—that is, when the
golenoid or long tube is bent round, forming a ring, until the ends
meet. These two forms are analogous to the long and very thin bar
magnet, which has been mentioned in Chapter VI., and the closed-ring
magnet which has been noted as having no poles.

‘Without going into the matter fully at this stage, as it is discussed
later in the section on electro-magnetism, it may be stated here that
the lines of force which will be produced in the interior of such a
tube, when filled with air or non-magnetic material, is given by the
expression—

4r  «a
*=16%7
where ¢ = total lines produced,
a = sectional area of solenoid,
! = length of solenoid,
ampere turns = total turns X current in amperes (Art. 105).

X (ampere turns),
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Thus, from the above, it will be seen that if we write, as usual, H for
the lines per sq. centimetre, then since

¢ = Ha, and since ‘I‘g = 1257,
the above rule becomes—

H = 1'257 X (ampere turns per centimetre of solenoid).
We are thus provided with a means for producing a field of any
requisite strength, since the lines produced per unit area only depend
upon the ampere turns.

It has been pointed out that the introduction of an iron core leads
to the production of a much larger number of lines than existed before,
and if this number can be readily measured the determination of the
magnetisation curve (i.e. a curve connecting I and H or B and H) and
the permeability, etc, of a piece of iron becomes simple enough.

A well-understood property of an electric circuit, which also will be
more fully dealt with later, is that if the number of magnetic lines
passing through a closed electric circuit be altered, then a current is
produced in the circuit. Hence if the circuit includes a galvanometer
the alteration in the magnetic lines will produce a motion of the
galvanometer needle and from this motion the number of lines altered
may be deduced.

The apparatus needed for determining the magnetisation curve, ete.,
of a piece of iron when formed into a closed ring can now be dealt
with in an elementary manner.

Fig. 73.

89. The Ring Method.—In Fig. 73 the current from a battery ¥
can be caused to flow in either direction at will round a coil which is
wound over the iron ring under test. The current may be controlled
by a resistance R, reversed by a switch 8 and measured in amperes by

an ammeter A. .
Hence the lines which would flow through the coil if there were no
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iron present can be at once calculated by means of the formula of the
preceding section, ¢.e. H is known.

An additional coil of a few turns only is also wound round a portion
of the ring at D, and this extra coil is connected to a galvanometer,
which is of a special kind known as a hallistic galvanometer, and
marked B.G. Included in the circuit of this galvanometer is also an
additional piece of apparatus E. C., which is used merely for determin-
ing the actual value to be attached to any particular scale reading of
the galvanometer needle. This piece of apparatus thus used for
calibration consists of a coil of known dimensions and number of turns
which can be quickly rotated by hand in the earth’s field, and since
the number of lines per square centimetre due to the earth’s magnetism
is exactly known, the deflection produced by the rapid twisting of the
coil through 180° gives us a means for knowing that each degree of
deflection means an alteration of so many magnetic lines through the
circuit which includes the galvanometer. Hence the experiment is
carried out as follows, after the above calibration.

A known current passing round the coil is suddenly reversed. If
there were no iron in the coil it would follow that H lines of force per
unit area would be reversed too, where H = 1'257 X (amp. turns per
cm.), and this would produce a deflection of the needle. As iron is
present, however, the number of magnetic lines actually reversed is
much larger than H per unit area, being, in fact, a number which in
the preceding chapter we called the flux density and denoted by B.
Hence from the first swing of the needle we estimate B; and as H is
calculated, both quantities are known and can be plotted together to
form a BH curve. A series of readings is obtained by altering the
current to different values before reversal.

Even at this stage the reader may be able to follow the above in a little more
detail.

Imagine the coil E C to be horizontal, the axis about which it is to be turned
being in the magnetic meridian. For simplicity we will consider EC and the
coil D each to consist of one turn only. If V be the vertical component of the
earth’s magnetic field and A sq. cm. the area of K C, then since there are V lines
per sq. em. the total magnetic lines passing through the coil EC will be VA, If
the coil be now rotated through 180° the lines through the coil will change from
V A to zero during the first 90° of rotation and from zero to V A during the second
90° of rotaticn, 4.e. the total change in the lines is 2VA. Let d, be the galvano-
meter deflection (first swing) : then :—

A deflection d; means a change of 2V A lines
1 2VA

'.' " " " " " T "

Now pass a known current ¢ amperes thrcugh the coil which is wrapped round
the ring. Let B be the magnetic induction in the ring and @ sq. em. the cross
sectional area : the total lines through the ring and coil D is therefore Ba. Now
reverse the current ¢ so that the B a lines are reduced to zero and then put in
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again in the opposite direction, i.e. the total change in the lines through D is

2Ba. Let d, be the galvanometer deflection (first swing of BG). From the

2VA
dl

calibration above, this means a change of ( X dz) lines : hence :—

2Ba=2VAa% . p=vAd
d, a d,
and as all the terms on the right are known (V = ‘43), B is determined. The
corresponding magnetising force H is also known from the value of 7 and the
turns per cm. of the magnetising coil (H = 1257 X amp. turns per om.),
Further, I is found from the relation B = H + 4«1, x from the relation u = B/H
and « from the relation x =I/H. As already indicated, a series of correspond-
ing values of B and H is obtained by altering the current 7 before reversal.
It may be mentioned that if the coil 11 C has n, turns and D has n, turns, the
expression 2 VA becomes 2V An,, and 2Ba becomes 2B an, : the student will
understand this later.

. 90. The Magnetometer Method.—This is much in use, too, for
purposes of magnetic measurement, and has the advantage over the
ring method that the specimen may be in the form of a long, thin wire,
and this is quite separate from the coil.

The magnetometer is merely a small magnet hanging in the earth’s
or some other uniform field, and carrying a mirror in order that
deflections may be accurately measured.

As in the ring method, the magnetising force is supplied by a
solenoid, through which a current of
any magnitude may be sent, and which ” [
may be reversed if desired. == 1 s =1

This solenoid is placed vertically, = n
and the thin wire under test may be -
placed within it, with its upper pole -
—when magnetised—on a level with _T_B
the magnetometer needle. The wire
should be very long and thin, the s
length, say, being equal to 500 dia- —
meters. The arrangement is shown L '
in Fig. 74, M being the magnetometer
and S S the solenoid.

The current supplied can be mea-
sured by the indicating instrument G,
and can be regulated by the resistance
R ; the reversing arrangement is not
shown.

Since the coil is vertical, there is
a field inside directed along the axis, Fig. 74.
even when no current is flowing, due
to the vertical component V, of the earth’s field. In order to allow
for this, an outer solenoid is slipped over the one shown, and a

-
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current is kept constantly flowing through this of such strength as to
produce a field equal and opposite to the vertical field of the earth, thus
neutralising the latter. )

If this correcting coil were not used, the same result can be attained
by remembering that H the magnetising force will be given by

1257 x (ampere turns per cm.) + V or 4’717(% + Vv,

i being the current in amperes (Art. 105) and » the turns per centi-
metre of the solenoid. V is approximately equal to ‘43 unit. The
plus sign is used if the vertical component assists the solenoid, and
the minus sign if it opposes the solenoid.

In this method B is measured, not by a ballistic galvanometer, but
by deducing the strength of the induced poles from the effect upon the
magnetometer needle. Thus if F' denote the strength of the field in
which the needle is hanging, and if m be the pole strength induced in
the wire, then, neglecting the effect of the lower pole, we have

% =F tan §, when d is the distance between the pole and the needle
and & is the deflection of the needle.
Then, as in Art. 72, m=1Ia ~I=",

a ?
s 1= Fd? tan &
. = ———a—-,

d, a, and 8 are easily measured, and F, if it is a field different to that
of the earth, can be measured
by the method given in Art. 87,
and thus I is known. Then, re-
membering that B = H 4- 4#1
— =¥ (Art. 83), we have the two
g quantities I and B which we
ey — 8 plot with H to obtain the mag-

* netisation curves.
Y It is important to note, in
)/ this experiment, that the sole-
7/ - noid will affect the needle, with-
y/ out an iron core, since it acts
/ . as a weak magnet on its own
7 account. This may be dealt
Y/ % | with in two ways: (a) by the
/ | ] method of using a compensat-
Cuaieri ing coil, as shown at C in the
Fig. 75. diagram, which, being in series
with the solenoid, is so placed
by trial that it always has an equal and opposite effect to the empty
solenoid ; or (b) by drawing a curve of the total effect upon the needle

L

Magnetomeler Deflections

e 3
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O A in Fig. 75, and then drawing the line O C for the effect of the
coil alone upon the needle and taking the difference of the two; the
curve O B is the true curve, giving deflections due to the specimen.

Since the deflections of the needle are proportional to B, and the
magnetising force H is proportional to the current, the shape of the
carve can be at once obtained by plotting deflections vertically and the
currents horizontally, without troubling to make the ordinates true
values of B and the abcissae true values of H.

To sum up in this connection, three curves may be drawn: (a) De-
flections and currents plotted together; (b) I and H plotted together,
in which case the ratio I/H anywhere on the curve is the susceptibility ;
(¢) Band H plotted together, in which case the ratio B/H anywhere
on the curve is the permeability.

1600 [ T T
I e9, - e
14,000 2 ap cmmaRE
‘\.\’S‘ sie° g
12,000 :5-:89 gois S -
s S £
10,000 AT
i §9 o 1
= 0\ u
8000 ! (ST _IRON I ]
6000 S
G\
4000 & ) “5‘5'(\“
o S ceLo
2000 1T ]
- T I
0 P iH
5 10 156 20 25 30 35 40 45 50
Fig. 76.

91. Magnetisation Curves.—Fig. 76 gives the BH curves for various
samples of iron and steel, H being plotted horizontally and B vertically. With
a magnetising force of only 2°5 the soft 1ron (annealed) gives a value of B of about
8.000, the cast iron about 3,000, the hard iron about 1,000, and the glass-hardened
steel about 400. When H has the value 10 the soft iron curve is becoming
horizontal, i.e. the iron is approaching saturation, but this does not take place
with the steel and the hard iron until H is from 40 to 45. When H is 50 the soft
iron, hard iron, and steel are all practically saturated, but the glass-hard steel is
still rising, and its value of B is only equal to that in soft iron under a maguetis-
ing force of about 2'6. The I H curves would be somewhat similar.

There are three different stages indicated by a complete magnetisation ourve
drawn to a suitable scale :—

\7) A short initial stage when the magnetising force is small, in which a change
m H produces only a very small change in B, and where the permeability is
small. This part of the curve is better seen in Fig. 77. For very small values of
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H the curve is a straight line inclined to the horizontal so that u = B/H is
constant.

(b) A stage whete the curve is rising rapidly, ¢ e. where a small change in H
preduces & large change in B, and where the perme-
ability is increasing rapidly to a maximum value. Since
w#=B/H = tan 0 (Fig. 77), the permeability has its maxi-
mum value at Cin that figure,

(c) The saturation stage or nearly horizontal part of the
curve. Here a large increase in H produces comparatively
little effect on B, and the permeabihity drops to quite
low values.

92. Variations in Permeability.—To indicate
how px may alter
Fig. 77. with the flux, 3000
Figs. 78 and 79
may be consulted. In weak fields
(Fig. 78) p rises rapidly in the 2000
case of soft iron to a maximum,
and then falls; in strong fields
(Fig. 79) p for all the magnetic 1000
bodies falls with the flux except in w
the case of manganese steel, for
which pis practically constant. The 0 10 20 30 40

Soft Iron

variation with temperature has been He CGS Unuts
mentxongd in Chapter VII,, and is Fig. 78,
shown in Fig. 80. With a small
15 .
X ‘ 5
2 \ 3
.: 1H %‘
=0 1y
b
§ \
AVENARY
g7 ‘
g PR
$ 7: % -
R ZERER
c ] i ‘ '
0 10 20 30 40
Magnetic Induction B in thousands of CSS units
Fig. 79.

magnetising force p increases with the temperature, at first slowly,
then suddenly, and finally drops suddenly to unity at about 785° C.,
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the critical temperature for iron. With a strong magnetising force p
steadily falls, and then drops rather suddenly at about 785° C. as before.

10000y
sooo} | (4
A H=
. 6000}
= (B)
> H=-4
< 4000
E B
©
2000 H=45
C
0c., s00°C. 800°C
Temperature,
Fig. 80.

93. Carrying out a Cycle of Magnetisation.—If the currents
allowed to flow round the ring in Art. 89 or round the bar in Art. 90
are gradually increased, thus pt:oducing an increase of H, rising, say,
by equal steps, we find that B rises qulcl.{ly at ﬁrs_t;, then more slowly,
a,nde%nally, when the condition of magnetic saturation has been reached,
no further increase in current will cause appreciable increase in B.

If we now commence to lessen the current flowing, the flux produced

will lessen too, but when the current is reduced to zero, as at the
beginning of the experiment, the flux will not fall to zero ; some will
remain. This remaining flux is termed the residual magnetism.
If, further, we then commence to send the current round the ring in
the reverse direction, it will have to reach some particular value before
the previous flux will be quite removed ; this particular value of H is
termed the coercive force of the specimen.
. Increase of the reverse current beyond this amount will cause flux
in the reverse direction; but, as before, after the reverse current
reaches a certain amount the flux will remain stationary, indicating
saturation in the reverse direction. If, now, we lessen the reverse
current by steady steps, the reverse flux will lessen too; but, as before,
when the current has reached zero value again the flux will not be
zero, but some will remain.

If, again, the current be reversed into the old direction, and then
steadily increased by steps, the reverse flux will lessen, become zero,
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and it too will then go back into the old direction, and so on, until the
current has again its full value in the first direction and the flux has
again reached a maximum. Such increase of current and flux from
zero to a maximum in one direction, and then back through zero to a
maximum in the other direction, and finally back again through zero
to the first maximum, is spoken of as a magnetic cycle.

94, Hysteresis.—The effect which is brought into prominence
when we find that, although the current causing flux is brought to
zero, the flux itself has not returned to zero, is termed hysteresis.
That is, hysteresis is the lagging of the magnetic flux produced
behind the magnetic force (or magnetising force) producing it.

Fig. 81 shows such a cycle plotted out to scale. H measured to the

right is due to current flowing

T in one direction, while H mea-

In = sured to the left is due to the
7 reversed current.

So, too, the magnetic flux

/ [ measured upwards 18 that due,
” / ,I to the direct current, while that
T measured downwards is that
I due to the reversed current.

Residual Magnetism.—The
intercept O A in the diagram
shows the magnetic flux re-
maining when the current is

Fig. 81. reduced to zero, and this flux is
termed the residual magnetism
—that is, O A is the residual magnetism to scale.

Coercive Force.—So, too, the intercept O C shows the amount of
magnetic force needed to just remove all the residual magnetism, and
this, as has been mentioned above, is termed the coercive force.

The whole loop is termed the hysteresis loop, and it can be shown
that the area of the figure is proportional to the work wasted in the iron
due to the rapidly changing magnetic condition: in fact in the B H case
of Fig. 81 if the area is estimated in terms of B and H and then
divided by 4, the result is the waste of energy (in ergs) per cubic
centimetre per cycle, and if I H curves be plotted, the area, estimated
in terms of I and H, is the waste of energy (in ergs) per cubic centi-
metre per cycle. The narrower the loop the less work wasted in
hysteresis. Naturally all such wasted work means heat developed in
the iron undergoing magnetisation, and it is obviously to the advan-
tage of the engineer to choose such iron that the work wasted shall be
as small as possible, at any rate in all cases where iron is subjected to
fluctuating magnetic forces. That is, he desires that the iron under
test should give a narrow curve or loop, and it is to this end that

]

\
\
\
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magnetic testing of iron supplied for electrical purposes is a daily
necessity. It is a consequence of this hysteresis that the curve which
begins at O, is never again re-traced.

95. Commercial Tests.—The importance of the determination of the magnetic
properties of iron, ete., in electrical engineering practice has led to the intro-
duction of several commercial instruments and methods for the purpose; thus
we have Ewing’s Hysteresis Tester, Hopkinson’s Bar and Yoke, and Ewing's
Double Bar and Yoke, Ewing’s Permeability Bridge, Drysdale’s and Thompson’s
Permeameters, etc. Spaco will permit only of a bricf reference to one or two here.

S

Ing. 82. g, 83.

(1) EWING’S HYSTERESIS TESTER.—This is shown diagrammatically in
Fig. 82. M 1s a permanent magnet pivoted at Y so that it can move 1n a plane at
right angles Lo the plane of the paper; 1t carries a pointer P which moves over
the scale §’, a control weight W, and a vane V which, moving in o1l, renders the
instrument dead beat. The specimen S is pivoted at X and can be rotated
between the poles of M by means of the hand wheel H.  As the specimen rotates
it is magnetised by the field of M, the lag in magnetisation causing 1t to drag the
magnet M after it, thereby producing a certain deflection of P over the scale §';
the greater tho lag the greater tho deflection, so that the latter is proportional
to the hysteresis loss in the specimen. The instrument is calibrated by means of
a specimen of known hysteresis supplied with it.

(2) THOMPSON’S PERMEAMETER.—This is shown in Fig. 83. The rod
under test is a good fit at A, where it passes through the wrought-iron yoke, and it
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also makes good contaot with the yoke at C. The rod carries a magnetising coil,
80 that the magnetising force H is known. With the current passing the contact
at C is broken by a pull on the spring balance, 1n which case it can be shown that

B = 13174 §+ H,

where P is the pull in pounds and S the area in square inches of the surface of
contact at C; thus B is determined.

(3) HOPKINSON’S BAR AND YOKE.—The bar to be tested carries a
magnetising coil and is fixed into a heavy soft iron
YOKE yoke (Fig. 84). A small coil S encircles the middle

s 1P of the rod and is connected to a ballistic galvano-

A i i

L meter, and the first swing d is observed when
YOKE

the magnetising current is reversed. From this

1 < first swing the magnetic lines in the rod and there-

TEST BAR S fore B the lines per sq. cm. is known, as indicated

Fig. 84. in Art. 86. Hence, knowing H, the necessary
quantities are determined.

(4) HOPKINSON'S DIVIDED BAR AND YOKE.—The bar to be tested is
made in two parts and is fixed into an iron yoke as before. It carries a
magnetising coil and a small coil S joined to a ballistic galvanometer. With a
magnetising current ¢ passing, the left-hand half of the rod is suddenly pulled
out whereupon the coil S is suddenly ejected by means of a spring. The lines
through S are thus suddenly removed and from the first swing d of the ballistic
galvanometer the total lines in the bar and therefore B the lines per sq. em. is
determined. The magnetising
force H is known from the
known magnetising current and
the turns per cm. of the mag-
netising coil. Thus the quan-
tities B, H, I, u, and « are
determined.

(5) DRYSDALE’'SPERMEA-
METER.—This enables tests
to be carried out on castings
and forgings in bulk so that e /
the material has not to be made e /
into rings or bars. By a special y s /
drill a hole is bored in the o 7 . : /
material M leaving a central ;//',/;{,’r/%/% /ﬁ%
projection P (Fig. 85). An iron ,4 Y ,,{'//,/,7//,{ I ,f’./, 7
plug I is fitted into this hole. Fig. 85.

It carries & bobbin which fits on

P and the bobbin carries a magnetising coil and a secondary coil, the latter being
Joined to a ballistic galvanometer, The experiment can be carried out as in the
preceding ballistic methods,
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96. De-magnetisation.—Should a piece of iron have been mag-
netised, and yet be required for experiment with all its magnetism
removed, the process of de-magnetisation must be carried out.

The readiest way in which to perform this is to subject the specimen
to a magnetising force which is at least as great as any to which the
piece has been previously subjected, and then, while causing this
current to reverse at a rapid rate, to gradually decrease its value to zero.

97. Magnetic Traction.—The elementary facts relating to this
have been given in Chapter VI. Theery shows that the law of the
tractive force or pull (P) between two magnet faces of area A sq. cm.
is given by the expression—

_ BA
P= o dynes,
where B is, as usual, flux density in lines per square centimetre.
Experiments carried out on this subject quite support the expression
given above.

98. Experiment to determine the Moment of a Magnet (M) and the
strength of the Earth’s Field (H).—The magnet had the following
dimensions :—

{=1528cm. ; b = *65 em. ; wt. = 95-34 grm.
2 4 b2

12

(1) Deflection Experiment.—The magnet was placed end on to a small needle,
and the deflection 6 was 10'5°; also the distance between the centre of the
magnet and the centre of the needle was 40 cm. Using the relation—

{=-G)Y

Hence K (being rectangular magnet) = 95-34 = 1858.

M _ )
H 2d tan
we have by substitution-— i_\{{= (1600 — [7°641°)%  \\ 10-5
80

.M .
..-i—63714.

(2) Oscillation Experiment.—On suspending the magnet and allowing it to
oscillate, the time taken per complete vibration—taking the mean of a large
number—was 195 seconds. Now—

HM::‘L;;{,
. _4n2(1858) _ qooao
~EM =0 - 10203,
o.ndHMx%=192'93x6371'4=M'~’,
. M=11087;
H _ 0. 1 .
and HM x B = 10208 x (1= 10,

s H="174,
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Note that in Art. 80 the length of the magnet is 2!: here it is I, hence the
appearance of //2 in the calculation.

99. Determination of Dip.—Ideally we require a needle balanced absolutely
at its centre of gravity on perfect pivots, uniformly magnetised, and accurately
placed so that the vertical plane containing the needle is in the magnetic meridian
ot the place. Such a needle would indicate the correct angle of dip.

In practice the supported needle is arranged in an instrument like a theodolite
and termed a Dip Circle, so that the read-
c ings of both ends can be read by microscopes
ML én a vertical circular scale. The vertical scale
S Q; a can be rotated about a vertical axis, and its
S ¥ \ position, at any stage, can be read off on a
T g horizontal scale. Tig. 86 depicts the Kcw
=TV O ) Dip Curcle.

: H Several errors may exist, and these must

A S be eliminated in taking an observation :—
Q N S

O 0

Ly

— INA

(1) The zero line of the vertical circle may
not be tridy horizontal. This is corrected
by repeating the readings when the vertical
circle is turned through 180° over the hori-
zontal scale.

(2) The mneedle may mot be pivoted at the

H centre of the vertical scale. This is corrected
0 by reading both ends of the needle.
4; v (3) T'he magnetic axis of the needle may not
Fig. 86. coincide with the line joining its ends. This
V = Vertical Graduated Circle. H = is eliminated by reversing the ncedle in its
Horizontal Giaduated Cucle. MM = bearings.

Microscopes for Reading Scale and

Verniers. TT = Kyepieces for noting il

e of the Nasils NS by Grocs (4) The need'le may not be suspcnded at.uq

Wires. A = Sciew for Rasing and centre of gravity. If the centre of gravity

Lowering Needle Supports B =Clamp s .

for Fixing the Movable Atms D, €= be along'the neutral hm? off to one side, the

Screw for Accurate Adjustment, method in (3) above will correct. If the
centre of gravity be nearer one end, the

needle must be remagnetised, the poles being reversed.

(A) To OBTAIN THE DIRECTION OF THE MERIDIAN.—If the vertical circle be at
right angles to the meridian, the needle will be acted upon only by the vertical
component of the earth’s field, and the needle, if the instrument be perfect, will
point absolutely vertically, as the horizontal component is resisted by the pivots
when so arranged. The operation is then as follows :—

The vertical scale is turned, to be as nearly as possible at right angles to the
expected meridian, and adjusted till the lower end of the needle is at zero, and
the horizontal circle is read. The needle is reversed in its bearings and a new
reading of the horizontel circle taken, when the lower end is at zero again. Two
similar readings are then taken for the top of the needle, thus giving four readings
on the horizontal scale in all. The vertical circle is finally turned through 180°,
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and four more readings on the horizontal obtained. If the arithmetical mean of
the eight readings be 6, and the vertical circle be rotated through 90° from this,
the needle will e in the plane of the meridian.

(B) To osraiN tHE Div.—With the instrument set up as above, a reading is
taken for each end of the needle. The needle is reversed in its bearings and two
more readings taken. The vertical circle is then turned through 180° and the
four readings repeated. Finally, the needle is reversed in polarity and the eight
readings repeated. The mean of the sixteen readings gives the true value of
the dap.

100. The Compass.—Some properties which are desirable in a compass
are :—(a) Permanence and intensity of magnetism in the magnetic system. (b)
Steadiness under shock and vibration, which necessitates a long, natural period
of vibration when disturbed. (c) Coincidence of the magnetic axis of the sus-
pended system and the line joining the N and S points of the card. (d) Quick
damping of any vibration. The magnetic moment should be large, because the
effective field on a-warship, say, is a small fraction of the earth’s true horizontal
field (sometimes only about 02 of it), and the time of vibration should be large
in order that it shall never synchronise with the rolling of the ship. The
magnets should be short, or they will induce magnetism in neighbouring correct-
ing pieces of soft iron. Kelvin’s Compass and the Liquid Compass most nearly
satisfy these conditions.

(1) Kelvin’s Compass.—This consists of eight small parallel needles, suspended
by silk threads from an aluminium ring, which carries the card, the weight being
supported by a sapphire centre. The small needles have a greater magnetic
moment for their weight than a single bar would have, and the moment of inertia
of the system is made the same about all diameters. The period of vibration is
something over half a minute. This compass meets all the conditions fairly
well, except that vibrations are not rapidly damped.

(2) Liquid Compass.—This is now the standard for many vessels. The card,
which is of mica, is immersed in a vessel containing a mixture of water and
alcohol, expansion being provided for by an elastic diaphragm. Such a compass
is very satisfactory ; it has good directive power and great damping, but there
is sometimes trouble with the quadrantal correctors. (Art. 101.)

101. Errors and Corrections in the Ship’s Compass.—Magnetisation by
the inductive action of the earth’s magnetic field has been dealt with in Chapter
VL., and the student should again note these facts before proceeding with this
Section.

Simlar effects apply to the case of an iron or steel ship, so that such a ship on
being launched is more or less a permane ¥ magnet depending on her position
during construction, whilst subsequently the masses of iron will be constantly
subject to the earth’s inductive action, such ¢transient magnetism varying with the
whereabouts and position of the ship at the time of observation.

In practice, matters are more intermingled and complex than is indicated
above. The iron or mild steel constituents of a ship consist, as a rule, of three
classes of magnetic material, viz. hard iron, soft iron, and iron neither hard nor

T, E. 8
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soft (intermediate iron), any one bar of iron or mild steel possessing, usually, all
three properties. The hard sron retains permanent magnetism. The soft iron is
magnetised by the earth’s field according to the position of the ship at any
instant, and such magnetism is determined solely by the ship’s direction and
position on the globe; this is termed temporary magnetism. The intermediate
tron retains some of its magnetism for a time, and thus the amount in it at any
given instant depends not only on the position of the ship at the time, but partly
on the history of the ship’s movements ; this is termed sub-permanent magnetism.

Practically, then, the following situation arises:—The ship is a weak per-
manent magnet due to the hard iron present, and the strength depends upon the
direction in which she was built and upon her subsequent experiences. Thereis,
in addition, a magnetic effect which gradually changes with time and vibration,
heavy seas and the like, and which is due to the intermediate iron present.
Finally, there is an instantaneous effect depending upon the position of the ship
at any instant, and due to soft iron present.

Let, then, such a ship be turned through 360° (‘‘ swinging the ship ”), starting
with the bow pointing magnetic north, and remaining on an even keel all the
time. The compass deviations due to the above effects may be briefly classified
in an elementary manner as follows :—

(1) Semicircular Brror.—Consider a vertical mass of soft iron situated
as in Fig. 87, and magnetised by the earth so that the upper end (supposed on a
level with the compass) is a south pole. The effect on the compass is nil in Fig.
87, but, as the ship swings round, the effect becomes a maxtmum at B (Fig. 88),
nil at C, a maxtmum at D, and again nil at A; hence this is referred to as semi-
circular variation, and the error could, in this case, evidently be corrected by
suitably placing a vertical bar of soft iron on the opposite side of the compass

(‘¢ Flinders’ bar”).

Zero

Maximum
wowixew

i
Zero |
Fig. 87, - Fig. 88. Fig. 89.

A little consideration will convince the student that semicircular variation may
also be caused by longitudinal and transverse masses of hard iron, due to
permanent and subpermanent magnetism, Thus in Fig. 89, if NS be the
permanent magnetic axis of the ship, say (due to its position during con-
struction), then, whenever the ship is in such a position that this line lies in the
magnetic meridian the deviation effect on the compass is nil, but in all other
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positions of the ship a deviation is produced ; hence the error is semicircular.
A diagram will readily indicate that the error due to transverse hard iron is also
semicircular, vanishing when the ship’s head is east and
west (Fig. 90). Semicircular errors due to hard iron are
corrected by placing magnets fore and aft in the bin-
nacle and by others athwartships, ’

n

(2) Quadrantal FError.—Consider a horizontal
mass of soft irom, situated as in Fig. 91 and mag-
netised by the earth as shown. As the ship swings
the effect on the compass is evidently nd in the positions 3 )

A, C, E, G, and a maxtmum in the positions B, D, F, Fig. 90
H ; hence this is referred to as quadrantal variation. T
Clearly the effect of D (Fig. 91) is opposite to that of B, so that if B be the dis-
turbing mass the error could evidently be eliminated by suitably placing a soft
iron mass D in the adjacent quadrant (i.e. so that & = 90°). In practice, how-
ever, the correction is made by means of two soft

S0u9Z,,
“Zero>

Z?‘ro iron spheres, one on each side of the compass.
. /-|A The variation due to these is evidently quad-
H s \6” rantal, und it may, therefore, be made to cancel

s Wt the other.
° e N (3) Heeling Error.—In addition to the
S f@\ g above, which are found when the ship is on an
\ even keel, there is an important error due to
£ n heeling ; this is due mainly to vertical hard
s& n D%, iron or intermediate iron, to vertical soft iron
E'-/ beneath the compass, and to horizontal soft
z esr o iron. The error is mainly corrected by adjust-
Fig. 01, able vertical magnets under the compass card.

That part of the heeling error due to horizontal
soft iron is corrected by the quadrantal spheres.

EXAMPLE.

A magnet 10 cm. long, with poles of unit strength, i3 freely suspended in a
horizontal uniform magnetic field of intensity °18 dyne; find the moment of the
couple tending to restore the magnet to its position of rest when deflected in a
horizontal plane through 30° from that position.

* We know Twisting Moment = H M sin 6,

and M =ml=1 x 10 = 10 units,
H = 18 dyne and 6 = 30°,
. Moment of couple = 10 x 0°18 x sin 30° = 0'9 C.G&.S. unit.

Further, to find the work done during this twisting. We notice that the N pole
has been moved a net distance up the field = -l§ - é- cos 30° and the S pole has

been moved down the field by an equal amount. Now the force exerted on each
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pole, urging the N pole down the field and the S poleup isgivenby mH =1 x ‘18
= '18 dyne. And this has been overcome in each case through a distance
=5-5c0830° =5 x ‘866
= 67 cm.

Hence wosk = '18 X 67 X 2 = "2412 erg.

This is the work done during the whole rotation of 30°.

N.B.—The attention of the student cannpt be too often drawn, in this connec-
tion, to the fact that when any twisting moment or couple of constant amount is
allowed to operate through an angle 6,

Work done = Couple x Angle in circular measure,

EXERCISES VIII.

1. Explain the nature of the proof devised by Gauss for the law of action
between two magnet poles.

2. State what operations must be carried out to enable you to measure both
the moment of a given small magnet and the stiength of a given uniform field.

3. Sketch the magnetisation curves you would expect for () air, (b) soft iron,
(¢) hard steel.

4. From the magnetisation curve of Example 3 draw a fresh curve showing the
connection between u or B/H and B.

B. Define cycle of magnetisation, residual magnetism, coercive force. In
what practical magnetic applications are cycles of magnetisation to be met with ?

6. A bar magnet has poles of strength 4 units and a length of 5 centimetres.
The bar is placed in a uniform magnetic field of strength ‘5 with its axis parallel
to the field. The bar is then rotated slowly through 90°. Draw a carve showing
the varying twist necessary to produce this rotation and deduce the work done.

7. What is meant by the statement that the permeability of iron is (say) 800.
Is the permeability of a given specimen of iron constant ? If not, on what does
its variation depend ? (B.)

8. A closed soft-iron ring 100 cm. mean circumference and 5 sq. c¢m. cross-
section is wound uniformly with 200 turns of insulated wire. Supposing that
you have found the following relations to exist in iron of this quality :

10,200 12,000 13,700
b . 2,000 1,500 1,000
calculate the current in amperes at which the total flux of magnetic lines is
65,000. (O.)

9. Calculate the number of ampere turns of excitation required to magnetise
up to 14,000 lines per sq. cm. a soft-iron ring 20 in. in mean diameter made of
round iron 1 in. thick (1 = 800). (0.)

Note.—The last two problems may be worked from data given in the preced-
ing chapters. They may, however, be postponed until the details of Chapter
XVII. are mastered.



PART IV.—CURRENT ELECTRICITY.

CHAPTER IX.

FUNDAMENTAL PRINCIPLES AND DEFINITIONS.

102. Effects of an Electric Current.—In Art. 19 it has been
explained that in order to secure a continual flow of electricity from
one point to another some conducting path must be provided between
them and means must be devised for maintaining the two points at
different potentials, in which case electricity will continue to flow
from the higher to the lower potential. With the sundry methods
whereby a P.D. can be maintained at the ends of a conductor, the
reader will become acquainted later; for the present we merely wish
him to realise that this state of affairs is attainable. In all cases the
conductor acquires certain new properties attributed to this mysterious
agent “flowing ” along it; technically we refer to it as a “ current” of
electricity in the conductor, and the branch of our subject dealing with
the phenomena is called “ current electricity” or “ electrodynamics.”

The existence of a current of electricity is known by various effects
which it produces, e.g.—

(1) A compass needle suitably placed near the wire is deflected, and
if the wire be coiled round a bar of soft iron the latter is converted
into a magnet. These are known as the magnetic effects of the cur-
rent, and are utilised in defining the C.G.S. electromagnetic unit
current, in current measurements by galvanometers and ammeters, in
voltmeters, dynamos, electric bells, ete.

(2) If the wire conveying the current be severed, the ends soldered
to two suitable metal plates, and these placed some short distance
apart in various liquids, the majority of the latter are decomposed, one
of the products of the decomposition appearing at one plate, and
another at the second plate. This is known as the chemical effect, and
is utilised in defining the practical unit current, in accumulators,
copper refining, electroplating, electrolytic production of alkalies, etc.

(8) The conductor through which the current flows becomes heated.
This is referred to as the heating effect of the current, and is utilised
117
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in the working of ammeters and voltmeters, in electric lighting, elec
tric welding, in the construction of electric furnaces, etc.

In magnetism we are concerned with magnetic fields and lines of magnctic foree
at rest and in electrostatics with electric fields and lines of electric force at rest
the reader will learn later that in current electricity we are really concerned witk
the coexistence of the above two fields while in a condition of relative motion.

103. Meaning of Current Strength.—Consider a pipe AB
through which water is steadily flowing in the direction A to B. Some
idea of the strength of this water current may be conveyed by a state-
ment of the quantity of water entering A, leaving B, or passing any
section of the pipe in a definite time, say one second; in short, the
strength of the current may conveniently be defined as the rate of flow of
water through the pipe. ~ Accepting then this definition, the total
quantity flowing past any section in a given time is obviously obtained
by multiplying the current strength by the time in seconds; stated
algebraically—

Quantity = Current Strength x Time in Seconds

L st th = Q_l.mntity .
Current Streng Time in Seconds

Again, when the pipe is quite full, the quantity entering A per
second must be equal to the quantity leaving B or passing any section
of the pipe in that time, however uneven the bore may be; that is, the
current strength is the same at all parts of the pipe. Clearly, too, the
pressure at A is greater than at B, and falls in value as we proceed
from A to B; that is, whilst the current strength is the same at all
parts, the pressure falls in the direction in which the current is flowing.

These elementary ideas have their electrical analogies. “Current
Strength ” is defined as the quantity of electricity passing any
section of the conductor per second, i.c. as the rate of flow of
electricity in the circuit, and the total quantity which passes in a
stated period is given by the product of the current strength and the
time in seconds ; further, the current strength is the same at all parts of
a stmple conductor, but there is a fall of potential in the direction of the
current.

104. Units of Current Strength and Quantity.—The C.G.S.
electromagnetic unit of current is explained in Chapter XVIL. ; briefly
we may mention here it is that current which flowing in a circle of
1 cm. radius exerts a force of 2w dynes on a unit pole at the centre.
For practical purposes 1/10 of this unit is taken and is called an
ampere; clearly in the above case the ampere would exert a force of
27 dyne on the unit pole.

The C.G-S. electromagnetic unit quantity is the quantity conveyed
by the electromagnetic unit current in one second (it is 8 x 10 elec-
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trostatic units). For practical purposes 1/10 of this is taken and is
called a conlomb: it is the quantity conveyed by a current of one
ampere in one second (it is 3 X 10° electrostatic units). ~The smallest
quantity or natural unit of electricity, viz. the electron, is 1:55 x 107
coulomb.

105. The Ampere and its Board of Trade Definition.—In
Art. 102 we have mentioned the fact that many liquids are decom-
posed by electricity. The process is termed electrolysis, the liquid is
called the electrolyte, and the containing vessel the voltameter. The
metal plates by which the current enters and leaves the liquid are
termed the electrodes ; that by which it enters is the anode, that by
which it leaves is the kathode; the constituents which are liberated at
the electrodes are called the ions.

A typical example is afforded by copper sulphate (CuSO,). On
passing a current through the liquid by means of copper electrodes,
-metallic copper is deposited in a thin layer on the kathode, the action
being expressed by the equation CuSO, = Cu + 80,. The 80, attacks
the copper anode, forming CuSO,; some also joins with the water
(H,0), forming sulphuric acid (H,S0,) and liberating oxygen, thus:
SO, + H,0 = H,;80, + O. Again, the oxygen may combine with the
copper, forming copper oxide, and this oxide may dissolve in sulphuric
acid, forming copper sulphate. In the majority of cases the action at
the anode is of the complex character indicated, but if the plate be in
such a condition that it is readily attacked by the SO, copper is
merely taken from it to form CuSO,, and the loss in weight of the
anode is equal to the gain of the kathode. Numerous experiments
have established the facts—

(1) That one ampere in one second deposits ‘0003293 gramme of
copper;
(2) That the chemical action is proportional to the current strength,

e.g. if the current be doubled, twice the amount of copper will be
deposited in the same time;

(3) That the chemical action is proportional to the time the current
passes.

No. (1) above furnishes a convenient practical definition of the
ampere, viz. the ampere is that steady current which flowing
through a solution of copper sulphate deposits ‘0003293
gramme of copper on the kathode in one second.

From the facts enumerated it will be evident that a current of
I amperes flowing for ¢ seconds will deposit (0008293 x I X )
grammes of copper ; that is— )

0003293 X I X ¢ = increase in kathode = w

e I = .__w_—__
’ *0003293 X ¢
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an expression from which, knowing w in grammes and ¢ in seconds, an
unknown current of I amperes may be found.

The method above is that adopted by the Standards Committee of
the Board of Trade in its practical definition of the ampere. In the
specification silver nitrate is recommended and the resolution really
settles that an unvarying current which, when passed through a
solution of nitrate of silver in water, deposits silver at the
rate of ‘001118 of a gramme per second be taken as a current
of one ampere.

106. Practical Quantity Units: the Coulomb and the Ampere-
hour.—The coulomb has been defined as the quantity of electricity
transferred by a current of one ampere in one second ; it is sometimes
referred to as the ampere second. If I denotes the current strength
in amperes, ¢ the time in seconds, and Q the total quantity which
has passed in coulombs, Q = It and I = Q < ¢

Since one ampere in one second liberates ‘0003293 grm. of copper
and ‘001118 grm. of silver, the coulomb is practically defined as that
quantity of electricity which liberates ‘0003293 gramme of
copper from a solution of copper sulphate, or *001118 gramme
of silver from a solution of silver nitrate.

Another quantity unit termed the ampere-hour is employed. An
ampere-hour is the quantity of electricity conveyed by a steady
current of one ampere flowing for one hour; but one ampere in
one hour will transfer 3,600 coulombs; hence—

One ampere-hour = 3,600 coulombs
= 360 e.m. quantity units.

107. Electro-chemical Egquivalents.—The C.G.S. or absolute
electro-chemical equivalent of an ion is the amount of the ion liberated
by the electromagnetic unit current in one second, i.e. by the electro-
magnetic unit quantity; the ampere electro-chemical equivalent of an
1on 18 the amount of it liberated by ons ampere in one second, i.e. by one
coulomb; thus ‘003293 and +0003293 are the absolute and ampere
electro-chemical equivalents of copper respectively.

. Table of Ampere Electro-chemical Equivalents,
1.e. grammes per coulomb.

Hydrogen = 00001044 Copper . = -0003293
Oxygen = 00008291 Iron = -00029
Potassium . = 0004053 Nickel . = 0003043
Sodium = 0002383 Zino = 0003387
Silver . = 001118 Lead = -001073
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If 2 denotes the electro-chemical equivalent of the ion, our formulae of Arts.
105 and 106 may be put in the general forms—

_ _ _w _w
(1) w=zIt. (2) w=2Q. 3)I= o 4) Q= -

108. Potential Difference (P.D.) and Electro-Motive-Force
(E.M.F.).—In Part II. Potential has been defined as that electrical
condition which determines the direction in which electricity will flow,
and it has been shown that the P.D. in electrostatic units between two
points is represented numerically by the work done in ergs in the
transference of the electrostatic unit quantity from one point to the
other. Similar reasoning applies to the present branch of the subject.
As a simple illustration, consider two points A and B in a conductor
through which a current is flowing in the direction A to B, and in
which, therefore, A is at the higher potential. The conductor A B is
heated, and by the law of conservation of energy this heat must have
been produced at the expense of an equivalent amount of energy which
has disappeared from the electric circuit; we have in short an energy
transformation between the two points, electric energy being trans-
formed into heat energy. Imagine, now, that the electromagnetic
unit quantity (i.e. 10 coulombs) passes from A to B and that w ergs
is the energy, which in this case 1s subtracted from the electric circuit,
appearing as heat; the P.D. between the two points is w electro-
magnetic units of potential. If the unit quantity is forced from a low
to a high potential work must be done on it, and energy is added to
the electric circuit; but in either case—

The P.D. in electromagnetic unifs between two points 18 represented
numerically by the amount of energy tramsformed in ergs when the
electromagnetic unit quantity passes between the two points. Hence—

The P.D. between two points The practical unit is the volt;
is one C.G.S. electromagnetic | it is equal to 10° electromagnetic
unit if the energy transformed | units and 535 of the electrostatic
is one erg when the electro- | unit. Omne microvolt = 1553557
magnetic unitgquantity passes. | volt.

Since the volt is 10° electromagnetic units, if the P.D. between two
points is one volt the energy transformed will be 10° ergs when the
electromagnetic unit quantity passes, and therefore 5% of 108 e. 107
ergs, when one coulomb passes; but one joule is equal to 107 ergs.
Hence—

The volt is that P.D. which must exist between two points in
order that the energy transformed may be one joule when one
coulomb of electricity passes.

A practical definition of the volt is dealt with later (Art. 111).
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“ pressure ” and sometimes the *“voltage” between the two points.
Another term of constant use in current electricity is * Electro-
Motive-Force” (E.M.F.). To illustrate its meaning consider a
battery on “ open circuit,” 1.e. with the outside circuit disconnected ;
imagine an electrostatic voltmeter joined to its terminals and that the
reading is 50 volts; this measures the total pressure it is capable of
generating, and this total pressure is the E.M.F. of the battery.

If the outside circuit be switched on the voltmeter reading will fall
by an amount depending on circumstances; imagine the reading is
now 48 volts; this measures the terminal P.D. under present conditions
or the volts used in driving the current through the external circuit,
the other two volts being used in getting the current through the
battery on account of the resistance of the latter. Thus the E.M.F. of
a battery is the total pressure it is capable of generating, and is measured
by the P.D. at its terminals on open circuit; when the current flows the
terminal P.D. may be anything according to circumstances, but it is
always less than the E.M.F. If E volts be the EM.F., e volts the
terminal P.D., and V be the volts used up in the generator—

E=e¢e+V, .e=E—V, andV=E—e.

The preceding demonstrates what for practical purposes may be
regarded as the distinction between P.D. and E.M.F.; the latter term
should be used when referring to the total pressure generated (measured
by the P.D. at the terminals on open circuit), the former when referring
to the pressure between two points in the circuit. Scientifically, one
corresponds to a reversible, the other to a non-reversible energy trans-
formation, but this is beyond the reader at this stage.

109. Resistance and Conductance.—Resistance may be defined in
a general way as that property of a body which opposes the flow of
electricity through it; good conductors have small resistance, insu-
lators have enormous resistance. With a given P.D. the less the
resistance the greater will be the current, and vice versa; it is from
this that a precise definition of resistance is obtained.

Consider two points A and B in a conductor between which there is
no generator of E.M.F. (such, for example, as a dynamo or battery),
and imagine a steady direct P.D. to exist between the two points; a
certain steady direct current will be flowing between them. If, now,
the P.D. be altered in magnitude the strength of the current will also
be changed, but experimentally it can be proved that if the temperature
of the conductor be kept constant, the ratio of the P.D. fo the current is
constant ; this constant is called the ‘ resistance” of the part A B of
the conductor ; stated algebraically—

Potential Difference

= a Constant — Resistance,
Current

E _
or T_R'
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If E and I be each unity, R is unity. Hence—

A conductor has a resist- The practical unit is the ohm ;
ance of one C.G.8. electromag- | a conductor has a resistance
‘netic wunit if a P.D. of one | of one ohm if a P.D. of one
electromagnetic unit applied | volt applied to its ends causes
to its ends causes a current of | a current of one ampere to flow
one electromagnetic wunit to | through it.
flow through it.

1 volt. _ 10° e.m. units
1l amp. 5 e.m. unit

One megohm = 1,000,000 ohms. One microhm = 145555 ohm.

One ohm =

= 10° electromagnetic units.

Elaborate experiments have been performed with the object of
ascertaining the precise dimensions of a column of mercury having a
resistance of one ohm, and the results of these lead to the following

,practical definition :—The ohm is the resistance of a column of
mercury 1063 cm. long, 1 sq. mm. in cross-section, and of mass
144521 grammes at the temperature of melting ice (0° C.).
Special coils of platinum silver wire have been constructed, having at
16-4° C. a resistance of one ohm, and these are deposited at the Board
of Trade Standardising Laboratory. An older unit of resistance, con-
structed by the British Association Committee for the Advancement
of Science in the years 1863-4, and known as the B.A. unit, is equal
to 9866 ohm.

Conductance may be defined as that property which a body has for
conducting electricity ; good conductors have large conductance, and
insulators have small conductance. Conductance is, in fact, the con-
verse of resistance, and is measured by the reciprocal of it; thus a
wire of resistance R ohms has a conducting power of 1/R units of
conductance.

The unit of conductance is the mho. A body of resistance one ohm
has a conducting power of one mho; hence—The mho is the conduct-
ance of a column of mercury 106:3 em. long, 1 8q. mm. in cross-section,
and of mass 144521 grammes at the temperature of melting ice. It is
suggested that the unit of conductance be named the * siemens.”

110. Another Definition of the Volt and Ampere.—From the
relation ;}— = R, referred to in the preceding paragraph, it is clear that
if I and R be each unity, E is unity; hence, unit electromagnetic P.D.
may be defined as that which s necessary to drive the electromagnetic
wmt current through the electromagnetic wnit resistance. Similarly,
the volt is that electrical pressure which if steadily applied to
a conductor whose resistance is one ohm will produce a current
of one ampere.
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Finally, if E and R be each unity, I is unity; hence, unit electro-
magnetic current will flow in a wire of resistance one electromagnetic
unit if the applied P.D. is one electromagnetic unit, and an ampere
will flow through a wire of resistance one ohm if the applied
P.D. is one volt.

111. Summary of the Practical Units of Current Strength,
Resistance, and Potential Difference. The True, Inter-
national, and Legal Units.—To further help the student, the
practical units already dealt with are summarised below and classified
into what are known as true, international, and legal practical units,
for the student will encounter these terms in his reading. Any slight
difference between the true, international, and legal units is, of course,
neglected for practical and calculation purposes.

(1) Current Strength.—The true ampere is ,% of the C.G.S. electromagnetic
unit. It is that current which, flowing in a circle of 1 em radius, exerts a force
of “2r dyne on a unit pole at the centre : it is also that current which a P.D. of
one {rue volt will cause to flow in a wire of resistance one frue ohm. The
international ampere is that steady current which, flowing through a solution
of silver nitrate, deposits ‘001118 grm. of silver on the kathode in one second :
it was intended Lo be a practical realisation of the true ampere of 5 absolute
unit, but to be exact it is just a very little less than the true ampere (about ‘025
per cent.). The legal ampere is the current which gives a certain reading on a
standard ampere balance (Chapter XII.) kept at the offices of the Board of
Trade: the balance was standardised by the deposition of silver.

(2) Resistance.—The true ohm is 10° C.G.S. electromagnetic units of resistance.
It is the resistance a wire must have in order that a P.D. of one #rue volt may
cause a current of one ¢rue ampere to flow through it. (As the student will see
later, it is also the resistance of a wire if the heat produced in it in one second,
when one wrue ampere flows, is one jcule.) The international ohm is the
resistance of a column of mercury 106'3 cm. long, mass 14'4521 grm. (cross-
section 1 8q. mm.) at 0° C.: it was intended to be a practical realisation of the
true ohm of 10° absolute units, but, to be exact, it is just a very little bigger than
the true ohm. The legal ohm is the resistance at 16:4° C, between the
terminals of a ‘‘standard ohm ” kept at the offices of the Board of Trade: this
standard was, however, checked by the mercury column.

(3) Potential Difference.—The true volt is 10° C.G.S. electromagnetic units.
It is the P.1D. between two points if the energy transformed be one joule when
one ?rue coulomb (#; e.m. unit of quantity) passes : it is also the P.D. which wil]
cause a current of one ¢rue ampere to flow through a resistance of one ¢ue ohm.
The international volt is the P.D. which, when applied to a wire of resistance
one international ohm, will cause a current of one international ampere to flow,
and it may be taken as 1/1-0183 of the E.M.F. of a Weston cell at 20° C. (Art.
145).  To be exact, it is just a very little bigger than the true volt. The legal
volt is ‘01 of the P.D. which produces a certain deflection on a standard electro-
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statio voltmeter kept at the offices of the Board of Trade : this is intended to be
the same as the international volt just as in the other cases above.

Needless to say, in the sections which follow, the true, international,
and legal practical units are taken as identical.

112. Preliminary Ideas on Alternating Currents.—The sub-
ject of alternating currents is dealt with in Chapter XX., but, as the
student will constantly encounter them in his reading, a brief reference
to one or two points may be given even at this stage.

The current derived from an ordinary cell or battery is what is known as a
continuous current ; that is to say, so long as the external circuit is closed, the
ourrent flows continuously in one direction. There are, however, currents which
do not flow in this way but periodically reverse, flowing for a certain time in one
direction and then reversing, flowing for another period of time in the opposite
direction ; such are called alternating currents. Referring to the hydraulic
analogy, we may say continuous currents correspond to the flow of water along a
line of pipes fed by a force pump, while on the other hand alternating currents
correspond to the flow of water along pipes leading at one time from a force
pump, and at another from a suction pump, the water being alternately forced
into the pipes and then sucked from them.

When an alternating current is produced in a circuit the E.M.F. continuously
changes ; it rises to a maximum, then dies away to zero, being followed immedi-
ately by a reversed E.M.F., which also rises to a maximum and dies away to
zero, and so on. If, now, at any particular moment the E.M.F. is at a certain
instantaneous value, and is just going to commence a certain set of variations,
then the time which elapses between this instant and the moment when the
E.M.F. has the same value and is going to commence an identical set of varia-
tions, is called the Period of the current, and the number of periods accom-
plished in one second is called the Frequency, the maximum value of the
E.M.F. being called the Amplitude. The exact meaning of these terms can
best be seen from Fig. 92.

Suppose time is measured Y
along O X, and E.M.F. along
OY. Then for a certain alter-
nating current the curve show-
ing the relation between the
variation of voltage and time
will be OABCDE. . . .
Volts measured above O X cor-
respond to the direct E.M.F. ;
volts measured below O X cor-
respond to the reversed E.M.F. We may select any arbitrary point on the
ocurve, such as O’ ; then, counting time from the instant when the E.M.F. was
last zero, we see that at time OT’, the voltage was O' T'. Drawing 0’0
parallel to O X, we also see that at time O'T" the voltage was 0" T" = O’ T,
and since when the voltage was O'T’ and 0" T” the same set of variations
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was commencing, we see that by definition T’ T" represents what we have called
the period. Kvidently the period would also be represented by BE. The
frequency would then be the number of such time intervals as T* T contained in
one second, and the volts corresponding to the maximum points A, C, and D,
ete., would be the amplitude.

The currents accompanying these periodic electromotive forces are also periodic ;
they rise to & maximum, fall to zero, reverse, rise to a maximum, fall to zero,
and so on ; and the frequency of the E.M.F. is also that of the current. There
is, however, this important difference. The alternating currents do not exactly
keep time with the alternating electromotive forces, so that the maximum
current is not obtained when the instantaneous value of the E.M.F. is a maximum,
but occurs a little before or after it according to the nature of the circuit.

If an inductive resistance (Chapter XVI.)is included in the circuit, the maximum
current will occur after the E.M.F. has reached its maximum value ; the current

is then said to Lag. On the

other hand, if there is capa-

v'1 I m city in the circuit the maxi-

- e N mum current will occur be-

N Jore the E.M.F. has reached

1ts maximum value ; the cur-

¥ig. 93. rent is then said to Lead.

These terms may readily be

understood from Fig. 93, which shows a curve of alternating EM.F., VVV ...,

and the curve of alternating current with inductance in the circuit. The lag, or

lead, is best expressed in terms of the period of the alternating E.M.F. Thus if

the maximum ourrent occurred 3 period after the maximum E.M.T., we should say

the lag was 3 of a period; and similarly with the lead. 'The lag and lead are
sometimes spoken of as the Phase Difference.

The frequencies in general use are—tor electric railways 25 and for electric

lighting and power 50.

Alternating currents and pressures are measured in what are termed
virtual amperes and virtual volts respectively and these virtnal
values may be shown to be equal to the maximum values divided by
v'2, i.e. the maximum values are equal to the virtual values multiplied
by V2. A.C. voltmeters and ammeters read virtual values so that if,
for example, an A.C. voltmeter in an A.C. circuit reads 200 volts the
pressure is really fluctuating between (200 X v/ 2), i.e. 2828 volts first
one way and then the other. Stated differently, the virtual values are
*707 of the mazimum values (the mean value for a half period is -637
of the maximum value). The reason for this method of measurement
in virtual values will appear later.

113. Preliminary Ydeas on Polyphase Currents.—This term is applied
to cases in which we have more than one circuit with an alternating current in
each, these currents not rising and falling in step with each other. Thus, for
example, we may have one pair of wires—lead and return—oonveying alternating
ourrent, and in addition we may have a separate pair of wires—lead and return



FUNDAMENTAL PRINCIPLES AND DEFINITIONS. 127

—oconveying another alternating current, and this second current be such that
when the first is a maximum the second is just reversing—that is, it has the
momentary value zero ; or, put in the form explained above, the two currents

liffer in phase by 90° or ~ or a quarter of a period, and are said to be in quadrature.
P 5 P q

Such & double circuit would be spoken of as a two-phage arrangement, and in
practice the two currents would be tapped from the same source of E.M.F.—the
ulternator—which, however, is only a matter of convenience.

So, again, we may have three separate circuits each conveying a separate
alternating current, and the three currents related to each other in such a way

that each one differs in phase from the next by one-third of a period or %f Such

an arrangement is spoken of as a three-phase system, and in practice here, too,
all three currents would be produced from the same machine, by suitable
sonstruction.

In practice it is true, for purposes of economy in the line wires, two-phase
systems may be used in which there are not four wires but three, two being
amalgamated ; and so with three-phase systems, which may employ three wires
instead of the six. This practice of using a common return, as it were, does not
interfere with the conditions stated above. At this stage we cannot enter into
the conditions or arrangements of such systems.

EXAMPLES.

1. How many coulombs and how many ampere-hours will be required to deposit
% Ib. of silver from a solution of silver nitrate? What steady current in amperes
will be required if the experiment 18 to be of four hours’ duration ?

By Art. 107 Q= %

w=1%1b = ‘ﬁ:j grammes = 1134 grammes,

z = 001118 grammes per coulomb.

_ 1134 _
Hence— Q=- TIIE coulombs = 101,431 coulombs nearly.
. Again— Ampere-hours = C";é‘(’;gbs = lg(l;)gi
= 28'2.

Finally—  No. of amperes X No. of hours = No. of ampere-hours

No. of ampere-hours
No. of hours.

282 _ .
= =705

.~ No. of amperes =
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2. A dynamo of resistance ‘02 ohm, when running on open circuit, gave a P.D.
at its terminals of 100 volts. It was then jowmed to mains the total resistance of
which, lead and return, was ‘06 ohm, and the current in the circuit was found to be
50 amperes. Calculate : (a) Volts used in driving the current through the dynamo ;
(b) P.D. at dynamo terminals ; (c) Volts used in the mawms ; (d) P.D. at the con-
sumer’s end of the mains ; (e) Total resistance in the consumers' circuit.

By Art. 109, ®=R; . E=IR.

Hence—

Volts used in dynamo = Current in dynamo x Res. of dynamo
=50 x ‘02 =1 volt.

By Art. 108, e=E-V;
e P.D. at terminals = 100 — 1 = 99 volts.
Again—

Volts used in mains = Current in mains X Res. of mains
=50 x ‘06 = 3 volts;
». P.D. at consumers’ end = 99 — 3 = 96 volts.

Finally, since = 1%,
Total resistance in) _ P.D. for that circuit
consumers’ eirenit J — Current 1o 1t.

=23 = 1'92 ohms,

EXERCISES IX.

1. Explain the meaning of the terms ohm, volt, coulomb, ampere, megohm,
microfarad, milhampere. (H.)

2. Define shortly electromotive force, resistance, and current. (P.)

3. Write down the terms work, force, power, quantity, as headings, and then
arrange the names of the following units each under its proper heading : Watt-
kilowatt, ampere-hour, horse-power, kilowatt-hour, dyne. (P.)

4. How may the strength of an electric current be measured by means of a
copper voltameter? (B.)

5. Explain the term ‘‘electro-chemical equivalent.” If 3 amperes deposit 4
grm. of silver in 20 min., what is the electro-chemical equivalent of silver? (B.)

6. How many coulombs and how many ampere-hours will be required to deposit
1 1b. of copper from a solution of CuSO,? What steady current in amperes
would be required if the experiment were to continue for 25 hr. ?

7. A current of 2'5 amperes is passed through a solution of CuSO, for 1 hr.
50 min, ; determine the amount of copper deposited. How long would this
current have to pass in order to deposit 4'9 grm. of copper?
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8. How many pounds of silver and how many pounds of nickel would be
deposited by 1,000 ampere-hr. ?

9. A cable 100 yd. long carries a current of 300 amperes ; if the P.D. between
its ends is 25 volts, what is the total resistance of the cable, and what is its
resistance per yard? What would be the P.D. if the current were reduced to
200 amperes ?

10. A pair of cables each 100 yd. long supply 350 amperes current to a dis-
tributing box, and the ‘““drop” (in volts) in the cables is 5 volts. What would
be the ¢ drop ” if the current were reduced to 225 amperes? (P.)

11. If an increase in the resistance of a circuit by 10 ohms causes the strength
of the current to decrease from 5 to 2, find the total resistance of the circuit after
the change. (B.)

12. A dynamo of resistance ‘015 ohm when running on open circuit gives a
P.D. at its terminals of 110 volts. If it is connected to mains of total resistance
‘065 ohm and the current is 65 amperes, determine (@) volts used in the dynamo,
(b)<P.D. at terminals, (¢) P.D. at consumers’ end of mains, (d) volts used in the
mains, (e) total resistance in the consumers’ circuit.

13. The potential at the terminals of a battery falls from 10 to 6 volts when a
resistance of 10 ochms is connected between its terminals, What is the resistance
of the battery ? (H.)

14. An arc lamp taking 10 amperes at 50 volts is connected across supply
mains at 110 volts with a regulating resistance in series with the lamp. How
many ohms must this resistance be? Determine in ‘‘ergs,” ‘‘joules,” and
“B.0.T. units” the energy subtracted from the electric circuit, and which
appears as heat in the regulating resistance, if the 10 amperes continue to flow
through it for 3 hr.? What would be the cost of the energy thus absorbed by
the resistance at 6d. per B.O.T. unit?

15. Define the following in connection with alternating currents: Frequency,
amplitude, phase difference, period, and distinguish between the average and the
virtual value of an alternating current.

16. In an alternating-current circuit the voltmeter reads 150 volts, while the

ammeter reads 70 amperes. It is known that the current lags T behind the

6
pressure. Plot the pressure and current curves to scale in their correct relative
positions,
17. If there are three alternating currents, such that the second lags 1 period

behind the first and the third lags  period behind the second, show by plotting
and measurement that the algebraic sum of the three currents is always zero.



CHAPTER X.

QUANTITATIVE RELATIONS.

114. Ohm’s Law.—This important law has already been given in
connection with the definition of resistance in Art. 109; briefly it may
be thus enunciated—

When the temperature of a conductor is kept constant, the
ratio of the steady direct P.D. between any two points (no
generator of E.M.F. being between them) to the resulting
steady direct current is constant. In symbols the law may be
expressed by the equation—

E

I R,
where B is the P.D., I the current, and R a constant, the value of
which is termed the resistance of the part of the conductor considered.
For purposes of calculation it is convenient to remember three forms
of the equation; thus from the relation—

E_ . Potential Difference __ .
T R, i.e. Curront = Resistance ......... (¢}
E = IR,i.c. Potential Difference = Current X Resistance ...... @)
and—
_E . . _ Potential Difference
I= ® e Current = Reosistance i e (3)

It will be evident that given any two of these quantities the third
may be determined from these relations. With regard to “ units,” if
E and R in (3) be expressed in
C.G.S. electromagnetic units, I
will be obtained in C.G.S. elec-
tromagnetic units; if E be in
volts, and R in ohms, T will be
given in amperes, and similar
remarks apply to the two pre-

i cedin uations.
Tig- 94 Thg eIL}a,W of Ohm is equally
applicable to the whole electric circuit, and to any portion thereof.
130
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Imagine a dynamo D (Fig. 94) of internal resistance + ohms, supplying
a current of I amperes as indicated. If E volts denote the E.M.F.
of the dynamo, i.e. the total pressure generated, and which is utilised
in driving the current through the entire circuit, ¢ volts its terminal
P.D,, ie. that portion of the total pressure utilised in driving the
current through the external circuit of resistance R ohms,

I= E.M.F. __E
Total Resistance » + R’
Terminal P.D. e

~ External Resistance R’

I— Volts used in dynamo _E-e¢
Resistance of dynamo r

If the dynamo be employed in driving a motor, charging accumula-
tors, or work of electrolysis generally, a back pressure of ¢, volts, say,
s set up in opposition to the E.M.F'.; in such cases the “resultant”
or “effective ” pressure is E — ¢; and—

I= Total Effective Pressure _ E — ¢,
Total Resistance “r+ R

Frequently in an electric circuit several B.M.F.’s, say E,, E,, E,, are
working in the same direction, as, for example, when cells are joined 1n
“ geries ’; in such cases the total E.M.F. is the sum of the individual
E.M.F.s, and—

I= EM.F. _ B +E+4+E
~ TPotal Resistance r+R '’
r being the sum of the infernal resistances. If there are n equal
E.M.F.s in “series,” say each of E volts,
_ "E
r+ R

115. Laws of Resistance: Effects of Temperature and Mole-
cular Change—

(1) The resistance of a conductor is directly proportional to its
length ; thus 1 yard of copper wire of 20 B.W.G. has a resistance of
‘02 ohm; hence lengths of ‘5 yard, 2 yards, and 50 yards will have
resistances of ‘01 ohm, ‘04 ohm, and 1 ohm respectively.

(2) The resistance of a conductor is inversely proportional to its area
of cross-section ; thus if one wire has double the area of cross-section
of another of the same material, and equal lengths be taken, the thick
one will have half the resistance of the thin one. -
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(3) The resistance of a conductor of given length and area of cross-
section depends on its material; thus a piece of platinum of given
dimensions has 6'022 times the resistance of a piece of silver (annealed),
and 5724 times the resistance of a piece of copper (annealed) of the
same dimensions.

(4) The resistance of a substance depends on its molecular condition,
density, purity, hardness, etc. A decrease in the density of copper has
been shown to increase its resistance. Wires subjected to mechanical
strain have been found to be hardened, and of increased resistance.
The resistance of an alloy is always greater than that of the substances
forming it; thus the resistance of a centimetre cube of aluminium
(t.e. its specific resistance or resistivity) is 2-665 microhms, that of iron
being 9:065, whilst an alloy of iron with about 5 per cent. of aluminium
has a resistivity of about 70 microhms per centimetre cube. The
resistance of metals is diminished by annealing, the effect being more
marked in pure metals than in the majority of alloys; but one
particular alloy of iron with 14 per cent. of nickel, 5 per cent. of
manganese, and 2 per cent. of aluminium shows a pronounced decrease,
its resistivity changing from 89 to 48 microhms per centimetre cube
on annealing.

(5) The resistonce of a substance depends on its temperature. This
has been referred to in Art. 17 ; the following are the main facts :—

(@) METALS. —These increase in resistance when heated, and decrease when the
temperature 18 lowered. If R, denote the resistance of a wire at ¢° C. and R, its
resistance at 0° C.,

R, = Ro (1 + at + p2),
where « and 8 are constants for the same wire but slightly different for different
materials. For calculations the simpler relation—

R; =R, (1 + at)

may be employed ; a is known as the temperature coefficient,* and may be de-
fined as the increase in unit resistance per unit rise in temperature (0° C, to 1° C.).
In the case of pure metals a may be taken as equal to 0038 ; for mercury its
value is ‘00075 nearly. The variation of resistance with temperature is indicated
by the curves in Fig. 95.

It has long been surmised that at the absolute zero of temperature (- 273-7° C.)
the resistance of all metals will be nil, this being based on the assumption that
the laws of variation of resistance continue to hold at very low temperatures.
Dewar, however, found that at—250° C. the decrease in the resistance of platinum
on cooling was not so marked as at — 200°C., and Dr. Harrison’s experiments
appeared to show that at — 253°C. the resistance of iron was somewhat greater
than at — 191°C. On the other hand, in some recent experiments, Kamerlingh
Onnes finds that at the temperature of liquid helium the resistance of certain
pure metals is less than one-thousand-millionth of the values at 0°C., which is

* See Appendix.
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tonsiderably less than if it fell in proportion to the absolute temperature. Further
*esearch is required in this direction.

(b) ArLroys.—Most alloys increase 1n resistance with temperature, but not to
Jhe extent that pure metals do. Manganin (Art. 17) increases in resistance from
¥C. to 35°C., after which its temperature coefficient becomes negative, but the
variation is so small that it may be

neglected. For German Silver 0 /
Art. 17) the coefficient is only /1
'00044, or about 1 that of the pure 36 A

metals. Platinoid (Art. 17) has
L4 times the resistance of German
silver, and its temperature coeffi-
sient is only -00021. Platinum
Bilver, in the proportion one of
platinum to two of silver, has a
zoefficient of “00027. Resista, an
alloy of iron with 15 per cent. of
wickel and 5 per cent. of manga-
nese, has a resistance equal to four
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times that of German silver, and 16 Z o wﬂl& L~
a coefficient of ‘00109. o }‘)/ L
(¢) CarroN, ELECTROLYTES, AND & 12 ]
InsunaTors.—These decrease m ‘l
resistance when heated—i.e. they  § 2
possess negative coefficients, The &' 8 sl —1
cold resistance of the carhon fila- / AL
ments of glow lamps is from 16 to 4 = —
24 times the hot xl')esistance under /_..- GC:EF/
their full voltage. In a recent 0 s .
test, an ordinary carbon-filament 100 200 300 400
lamp was found to have a cold re- Temper ature — C,
sistance of 600 ohms. As the volt- Fig. 95.

age was increased the resistance

fell to a minimum value of 288-2 ohms, when the applied pressure reached 75
volts ; it remained stationary until the nressure was 90 volts, and then slowly
increased to 293 ohms at 140 volts. The resistance of gutta-percha at 0°C. ig
about 24 times, and that of Hooper’s vulcanised india-rubber about four times
their respective resistances at 24°C. (Art. 17). Zirconia (an oxide of the alkaline
metal zirconium) is a non-conductor at ordinary temperatures, but becomes a
conductor at high temperatures ; this is utilised in the Nernst lamp.

As already indicated (Art. 17) copper is mainly used as a conductor in practice,
but aluminium is now coming more to the front. Its cost is lower and it is very
light : for equal conductances, although its diameter must be greater, its weight
is only about half that of copper. In overhead (bare wire) transmission schemes,
its bigger cross-section than copper (for equal conductance) makes it offer more
resistance to wind pressure. It allows much more snow, ete., to collect on it,
Its greater diameter for equal conductance puts it behind copper for underground
mains. ete.. where it must be insulated with rubber. etc.. owing to the increased
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cost of the latter. Acids too have an effect on it which debars its use in certain
places. Its tensile strength also is only about half that of hard drawn copper, and
this is frequently a drawback (where greater tensile strength than that of hard
drawn copper is needed bronzes are frequently employed). The soldering of
aluminium too presents a certain difficulty.

116. Formulae for Calculations.—The first three laws of Art. 115
may be expressed by the equation—

R:p(l?. ............................... a1

where R is the resistance of the conductor, ! its length, a its area of
cross-section, and p a constant depending on the material, and termed
its * specific resistance ” or * resistivity.” If ! be one centimetre
and @ one square centimetre, R is equal to p; hence: The specific
resistance of any material is the resistance of a piece of it one centimetre
in length and one sq. centimetre in cross-section, i.e. the resistance of a
cube of one centimetre side.* Frequently p is expressed in terms of the
“inch-cube’ and “mil.-foot” (i.e. resistance of one foot of the material
of circular section and diameter one mil.). 'With regard to units—

If p be in microhms per | If p be in ohms per inch | If p be in ohms per mil.

cm. cube, cube, foot,
! must be in cm., { must be in inches, { must be in feet,
@ must be in sq. em., a must bein sq. inches, @ must be in circular
and R will be in mie- and R will be in ohms. mils.,

rohms, and R will be in ohms,

If the wire be of circular section of radius + and diameter d, a is
equal to w® (v = 8'1416) or '7854d?; hence substituting in (1)—

14
P -‘7—8‘5-473 ..................... (2)

An extension of these relations enables the resistances of two wires
to be compared with ease. Let R, p, !, a,, and d, apply with their
usual meaning to the first wire, and R, p,, ,, a,, and d, to the second ;
then—

l
BR=p ==

A
R Pa_pxtxa_pxlx@y )
R, lg P Xl xa p, X1 x(d) ' '
Pza,’

In making comparisons by means of (3) the warning given as to the
units need not be followed; thus ! may be in feet and d in centi-

* See Appendix.
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metres, provided that both lengths are in feet and both diameters in
centimetres.

The cross-section is often given in terms of the mass and density
(mass in unit volume) of the conductor. If w be the mass and § the

density, the volume of the wire is clea,rly%;— ; but the volume is equal

to @ X I; hence—

al—-s- and e e IR IITIPIe 4)
substituting (4) for @ in (1)—
8r
R= P e )

Extending (4) to the comparison of two wires of mass w, and w
and density 6, and §,, (3) becomes—

2y

Py X 1 X

) %=———8;§-; .‘.—lilszxg-‘—X%iX% ...... (6)
2 fhed! 2 2 2 2 1
P X 1y X 52,
and if the wires be of the same material and density—
B L ww
TARE X bR )

In dealing with the ‘dielectric” or “insulation” resistance of a
cable it must be remembered that the thickness of the insulating
covering corresponds to the *length” in the above expressions, and
that a long cable gives a greater sectional area of insulating material
(and therefore has less insulation resistance) than a short ome. If ¢
be the length of a cable, p the specific resistance of its dielectric ,
and », the external and internal diameters (or radii) of the insulation,
it can be proved that the insulation resistance R is given by—

R='366 XL X1log2 ... (8)
1

Taking two cables of lengths I, and 7,, insulated with the same
. material and having equal internal and equal external diameters,

R, _I

1 e

SLE i e 9
B 1 ®

i.e. the insulation resistances are inversely as the lengths. Thus, if
the insulation resistance of a cable is 400 megohms per mile, half a
mile will have a resistance of 800 megohms, and two miles a resistance
of 200 megohms ; f the insulation resistance of a cable of length n knots
be R megohms, the insulation resistance per knot is nR megohms.
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In stating the diameters of wires, a common unit employed is the
mil. (3d55 inch). A circle of one mil. diameter is said to have an
area of one circular mil. ; a circle of two mils. diameter has an area
of 2°—i.e. four circular mils.; thus the area in circular mils. is given
by the square of the diameter in mils.

Again, the thickness of a wire is often settled by a number termed
its “ gauge ”’ ; thus 20 B'W.G. (Birmingham Wire Gauge) refers to a
wire *035 inch in diameter; 16 S.W.G. (Standard Wire Gauge) is a
wire of ‘064 inch diameter The larger the “ gauge” number the
smaller is the diameter (see Appendix). The French Gauge is an
3xception.

The conductors of submarine and electric light cables are formed of
stranded wire on account of the greater pliability and less liability to
complete fracture than in the case of solid cores; thus 7/16 cable
refers to one whose conductor is composed of seven-stranded wires,
each of 16 gauge.

The resistivity p, as previously defined, is called the volume resis-
tivity. Sometimes the resistance of a wire of unit length having unit
mass and being of uniform cross-section is given: this is called the
mass resistivity. The relation between the two depends on the
lensity and on the units employed.

117. Resistances in Series and in Parallel.—If several resist-
ances 7, 75, 75 . . . be arranged in series (Fig. 94), the total resistance
R is clearly their sum—

he. R=r+r,+r ... N ¢))
A
—7
R
I -
Fig. 96. -

Consider, now, a number of resistances (say three) joined in
parallel, as indicated in Fig. 96, and let E denote the P.D. between A
and B. Then—

Current in r, = E. currentin Y, = B,

LY 7,
Current in r; = E ;
1.8
~. Total current = E + E + E

7 7, 73
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Let R denote the joint resistance of », r,, and 7,;

_E
-, Total current = "
Hence E_E + B + _E‘_;
R 7 T ;
.1

If the resistances are each equal to 7, (2) becomes
1 3

- o R= 1,
= r.e. R = 3"

Similarly, the joint resistance of » equal resistances in parallel
i ;;of the resistance of one of them.

In the case of two conductors in parallel-—

1 _ 1 R 7".
B T ;; =
_r
o ®)
It should be observed that whilst
the conductor resistance of two cables o L P I N U
in series is 7, + 7, 7, and 7, being | !“ 1 f I
the individual conductor resistances, E 3
the insulation resistances are really in Fig. 97.

parallel ; thus if R, be the insulation
resistance of A (Flg 97), and R, that of B, the total insulation
resistance R is given by—

1 1 1 * R= RR,_ (4

R TR VTR 4IR

We have previously indicated that the current is the same at all
parts of a simple (series) circuit, however the parts differ in resist-
ance. In a parallel arrangement, however, the current divides directly
as the conductances, and therefore tnversely as the resistances ; thus, in
Fig. 96 :—

Currentinr, _ 1 ., 1 _ 'rz Resistance of 3

Currentin», » =~ =, " Resistance of r,’
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EXAMPLE.

Three wires, A, B, C, of 2, 4, and 6 ohmas resistance respectively, are arranged in
parallel, and the total current passing is 22 amperes. Iind the joint resistance and
the current in each wire.

If R = joint resistance—

L1, 1,1 _6+43+42 11" . g _12_ 44 ohma.

R-ztrte 1 "I I
Again—
Current in A = % of 22 amperes = 12 amperes
”» » B = of 22 ”» = 6 ”»
Y] 9 C= Tz‘f of 22 ” = 4 ”

118. More Complicated Divided Circuits: Kirchhoff’s Laws.
—The joint resistance and the currents in the various branches of a
divided circuit can readily be found by the above method, provided
there are no cross connections such as are indicated in Fig. 99. In
this and other more complex arrangements applications of Kirchhoff's
Laws enable the solutions to be obtained.

Kirchhoff’s two laws are as follows :—(1) In any network of wires
carrying currents the algebraic swm of the currents meeting at any point
18 zero.  (2) In any closed path (or mesh) in a network the sum of the
E.M.F.s acting in that path is equal to the sum of the products of the
resistances of, and currents in, the various parts of the path.

The first law presents no difficulty; thus, to take a simple case
(Fig. 98), it is clear that I = I, + I, + I, and therefore

I-I,-L,—I,=0.
Current flowing fo the point A is given the positive
sign, and current flowing from A the negative sign in
I3 writing down the algebraic sum.
Fig. 98. The second law will be best understood by con-
sidering a special example: to simplify matters we will
make use of a suggestion due to Maxwell, known as the ¢ imaginary
cyclic current device.”

EXAMPLE.

Five resistances, AB, BC, CD, DA, BD, of2, 4, 5, 8, and 8 ohms respectively,
are joined as indicated in Fig. 99, and the points A and C are connected to a cell of
E.M.F. 1 volt, the total resistance in the path AEC being 10 ohkms. Find the
currents in the various branches and the resistance of the network between A and C.

In each mesh, or compartment, we assume an imaginary current (x, y, and z),
each flowing in the same direction (clockwise). Applying Kirchhoff’s law to the
compartment on the left, we get :—

2¢+8(x - y)+6(x—2)=0.
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In A B the current is  and the resistance 2, so that the product of current and
resistance is 2x: in B D the current is x clockwise for this compartment and y in the
opposite direction, i.e. the clockwise
current is (# — y), and the resist-
ance is 8, so that the product is
8 (x - g): similarly for DA the
product is 6 (x — 2): the E.M.F.
in this compartment is zero:
hence the law gives the equa-
tion above. Collecting terms, we
get :—

8x -4y - 32=0............ (1)

Similarly, with the compart-
ment on the right :—

dy+5y -2 +8y-2a)=
for in this mesh the clockwise cur-

ntinDBis(y - x),and in CD
1t is (y - 2). Colleoting terms :—

~-8c+ 17y -52=0 ... (2)
Finally, for the bottom com- E
partment— Fig. 99.

1246z ~2)+5@~-y)=1,
for in this mesh the E.M.T. is 1 volt. Collecting terms :—

-6x-5y+2lz=1. ....... ... (3)
By solving the equations (1), (2), and (3) the various currents and the joint
resistance are obtained : thus :—
Eliminating « from (1) and (2)—
13y =82 =0 .. . oot iivin o et v, (4)
Multiplying (1) by 3 and (3) by 4—

2%Ux - 12y - 92=0
- 24x - 20y + 84z =4

Adding - 32y + T82 =4 .o i s . (5)
Eliminating y from (4) and (5) 2 = 5.
Substituting in (4) Y = %5

* Hence from (1) x = 8%,

Thus the total current is 52/719 amperes, the ourrent in BD is (z - g), i.e.
3'5[719 amperes in the direction B to D, the current in A D is (z — z), i.e.
16:5/719 amperes, and so on.

The joint resistance of the network formed by AB, BC, AD, DC, and BD is
found thus :—

Let R = joint resistance,
<+ R+ 10 = total resistance,
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Now :—
. E.M.F. 52 1
1 b= e S = =
Total curren Total resistance 719 T R+ 10
i.e. R = 3:82 ohms.

This section is perhaps somewhat tedious, but the student should
try to understand it, for so many problems can be solved by this
method which cannot be readily solved in any other way.

119. Electrical Energy.—It has been explained that whenever a
P.D. exists between two points in an electric circuit an energy trans-
formation occurs between them. When a current flows along a copper
wire, energy is subtracted from the electric circuit appearing as heat
in the wire; when a current flows through the filament of a glow-lamp,
energy is again subtracted from the electric circuit, part appearing as
heat 1n the filament, part being dissipated as heat communicated to
the air and bodies near, and part being utilised in setting up the ether
vibrations which constitute light. Passing a current through a volta-
meter results in the transformation of electrical energy into heat energy
and into the potential energy of chemical separation, whilst passing it
through a motor gives a transformation into heat and mechanical
work. In all cases the electrical energy which disappears is equivalent
to the new forms into which it is transformed.

In the previous chapter it has been shown that if the P.D. between
two points is one volt, and one coulomb of electricity passes, the
energy transformation is 107 ergs; this is adopted as the unit of work
or energy in electrical engineering, and is called a joule; hence—

A joule is the work done (or enorgy transformed) between
two points in a circuit when the P.D. between the points is
one volt, and one coulomb of electricity passes; it is equal fo
107 ergs or *7375 foot-pound.

If the P.D. be E volts, and one coulomb passes, the work done is
E joules; if Q coulombs pass, the work is EQ joules; if the Q
coulombs be transferred by a current of I amperes flowing for ¢ seconds,
Q is equal to It and the energy transformation is measured by
EIt joules; hence—

Joules = EIf — Volts X Amperes X Seconds
= I’Rt = (Amperes)* X Ohms X Seconds ...... 2)

E? (Volts)? x Seconds
= b= A s
R Ohms ' - @)

By (1) above, if the pressure be one volt, the current one ampere,
and the time one hour, i.e. 3,600 seconds, the energy transformation
will be 8,600 joules. This is another energy unit ca,ll);d a watt-hour;
hence—
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(1) A watt-hour is the work done (or emergy transformed)
between two points in a circuit when the P.D. between the
points is one volt and one ampere flows continuously for one
hour.

(2) A watt-hour is the work done between two points in a
circuit when the product of the pressure in volts, the current
in amperes, and the time in hours is equal to unity.

One watt-hour = 3,600 joules = 2,654 ft.-pounds nearly.
From the definition it follows that if T be the time in hours—

Watt-hours = EIT = Volts X Amperes X Hours ......... (4)
= I’'RT = (Amperes)? X Ohms x Hours ... .. (5)
- E T (Volts)? X Hours

R Ohms

. A still larger unit of energy has been chosen as the legal one by the
Board of Trade; it is called a kilowatt-hour or Board of Trade
unit (B.0.T. unit) or sometimes the ¢ Kelvin,” and is equal to 1,000
watt-hours, 3,600,000 joules, or approximately 2,654,000 foot-pounds.
Clearly—

(1) A B.O.T. unit is the work done (or energy transforma-
tion) between two points in a circuit when the P.D. is one volt
and one ampere flows continuously for 1,000 hours.

(2) A B.O.T. unit is the work done between two points in
a circuit when the product of the pressure in volts, the current
in amperes, and the time in hours is equal to 1,000.

From the definitions it follows that—

{ No. of B.O.T. | _ No. of watt-hours _ EIT _ I°RT _ ET m
units 1000 1000 1000 R x 1000°
EXAMPLE.

A feeder has a resistance of 5 ohm, and the current it carries averages 50
amperes. How many B.0.T. units does it absorb in 24 hours, and what will the
lost energy cost the station at 2d. per unit ?

: _I*RT _ 50 x 50 x 05 x 24 _ 4,
No. of B.0.T. units absorbed = 000 = 1000 3;

s Cost at 2d. per unit = 6d.

120. Electrical Power or Activity.—This has been defined in
Chapter I. as “rate of doing work ”; stated algebraically :

Work done

e 2 " and Work = Power X Time in Seconds,
Time in Seconds

Power =
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In the preceding section it has been shown that the work done in ¢
seconds when a current of I amperes flows under a pressure of E volts
is EIt joules. If B and I be each unity, the work per second is one
joule; this is adopted as the unit of electrical power or activity and is
called a watt; hence—

(1) A watt is the power in a circuit when the P.D. is one
volt and one ampere is passing.

(2) A watt is the power in a circnit when work is being done
at the rate of one joule or 10’ ergs or ‘7375 foot-pound per
second.

(3) A watt is a rate of working equivalent to iz h.p.
(Art. 12).

Putting £ equal to unity in (1), (2), and (3) of Art. 115 we obtain
the corresponding expressions for the watts rate of working in a
circuit, viz.:

Watts = EI = Volts X Amperes ............... (1)
=I’R = (Amperes)’ X Ohms ............ (2)
_ B* _ (Volts)?
= R (Ohmm) s 3

For purposes of calculation it may be mentioned that carbon filament glow-
lamps absorb from 2} to 4 watts per candle; a common value is 3'5 or 3:75. A
small Nernst lamp taking half an ampere at 100 volts gives about 34 candle-power
and absorbs about 1'8 watts per candle. Modern metallic filament lamps take
1 watt per candle,

The kilowatt is another unit of power, and is equal to 1,000 watts ;
hence—

(1) A kilowatt is the power in the circuit when the P.D.
is one volt and 1,000 amperes is flowing or when the P.D. is
1,000 volts and one ampere is flowing.

(2) A kilowatt is a rate of working equivalent to 1202, i.e.
134 h.-p.

(3) A kilowatt is the power in the circuit when the product
of the pressure in volts and the current in amperes is equal to
1,000. .

The power of a dynamo is generally expressed in kilowatts ; thus a machine
:apable of supplying 40 amperes at 2,000 volts has a power of 80,000 watts or
30 kilowatts and is called an 80-unit machine. Negleoting losses of energy in the
sransformation, the h.-p. necessary to drive this dynamo is 2833° or 80 x 134,
e, 1072 h.-p. Clearly the h.-p. required varies with the current output. On
>pen circuit the power necessitated will only be that which is required to over-
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come friction ; when the current is switched on the product of current and
pressure increases and, therefore, so also does the h.-p. required to drive the
machine.

Since the number of watt-hours is given by the product of the
watts and the hours, a watt-hour may he defined as the work
done in one hour when the power in the circuit is one watt.
Similarly, a kilowatt-hour is the work done in one hour when the
power is one kilowatt. We would again remind the reader that a
“watt-hour” and a “ kilowatt-hour ” are units of work or energy, not
units of power.

EXAMPLES.

1. 4 compound wound dynamo producing a terminal P.D. of 150 volts is used
to charge 60 storage cells, each having an E.M.F. of 22 volts and a resistance of
‘001 ohm. If the leads joining the dynamo and cells have a resistance of ‘2 ohm,
what will be the current generated 2 (0.)

Total back pressure of battery
.. Effective pressure

°

60 X 22 = 132 volts,
150 ~- 132 = 18 volts,

o

Resistance of battery = 60 x ‘001 = ‘06 ohm,
. Total resistance ‘06 + 2 = ‘26 ohm.
Hence— Current = 15 = 6923 ampere.

26

2. In a water-power plant the dynamo, which produces a fixed P.D. at its
terminals of 120 volts, i3 300 yards away from the house. The usual load consists
of 200 100-volt 35-watt glow-lamps. What size leads should be employed if the
resistance of @ cubic inch (inch cube) of copper i ‘66 microhm ¢ (0.)

Watts =FI, . 1=Valfs,
: Watts absorbed by each lamp
— 1 =
Hence Current in each lamp P.D. for each Tamp
=35 _. .
=100 = 35 ampere ;
. Current for 200 lamps in parallel = *35 x 200 = 70 amperes,
i.e. Current in leads = 70 amperes
and Volts used in leads = 120 - 100 = 20;
. Resistance of leads = ?_0 = %-ohm.
Again— R = P_(l;' Soa = p;i_l_;

p = *66 miorohm = Tﬁ('g ohm per inch cube,
1 = 600 yards (go and return) = (600 x 36) inches,

R=§ohm;

L. _ 86 x 600 % 36 xT _.
S = 107 <5 = 0499 square inch.
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8. A pair of feeders each half a mile long have to deliver 100 kilowatts at
440 volts. What cross-section must they have so that the loss in them may not
exceed 5 per cent. of the power delivered ?  One cubic inch (inch-cube) of copper has
a resistance of 2 microhm. (P.)

Permissible loss in feeders = ( B of 100) k.w. = 5,000 watts,

100
Total watts delivered = 100 x 1000 = 100,000,
*. Current in feeders = 1923(’” = 2‘??0
Again—
Watts = IR, .~ R = W{‘fﬁ’;;
Hence— Resistance of feeders = Watts absorbed by feedeﬁ
(Current 1n feeders)*
5000 _ 121
= —(—2_'.’99—)z = 1950 —“—_ohms.
11
Again—
_ 1 g P XL
R= P O
p= ( = X To_“) ohms per inch cube,
! = 1 mile = (1760 x 36) inches,
A= 2 x 1760 x 36 x 1250 = 43 square inch.

3 x 108 x 121

&. If three resistances rl, Ty Ty QTE joined i parallel, what is the resultan;
resistance? If 15 yards of {5 cable are in parallel with 50 yards of 18, what 1s the
joint resistance ? A single No. 16 wire has a resistance of '8 ohm per 100 yards; a
aingle No. 20 a resistance of 2775 ohms per 100 yards ; a stranded conductor huas
3 per cent. more resistance than a solid conductor of the same cross-section. (P.)

(@) See Art. 117.

(b) 100 yards of single No. 16 has a resistance of ‘8 ohm ; hence 75 yards has a

resistance of % of ‘8, i.e. ‘6 ohm;

75 yards of solid conductor having 7 times the cross-section of a single
No. 16 has a resistance of 1 of *6, ¢.e. ‘0857 ohm ;

. 75 yards of % cable has a resistance of 132 of ‘0857, 7.e, ‘088 ohm.

In the same way it can be proved that the resistance of 50 yards of
18 cable is "074 ohm.

11 1 C B
Hence— T{—_T)B‘Q+'—(m’ ~. R = '04 ohm nearly.

5. A dynamo feeds 1,000 16-candle glow-lamps. What current must the dynamo
supply if the difference of potential at its terminals iz 200 volts, and each lamp
absorbs 3'6 watts per candle 2 (Bd. of Education, Stage 2.)

Determine also : (1) the electrical h.-p. required ; (2) the watt-hours and B.O.T.,
units supplied in 10 hours ; (3) the cost of the energy at 4d. per B.O.T. unit.

Watte absorbed by 1 lamp = 36 x 16 = 576
. Watts absorbed by 1,000 lamps = 57'6 x 1,000 = 57,600,
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Now— Watts = EI, I = W»%tlt—s;
.. since tl;e lamps are in parallel'and the P.D. is 200 volts,
Total current = 5’{3}%0 = 288 amperes.
Again—
Since 746 watts = 1 h.-p., h.-p. required =5—;2%0 = 772,

Energy in watt-hours = watts x hours = 57,600 x 10 = 576,000
One B.Q.T. unit = 1,000 watt-hours,

. s watt-hours _ 576000 _

. No. of B.0.T. units 1000~ — 1000 576.
Finally—Cost of 576 units at 4d. per unit = £9 12s.

(i

I

6. Current is required along a street 2,000 feet long at the rate of 1 ampere per
10 feet of frontage. Ghwe sectional area of conductor so that the difference of
pressure between any two lamps shall not exceed 2 volts, the current being supplied
midway. The resistance of 1 foot of wire 1 mil. in diameter is 10 81 ohms.

@

Length of half the street = 1,000 feet,

.~ Current taken by each half = 1—19—(())0 = 100 amperes.

Again, since 1 ampere is taken off in each length of 10 feet, the mean or average
current in each half-street will be 1_3_0’ i.e. 50 amperes. The greatest P.D. (which

may not exceed 2 volts) will exist between the first and last lamps, and this will
‘be given by the product of the average current and resistance between these
lamps : hence—

50 R =2, SR = —l_ ohm.
25
- =t C g =P XL,
Now R P2 S ="
! =2 x 1,000 = 2,000 feet (‘‘go” and ‘‘ return ),

W

p = 10-81 ohms per mil.-foot,
@ = cross-section required in circular mils.
Substituting and solving : @ = 540,500 circular mils.
= ‘42 square inch.

EXERCISES X.
SERIES A.

1. A battery of 10 acoumulators, each of 2 volts E.M.F. and ;5 ohm resistance
is joined in series with a resistance of 40 ohms. What is the current ?

2. A 10-ampere arc lamp is supplied by a battery of 45 Grove cells in series,
How many coulombs will be supplied in an hour? What will be the total weight
of zino consumed in the battery, and what will be the cost of it at 2s. per
kilogramme ?



146 QUANTITATIVE RELATIONS,

3. A 37/12-stranded copper cable has a copper cross-section of ‘314 sq. in.
What is the resistance of 1 mile of this cable, and what will be the drop in volts
along it when it is carrying a current of 300 amperes?

4. A group of 400 100-volt 60-watt lamps is fed by a pair of mains from a
dynamo 200 yd. distant. Find (1) the total ourrent required ; (2) the cross-
section of the cable required at 1,000 amperes per sq. in. ; (3) the resistance of the
pair of mains ; (4) the pressure at the dynamo terminals at full load.

5. A cable 400 yd. long is required to carry a current of 100 amperes with a
drop of 20 volts. What should be the section of the copper ?

6. Two lamps of 100 and 150 ohms each when running are put in parallel with
each other, and the pair is put in series with a lamp of 100 ohms. What E.M.F.
will be needed on the system in order that it may consume 250 watts?

7. A dynamo is used to feed 80 lamps, each of 100 volts and 48 watts. The
distance of the dynamo from the lamps is 300 yd. The current density in the
cable is 1,000 amperes per sq. in. What is the section of the cable?

8. In the above problem, what is the resistance of the cable lead and return?
And what must be the P.D. at the dynamo terminals at full load ? Resistance of
the copper cable = '66 microhm per inch cube.

9. What must be the section of a manganin wire to have the same resistance
as a 16 S.W.G. copper wire of the same length ? Specific resistance of copper per
cm. cube 18 1'57 microhms, and of manganin 475 microhms.

10. Two lamps A and B of 30 and 60 ohms resistance are joined in parallel,
and the pair is put in series with a lamp C of 40 ohms and connected across mains
at 100 volts pressure. Find the current n each lamp.

11. A hot-wire voltmeter has a resistance of 320 ohms, and is connected to
mains at 120 volts pressure. Find (a) the current taken, (b) the watts absorbed,
(c) the B.O.T. units taken in 24 hours, (d) the cost of the energy absorbed at 5d.
per unit.

12. A tramway motor is fed at 400 volts pressure, and takes an average current
of 30 amperes. How many watts does it absorb, and how many B.0O.T. units
per hour ?

13. Two arc lamps, each taking 10 amperes, are fed in series from mains at
110 volts. What is the cost of each lamp per hour at 6d. per B.O.T. unit?

14. A glow-lamp fed at 200 volts takes ‘3 ampere. How many such lamps can
be run for an expenditure of power equal to 1 h.-p. ?

Skrizs B.
1. Define an ampere, 10,000 volts, one megohm, a kilowatt, 40 B.O.T. units,
and 100 h.-p. (P.)
2. Define a dyne, watt, horse-power, joule, B.O.T. unit. (P.)

3. Define the terms watt, joule, coulomb, B.0.T. unit, as applied to electric
measurement. Distinguish between work and power. Is a foot-pound a unit of
work or power? (O.)
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4. What effeot have changes of temperature on the electrical resistance of
metals, insulating materials, and liquids? (0.)

5. Prove that the joint resistance of two resistances joined in multiple aro
(parallel) is the product of the two divided by their sum. What is the capacity
F of two condensers F; and F, when joined in cascade (series)? (H.)

6. What is a megohm? Whatis a microhm ? If threelengths of cable, having
respectively an insulation resistance of 300, 400, and 500 megohms, be joined in &
continuous length, what will be the insulation resistance of the whole cable? (0.)

7. The total insulation of a telegraph line between stations A and C is 5,000
ohms, and the total insulation botween station A and an intermediate station B
is 7,000 ohms. What is the total insulation of the section B C? (H.)

8. Four 200-volt glow-lamps of 5, 8, 16, and 32 candle-power respectively are
connected in parallel on a 200-volt circuit. Make a diagram showing the connec-
tions, and find the current passing through each lamp, as well as the current
required by the four (efficiency of lamps 35 watts per candle). (P.)

- 9. Calculate the resistance of each of the lampsin Question 8, also the combined
resistance when joined in parallel. (P.)

10. Calculate the resistance of one mile of copper conductor, having a cross-

sectional area of *137 square inch. The resistance of an inch cube of copper between
opposite faces is *66 microhm. (P.)

11. A group of 25 16 c.-p. 100-volt lamps, each taking ‘55 ampere, are to be
run by a dynamo 50 yards away. What must be the cross section of the cable if
the drop in volts is not to exceed half a volt? The resistance of an inch cube of
copper may be taken as ‘66 microhm. (P.)

12. A group of 10 60-watt 110-volt lamps is situated 90 feet from the distribu.
ting board. What must be the diameter of the wires so that the fall of pressure
between board and lamps shall be 1°1 volt? (P.)

13. Compare the resistances of two copper wires, one of which is 4 metres long
and weighs 75 grammes, and the other is 5 metreslong and weighs 42 grammes.
(B.)

14. A dynamo maintaining a constant pressure of 220 volt®between its termi-
nals supplies a power of 18,000 watts to a house 200 yards away. What must be
the cross-section of the copper of the leads, so that not more than 4 per cent. of

the power may be wasted in them ? Resistance of an inch cube of copper may be
. taken as *66 microhm. (P.)

15. Current is required along a street 2,000 feet long at the rate of 1 ampere
per 10 feet of frontage. Give the sectional area of conductor so that the difference
of pressure between any two lamps shall not exceed two volts in the following
two cases !

(a) The current being supplied at one end.

(b) The current being supplied midway.

The resistance of a copper bar 1,000 feet long and 1 sq. inch in cross-section may
be taken at ‘008 ohm. (O.)
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16. A glow-lamp takes a current of '55 ampere when connected to leads at 120
volts pressure. Find (a) the hot resistance of the lamp ; (b) the watts absorbed ;
(c) the energy taken in 1 hour in joules; (d) the watt-hours taken in 50 hours;
(¢) the B.O.T. units taken in 100 hours ; (/) the cost of the energy absorbed at
5d. per unit.

17. At 6d. per Board of Trade unit how much does it cost for electric energy
to keep 10 lamps, each giving 15 candles, glowing for 5 hours? (P.)

18. How many electric h.-p. are needed to drive a dynamo supplying 120
16-candle lamps if the lamps take half an ampere each, and are supplied at 120
volts? (P.)

19. How many h.-p. is required to drive a current of 100 amperes through a
resistance of 74 ohms? (P.)

20. A single cell of a secondary battery delivers 400 ampere-hoursat an E.M.F,
of 2 volts. Assuming 1 h.-p. = 746 watts, calculate the energy reckoned in foot-
pounds of the discharge. (P.)

21. How many electric h.-p. would be required to light a factory in which
1,500 glow-lamps, each taking '3 ampere at 220 volts, and 40 5-ampere enclosed
arcs, two in series, are used at one time? (P.)

22. If a glow-lamp takes 3% watts per candle, and a gas burner gives 3 candles
per cubic foot of gas burnt per hour, what must be the price of a Board of Trade
unit so that the cost of electric lighting may be the same as that of gis lighting
with gas at 2s. 9d. per 1,000 cubic feet, the cost of lamps, fittings, wiring, ete.,
being excluded ? (P.)

23. In a street is a pair of mains each ‘2 square inch in section (resistance °12
ohm per 1,000 yards). The demand is at the rate of one 80-watt 100-volt lamp
per yard. Find the distance between the feeding points so that the maximum
variation of pressure between any two consumers shall not exceed 3 volts.

X C 24. The mains X and Y have a P.D. of 110 volts,
B is a 50-volt 120-watt lamp, and A is a 60-volt
A . 30-watt lamp. What is the resistance of a coil that

must be joined from C to D so that each lamp may
get correct current at the proper voltage? Deter-

B mine the watts absorbed by this coil and the cost of
Y the energy taken by it in 100 hours at 6d. per
Figo 99a. B.O.T. unit.

25. What is meant by the resistance of a conductor? Say how resistance
varies with length and cross-section, and calculate the resistance of 1,000 yards
of copper wire a tenth of an inch in diameter. (Resistance of an inch cube of
copper is two-thirds of a microhm.) (P.)



CHAPTER XI.

MEASUREMENT OF RESISTANCE.

121. Principle of the Wheatstone Bridge.—The general principle
underlying this convenient and accurate method of measuring resist-
ance will be gathered from Fig.100. The current from the battery
B, with the conductor arrangements as
indicated, divides at A, partflowing through
the upper branch in the direction ADC, and
part through the lower branch in the direc-
tion AEC. Since the fall of potential from
its value at A to that at C is the same in
both branches, it is clear that selecting
any intermediate point D on one of them,
there must exist somewhere on the other
path a point having the identical potential
of the chosen one D.

If E be this second point, no current Fig. 100.
will flow between D and E if a conducting .
path be put between them, and if this path includes a galvano-
meter the latter will not be deflected. Joining Y to D will result
in a current from Y to D, for Y being nearer to the high potential
end A of the lower branch than the point E, is at a higher potential
than the latter and therefore at a higher potential than D; metallic
connection between Z and D will produce a flow from D to Z, since the
latter is below E and therefore below D in potential.

From this to the numerical relations is but a short step. As D is
at the same potential as E, the P.D. between A and D is equal to
that between A and E, and the P.D. between D and C is equal to that
between E and C; hence:—

P.D. between A and D __ P.D. between A and E
P.D. between D and C~ P.D. between B and C’
Current in AD X Res. AD __ Current in AE X Res. AE
Current in DC X Res. DC ~ Current in EC x Res. EC
But the current in A D is the same as that in D C, and the current
in AE is identical with that in E C since none flows through the
galvanometer ; hence—
Resistance AD __ Resistance A E
Resistance D C ~ Resistance E ¢’

..
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or, denoting the four resistances by the letters P, Q, R, and S as
in the figure, ,
P_R

8 Q
By the aid of this relation an unknown resistance P can be deter-
mined provided that: (1) R, Q, and S are known resistances, or (2)
the resistance of one of the adjacent conductors, viz. R or 8, is known
and the ratio of the other two is also known.

122. The Metre Bridge Pattern.—In its simplest form, Fig. 101,
this consists of three thick bars of copper of negligible resistance fixed
to a board and provided with two
gaps for the insertion of the resist-
ance to be measured and a standard
resistance with which it is compared.
A straight, hard uniform wire of
fairly high resistance (platinoid, Ger-
man silver or platinum iridium), 1
metre in length, joins the two copper
end pieces and has behind it a scale
divided into 1,000 equal parts. By
means of a slider contact can be made
at any point on the wire, the exact position of which contact is indi-
cated by a pointer attached to the slider and moving over the scale.

The instrument is provided with binding screws for the battery and
galvanometer connections ; the former includes a key K so that waste
of battery power may be avoided. The entire connections are shown
in Fig. 101, in which P is the unknown resistance and S a standard
known resistance of somewhat similar magnitude. The experiment
consists in (1) closing K and (2) moving the slider along the wire
until a point of contact B is reached at which the galvanometer is not
deflected. With this condition realised,

Resistance P _ Res. AE _ Length AE
Resistance S Res. EC ~ Length E C’

Fig. 101.

for since the wire is uniform, resistance is proportional to length.

Hence—

__ Length AE
Res- Of P = Im X Res- S.

Example.—If S = 5 ohins, AE = 410 divisions, EC = 590 divisions,

_ 410 _ a.
P—-mof5~347ohms.
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123. Errors in the Measurement of Resistance by the Metre Bridga.
—Briefly, the sources of error in metre-bridge work may be stated to be—

(1) Lack of uniformity in the wire. To correct for this the wire must be
calibrated so that the ratio Resistance A E/Resistance E O is known.

(2) Resistances of the end-pieces too large and unequal to be neglected. These
are determined experimentally as equivalent to so many divisions of bridge wire,
and these divisions are added to the respective sections into which the slider
divides the wire each time a test is made.

(3) The non-coincidence of the pointer with the edge of the slider which makes
contact with the wire. This error is eliminated by interchanging the coils and
taking the mean of the two results.

(4) Variation of the resistance of the coils used owing to temperature changes
during the experiment.

(5) The thermo-electric effects* (Seebeck and Peltier) due to the junctions of
dissimilar metals. These are eliminated by using a “reversing” key in the
battery circuit, and balancing with the current in opposite directions in the bridge.

124. The Post Office Box Pattern.—Referring to Fig. 100, when
a balance is obtained g = %; hence % = % This form of the equation
will best suit our present requirements, and the better to show
the connection between the theoretical arrangement and the actual
apparatus, it will be assumed in this section that S is the unknown
resistance.

The Post Office Box consists of a number of coils of known resistance
arranged so as to form three arms
of a Wheatstone Bridge, the fourth
consisting of the coil whose resist-
ance is to be determined. The
method in which the coils are fixed
and manipulated is shown in Fig.
102. Their ends are attached to
solid brass blocks separated from
each other by conical gaps, into
which conical brass plugs can be
inserted. By inserting a plug
that particular resistance is cut
out of circuit, for the current will
pass from one block to the next through the plug; removing a plug
necessitates the current going through the coil, thus adding that resist-
ance to the circuit. The coils are doubled upon themselves in the
manner indicated so as to eliminate the effects of inductance (Chap.
XVL).

* See Chapter XV,
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A plan of the box and its connections is shown in Fig. 103. The
arms P and R are known as the rafio arms; each consists of three
coils of 10, 100, and 1,000 ohms resistance. Q 1is called the rheostat
arm, and consists of a series of coils whereby resistances ranging from
1 to 10,000 ohms can be obtained. § is the unknown resistance. The
lettering of the box is identical with Fig. 100, and the reader would
do well to make a careful comparison.

XN X XX
N @

N * ¥ ¥ ¥
2 { 9y e
. 103,

The manipulations will be best realised by considering the following
actual test of a manganin wire:

I. Ratio arms: R = 10 ohms, P = 10 okhms.

Since R is equal to P, Q must be equal to S to secure a balance.
On taking 2 ohms out of Q the galvanometer deflection was to the
right, and 3 ohms gave a deflection to the left; hence—

8 lies between 2 and 3 ohms.
II. Ratio arms: R = 100 ohms, P = 10 ohms.

Since R is equal to 10 P, Q must be equal to 10 S for a balance,
i.e. Q must be between 20 and 30 ohms. On taking 23 ohms from Q
the deflection was to the right, and 24 ohms gave a deflection to the
left; hence—

8 lies.between 2'3 and 2'4 ohms.

TIT. Ratio arms: R =1,000 okms, P = 10 ohms.

In this case Q must be equal to 100 S, and therefore must be
between 230 and 240 ohms. It was found that 237 ohms gave mno

deflection ; hence—
8 — 2'37 ohms.

Should two consecutive resistances in the third step still produce
deflections in opposite directions, the true value may be found by inter-
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polation. To take an example: If 237 ohms gave a deflection of 30
divisions to the right, and 238 gave 40 divisions to the left, a balance
would be obtained if Q could be madé equal to 237 + 33, i.e. 237-428
ohms; in this case the value of S would be 2:37428 ohwms.

If the unknown resistance is very large, R must retain its value,
10 ohms throughout, and P must be made equal to, say, 1,000. R
being 115 of P, Q must be ;35 of the unknown to secure a balance.
Thus, if 1,208 from @ gives no deflection, the value of 8 is 120,800 ohms.

In testing the conductor resistance of a telegraph line the remote
end of the line is put to earth, the near end joined to terminal D, and
terminal C is also earthed. This latter terminal and the far end of
the line, being at equal potentials, are virtually connected ; hence the
test may be performed in the manner previously indicated.

125. Laboratory Method of Measuring a High Resistance.—
The Wheatstone Bridge is unsuitable for the measurement of very
high resistances of the order of a megohm, inasmuch as the conditions
for sensitiveness must be violated ; the following is a good laboratory
method capable of giving accurate results : —

B (Fig. 104) is a convenient battery, R a resistance of 100,000 ohms
made up of resistance
boxesinseries, G-ahigh-
resistance galvanome-
ter, K a well-insulated
key, and X the high re-
sistance to be measured.
With the lever on the
upper stud a the deflec-
tion D, of the galvano-
meter is obtained. A
known resistance r is
nowintroduced, X being .
cut out of circuit by moving the lever to the stud b. The resistance’
R, (also 7 if necessary) is adjusted, the total R between C and D being
kept constant, until a deflection D, of somewhat similar magnitude to
D, is obtained. If ¢ be the P.D. between C and D, ¢, the P.D.
between C and E, I, the current in the galvanometer in the first case,
and I, the current in it in the second case,

»

e = e

i.e. =

in which X is the only unknown,
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The resistance of the insulation of a cable may be found by the method
outlined above. The cable is coiled up in a metal tank containing water, the
ends only being outside, and these are well insulated to prevent leakage. One

end of the metal core 1s
8- . joined via the key (stud a)

K Py A A to the galvanometer, the
other end of the core being
left ““free,” and the metal
tank, which through the
water is in contact with the
outside of the insulation,
is joined to the end D of
the high resistance R ; thus
the insulation takes the
place of X in Fig. 104. A
slight modification is indi-
cated in Fig. 105. Both
ends of the cable are brought
together at A and joined to
the key K, a metal plate
A, being joined to D. To
avoid surface leakuge the
potential of the cover just below the core A is raised to the same potential as the
core: this is done by the wire w as indicated, and it is clear that no leakage
current can pass through the galvanometer, the latter only indicating the current
flowing through the insulation. It is usual to immerse the cable for 24 hours
and to measure the resistance ‘‘ after one minute’s electrification.”

The specific resistance of the dielectric may now be found by the relation
of Art. 116, viz.—

Insulation resistance} - {'366 % % % log _:_z} ohms.
1

of length [ inches

126. Portable Testing Sets: Testing Indoor Electric
Wiring.—The principle underlying the action of Evershed’s Moving
Magnet Set will be gathered from Fig. 106, and although this apparatus
has been largely superseded by the newer types which follow, the student
will still meet with it in practice and the “ theory of action’ is instructive.
It consists of two sets of coils S and P so arranged that their axes are
perpendicular to each other. At their centre is pivoted a soft-iron
needle, to which is attached a pointer p moving over the scale of the
instrument.

The generator, consisting of a small magneto machine, is connected
to the terminals G- G of the ohmmeter, whilst the insulation or con-
ductor resistance to be measured is placed across the terminals I E,
7.e. In series with the coils S, which are of low resistance and known as
the current coils of the instrument. The other coil P is joined straight
across the generator terminals and is termed the pressure coil; it is
not in itself of high resistance, but has in series with it a large
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resistance in the form of an ezciting coil (shown at C), one function of
which is to magnetise the soft-iron needle when the current passes.
The generator is contained in a separate box, and should be placed
three or four feet from the ohmmeter in making a test, otherwise the
needle may be affected by stray lines from it.

ot
LEADS TO
GENERATOR G

Fig. 106.

On working the machine, the current from it divides at the upper
terminal G on the right, part flowing through P, and part through S
and the unknown resistance ; the former tends to set the needle in one
direction, viz. along the axis of P, whilst the latter tends to set it along
the axis of S. The indication of the instrument will thus depend upon
the relative effects of the currents in P and S, and since the currents
in the two branches are inversely proportional to their resistances it is
evident that the deflection of the needle will depend on the ratio of the
resistances of the two circuits.

With a very small unknown resistance the larger portion of the
current passes through the coils S and the pointer sets towards zero
on the scale: if the unknown be very large as compared with the
pressure-coil circuit, the larger portion of the current passes in this
circuit and the pointer moves towards the other end of the scale; thus
with unknown resistances between zero and infinity the pointer takes
up some intermediate position on the scale more and more to the left
the lower the resistance. The ohmmeter is calibrated so that its in-
dications give the unknown resistance direct in ohms or megohms.

Each ohmmeter is fitted with a two-contact switch X, whereby a
resistance R (termed a shunt) may be put in parallel with the current
coils and the range of the instrument thereby altered. They have
ranges from 100 ohms to 50 megohms.

Evershed’s Megger is an improved form of testing apparatus in
which the generator and the ohmmeter are both contained in ong box,
and in which the permanent magnet of the generator produces the
magnetic field in which the moving system which carries the pointer
is deflected. As the reader will learn later, just as a magnet is de-
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flected by a current, so a current carrying wire placed in a magnetic
field is urged in a definite direction depending on the direction of the

Z

of the instrument ; this
is simply Fig. 108 in
greater detail, includ-
ing a “guard plate”
& and its connection,
which is of use in eli-
minating errors due to
leakage across the sur-
face of the insulation
under test. The in-
struments are of two
varieties known as “ va-
riable pressure” and
“constant pressure” in-
struments respectively,
and they are of various
ranges from 1,000 ohms

current and of the field, and naturally the
movement will depend upon the strength
of the current and of the field.

The moving system consists of two coils
inclined to each other, but arranged so
that they must move together as shown
in Fig. 107. These are placed in the
magnetic field of the generator magnet
N'S, and each encircles a soft-iron ring so
as to concentrate the field. One coil P
(Fig. 108) is joined straight across the
generator terminals, and therefore carries
a current proportional to the terminal
PD of the generator. The other coil C
is in series with the resistance under test
and therefore moves with a force depend-
ing upon the current through the unknown
resistance, 7.e. upon the leakage current.
The actual position taken up by the com-
bination is therefore a compromise, de-
pending upon the ratio of the currents in
the coils, 7.e. depending upon the ratio of
the applied PD to the leakage current,
in other words, upon the value of the un-
known resistance.

Fig. 109 gives the internal connections

High Resistance

Generator
[~

L E
Hlnknown Resistance
Mmoo i&

Fig. 108,

to 2,000 megohms; they are primarily intended, however, for in-
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sulation (high) resistances. The third coil shown in Fig. 107 is a
“ compensating coil,” the object of which (together with the shape of
the S'pole of Kig. 109) 1s to obtain a better divided scale: the reason
for this cannot be given here.

A modified form known as the Bridge-Megger can be used either
as a Megger with a range up to 40 megohms or as a Wheatstone
Bridge for ordinary values.

—

Fig. 109,

The Cambridge “Omega ” Testing Set works on the same principle
as the preceding. The generator and ohmmeter are both contained in
the one case, but their magnets are independent of each other. The
two moving coils practically cover the whole surface of the iron drum
(which is situated between the pole pieces) around which they move,
so that the whole of the magnetic flux is utilised at all times.
Fig. 110 shows the ohmmeter portion and Fig. 111 the connections for
taking a high resistance test, the two moving coils being marked D
and C respectively. From the preceding the student will be able to
understand the action.

These sets are well adapted for the testing of the internal wiring of
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a building. To ascertain the insulation to earth of any main, one
end of 1t 18 joined to terminal L, the other end being free, and terminal

: Eisearthed (F1g.106);
with all switches and
Juses on and the lamps
removed, and the gene-
rator worked to pro-
duce the necessary
pressure, the nstru-
ments give the insula-
tion resistancebetween
the mam and earth
direct, To determine
the ingulation resist-
ance between two
mains the end of one
18 joined to L, that
of the other joined to
E, the remote ends of both being left free, all switches and fuses are
“on,” and all lamps are removed as m the case above. In testing the
insulation resistance of the whole installation, all switches and
fuses must be ‘on,” all lamps and fittings must be in place and
connections to the apparatus miranged as mm Fig. 106. The student
should make diagrammatic sketches to illustrate these tests.

Wi THY

v

In carrying out the above tests it 18 essential that the pressure employed be
two or more times the pressure to which the installation when working will be
subjected ; 1t should never fall
below that value, for defective K
sections may stand with ease a
low pressure n testing, but
break down utterly when the
working pressure 18 apphed, and LINE R

D
moreover electrostatioc etfeots at
high pressures differ wadely from =
C

those when the pressure 18 low.
This point is emphasised in the
fohiowing rules on mimmum 1n-
sulation resistance laid down by EARTH
the Institution of KElectrical
Engmeers :—

(1) The snawlation resistance to Fig. 111
earth of the wholi or any it of
the wvrong musty or tostad precionsly to the erection of fittings and electroliers, be
neasired with o pressive not less than twice the wnlended working pressure, and
must not be less an megohma than 30" divided by the number of ** points®” under
test.  For this purpose the * points” are to be counted as the number of pairs

4'.&
v
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of terminal wires from which it is proposed to take the current either directly or by
Jlexibles to lamps or other appliances.

(2) Current must not be switched on until the following test has been applied
to the finished work :—The whole of the lamps having been connected to the con.
ductors and all switches and fuses being ‘“ on,” a pressure equal to twice the working
pressure must be applied and the insulation resistance of the whole or any part of
the installation must not be less tn megohms than 25 divided by the number of
lamps. When all lamps and appliances have been removed from the circuit, the in-
sulation resistance between conductors must not be less in megohms than 25
divided by the number of lamps. No motor, heater or other appliance may be
connected to the supply of electrical energy unless the insulation of the parts
carrying the current measured as above is greater than one megohm from the
frame or case.

127. Cable Faults.—The cable faults with which we shall briefly
deal are—

(1) A breakdown in the insulating covering only, the conductor
remaining intact.

(2) A complete breakdown in both conductor and insulating cover-
ing.

(8) A complete breakdown in the conductor, the insulating covering
remaining intact.

£ | o)
Q
J X oL y
& L
K B 2 =
lllllllr—g----------WJAW__-_..
Fig. 112,

+(1) Loop Test for Class 1.—Let BD (Fig. 112) represent the cable
connecting two distant stations X and Y, and in which a partial earth
exists at Z. At Y the cable in question is ““looped ” to a second one
A C, also running between X and Y, by a conductor CD of negligible
resistance. The free ends of the cables are connectel at the test
station to two adjustable resistances P and R; a sensitive galvano-
meter G joins A and B through the key L, whilst the junction J is
connected through K to the battery, the other pole of which is earthed.

The arrangement is thus equivalent to a ‘Wheatstone Bridge, the
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arms being P — R — ACDZand ZB. If P and R be now adjusted,
so that on closing K and then L the galvanometer is not deflected, we
have— ‘

P_Res. AC+ Res. DZ

R Res. ZB ’
. P+R_Res. AC+ Res.DZ +Res.ZB
hence I Res. ZB g
. Res. ZB _ R
" Res. AC+ Res. DB~ P+ R
. R
1.e. Res.Z B _—?—:R-x ”,

where r = the resistance of the two cables in series. Thus, knowing
the resistance per mile of the cable, the distance B Z corresponding to
the resistance B Z is ascertained. With identical cables—

Res. Z B
Res. AC + Res. DB

=2
=T

where z = distance Z B, and ! = total length of the two cables in

.series; substituting—
__R
e=5h X L

This method is of service in cases where a fault occurs on one of a
pair of electric-light feeders, for the remote ends may be coupled at
the feeding points, and the test performed at the supply station.
The test is independent of the resistance of the fault, but the E.M.F.
of the battery must be sufficiently high to overcome any counter-
pressure due to polarisation at Z.

D <———-R~———><---Ry —-->

P

Fig. 113.

Another method may be briefly indicated. With the end D’ of the cable
¢ free” (Fig. 113), the end B is joined to terminal D of the P.O. Box, terminal G
being earthed, and the resistance between B and earth is measured: if this be
« ohms, then = R, + Ry, where Ry is the resistance of the fault, With the end



MEASUREMENT OF RESISTANCE. 161

B ““free,” the test is repeated at the other end of the cable, i.e. the resistance
between D’ and earth is measured : if this be y ohms, then ¥ = R, + R,. Now:

Y= Rg + Rf .......................... ©eeees sereereiasens . (2
nx+y=R +R,+ 2R,
R=@ty) - B+ R)_2+y-R
2 2
where R = R; + R, = resistance of the whole cable (this is known). Substi-
tuting this value of Ry in (1) and (2), the values of R; and R, and, therefore, the
distances from the ends to Z are determined.

If BD' is too long to admt of the test being applied at both ends, as above,
the following modification may be adopted. With D’ free, the resistance
between B and earth is measured : this gives x as in (1) above. With D’ earthed
the resistance between B and earth is measured ; if this be , then—

e

y = R; + (R, and Ry in parallel),

. R, R,
i.ey y=R1+sz’_é/
Now— R=R;+Ry et vevev s . e (D)
.’E:R]_-I-Raf er eeesraene . e (2)
= R, R,
y_R‘+R2+R ................ e (3)

From these R, can be obtained, and, therefore, the distance B Z.

2. P.0. Box Test for Class 2.—If the broken end of the wire makes
a good “ earth,” the free end of the cable may be joined to terminal D
of the P.O. Box, terminal C being earthed ; the resistance of the
conductor from the free end to the break is then measured in the
usual way, and the distance to the fault ascertained.

8. Insulation and Capacity Tests for Class 3.—The localisation of
this fault with much degree of accuracy is difficult. With the remote
end of the cable “free,”” one method is to measure the insulation
resistance R from the free end to the break, and to apply the relation
of Art. 116, viz.—

= L n
R =366 x 7 Xlogrl,

from which, knowing p, 7, and r,, the distance ! may be found.
A second method is to measure the capacity (Art. 39) C farads
from the free end to the break, and to use the relation of Art 36, viz.—
2:413 _ 1 (cm.
C=1kx ZH2x (em.),

73
log "

from which, knowing %, r,, and r,, the distance / may be found.
T. E. 11
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128. Measurement of Low Resistances.—For the measurement
of very small resistances, such as, for example, that of a dynamo or
' motor armature section, one of
the best methods is that shown
diagrammatically in Fig. 114.
A C is a standard low-resistance
wire of wuniform -cross-section,
joined to an accumulator B and
a variable resistance r. The un-
known resistance X and a stand-

Fig. 114. ard low resistance of somewhat

similar magnitude S are connected

in series, and the two put in parallel with the standard wire; in the

case of an armature section, it must, of course, be detached by un-
soldering before connecting as indicated.

A sensitive galvanometer has one terminal joined to one end of the
unknown, and by means of a movable contact, a point o is found on
the wire, such that the galvanometer is not deflected. This is repeated
at the other end of the unknown, and at both ends of S, as shown by
the dotted lines in the figure ; clearly then—

P.D. at the ends of X = P.D. between a and o/,
and P.D. at the ends of S = P.D. between b and ¥';
. P.D. at the ends of X __ P.D. between a and o’

" PD.attheends of S P.D. between b and "

I, x Res. X _ I, X Res. aa' _ Lengthaa',
L x Res. S I X Res.bd ~ Length bd"’

_ Length a d
~ Tength ¥’

X 8

129. Evershed’s Ducter for Low Resistance.—This instrument
(Fig. 115) is similar in general principle to the Megger. The two
coils P and C are fixed upon an axle with their planes making an
angle with each other. P is wound as a pressure coil, and is joined to
the ends of the unknown resistance X ; 1t therefore carries a current
proportional to the P.D. af the ends of X. One end of C is connected
to the left-hand side of S, the other end being joined through a
resistance R to the right-hand side of S. The battery E is used to
send a current through S and the unknown resistance X ; thus the
current picked off by C depends upon the total current flowing through
X, and the ratio of the current in P to that in C depends therefore
upon the resistance X. The coils P and C are in the field of a strong
magnet N 8.

When the currents pass the combination is deflected, each coil
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trying to occupy the same position, and as they move together, the
actual position taken up depends upon the ratio of the currents in the
coils, i.e. upon the value of the unknown resistance X.

Fig. 115.

The instrument has a standard range of from 10 microhms to five
ohms, the variation being effected as shown in
Fig. 116, which gives the right-hand side of
Fig.115 in greater detail. The five-way switch
K controls the three five-way contacts A, B,
D. Contact A varies the resistance in the
coil P circuit according to the range. D
joins the battery and unknown X to the
correct resistance S, at the same time bring-
ing in an additional resistance  if necessary.
B connects the coil C circuit through a
suitable resistance R to the particular resist-
ance S to be used. The scale is graduated
0-500 microhms, and the reading must
be multiplied by 1, 10,
100, 1,000, 10,000, ac-
cording to the position
of K (and therefore
A, B, D) in making the
test. Fig. 117 depicts
the method of dealing
with armature coils; Fig. 116.
in such cases the final
result must, of course, be multiplied by the number of circuits in
parallel,

Fig. 117.
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130. Ammeter and Voltmeter Methods of Measuring Resistance.—
Since resistance is defined as the ratio of P.D. to current, several resistance tests
may be performed by the combirted use of an ammeter and voltmeter or its
equivalent. The hot resistance of a glow-lamp, for example, may be determined
by inserting an ammeter in series with the lamp, and a voltmeter across the lamp
terminals. If I be the ammeter reading, v the voltmeter reading, and r the
resistance of the voltmeter under these conditions, the current taken by the

latter is _;., and therefore the current in the lamp is I — -:_’_.; hence—

P.D. at its terminals ”

Res. of lamp = Cutrent mit

oy
r
A modification affords a ready test of the internal resistance of a battery or cell,
such as, for example, an accumulator. The experiment consists of three steps :

(1) A reflecting galvanometer, with a large resistance (100,000 ohms) in series
with it, is connected to the poles of the accumulator and the deflection d,
observed.

(2) The poles of the cell are now joined to a second circuit, consisting of an
ammeter and variable resistance, and the latter is adjusted till a current of, say,
10 amperes is registered. While this current is flowing the galvanometer deflec-
tion d, is read.

(3) The accumulator and ammeter circuit are removed, a Clark standard cell

(E.M.F. = 1433 volts) put in series with the galvanometer and its high resist-
ance, and the deflection d; observed.

A deflection dy is produced by a pressure of 1'433 volts ;

.. 8 deflection d, is produced by a pressure of g—' X 1433 volts,
3

and a deflection d, is produced by a pressure of % % 1°433 volts.
'3
Again, if E = E.M.F. of a cell,
and ¢ = Terminal P.D. when a current I flows,
E - e = Volts used up in the cell,
and Resistance of cell = © I_ ¢

.

Now, in Case 1, the cell is practically on open circuit, so that { g.' X 1-433}
3

volts is its E.M.F. E; the terminal P.D. in Case 2 is {:t—iz X 1'433} volts, and
3
neglecting the small portion taken by the galvanometer, 10 amperes may be
taken as the current in the accumulator ; hence—
41433 - %21
ZEI 433 7 1433
10

{'1433 q‘—d——@} ohms,
3

Res. of cell

i
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It should be mentioned in passing that the resistance of a cell depends upon
the current output, decreasing as the current increases; and polarisation, too,
affects many resistance determinations. '

The resistance of the armature of a dynamo may be measured by a combination
of the above two methods. The armature is put in series with an accumulator
and an ammeter, and the current I is observed; the P.D. V at the brushes is
obtained by a high-resistance galvanometer, as in the last case ; the armature
resistance is given by V + L.

131. Measurement of Liquid Resistance.—The most important case is
that of an electrolyte, and an obvious chfficulty arises in the fact that this
polarisation at the electrodes sets up a back E.M.F., which, with ordinary
methods, would appear as a resistance, and, moreover, the polarisation itself is
not constant. In practice the electrodes are invariably of platinum coated with
‘“ platinum black,” and the test is carried out in various ways.

(1) KonrLrauscH's MeTHOD.—This is a metre bridge method, the electrolyte
being in one gap and a standard resistance in the other. Current 1s supplied by
the secondary of an induction coil, and as this 18 rapidly alternating in direction,
the opposite polarising effects at the electrodes neutralise each other. Balance is
obtained by means of & telephone, the balancing point being that for which the
sound in the receiver is 8 mmmimum. The condenser of the induction coil should
be removed, otherwise the currents in the two directions will not be equal, and
polarisation will occur.

(2) Frrzrarrick’s METHOD. —A better method, that of Fitzpatrick, is to supply
continuous current from a battery as usual, having also the ordinary Wheatstone
bridge connections, including the galvanometer, but to pass the current first
through a commutator, which is rapidly rotated by a motor and continually
reverses the current flow, while at the same time the motor, by means of another
commutator, continually reverses the galvanometer connections, so that the
swings, if any, are all in one direction. The galvanometer circuit is closed a
little after the battery circuit and opened a little earlier to avoid inductive
effects.

(3) STrROUD AND HENDERSON’S METHOD.—
This is another Wheatstone Bridge method.
and will be understood from Fig. 118. The
resistances S and Q are made equal and very
large. The resistance P is that of a tube
of the liquid under test. The resistance R
is partly that of another tube of the liquid
exactly like the first, except that it is much
shorter, and partly made up by an adjust-
able resistance. This adjustable resistance,
r, is altered until the galvanometer showsno [~
deflection, in which case the resistance r Fig. 118,
equals that of a column of the liquid equal
to the difference in length of the two tubes. Thus, although continuous current
is employed, since the polarisation effects are the same in both arms of the
bridge, their effect on the result is eliminated.
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EXAMPLES.

(1) On a 200-10lt circuit, the current passing through a bank of lamps 18 found to
be 12 amperes, but on inserting a length of cable in series with the lamps the voltage
across the lamp terminals i3 found to be 195. Suppose that it i3 permissible to earth
the circuit for a short period, how could you test the ohmic resistance of a lightning
conductor within easy access of this lighting curcust?  (0.)

P.n. 200 _ 162 ohms.

R . = — =
esistance of lamps Current ~ 12

19

O\

l

Current in lamps when cable is in series with them = = 117 amps.

[
(=]
i

.. Resistance of this cable = Ms—'ﬁem =2 = 43 ohm.

Current 1n it 17

\ Connections are now made as in Fig.

119, where C is the cable whose resistance
' we have just determined, joined as indi-
wl cated to the upper end of the lightning
g conductor and to the lamps ; the negative
& main of the lighting circuit is put to
earth.

+ + { ? ? :@ Let V = P.D. for the lamps now ;
. . \'
Cc\ 1_ .. Current in lamps = T
! Volts used in cable C and lightning
T 707 condustor = 00— V)
Fiz. 119, *. Resistance of cable C and hightning
200 -V
conductor = =——_—_ |
\4
162

LIGHTNING ROD

N

W

mov
and resistance of lightning conductor = { - } ohms.
lﬁz

The method does not allow for the fact that the resistance of the lamps varies
with the current passing through them, neither does it correct for the chemical
disturbances which may arise with continuous currents at the earth connections.

(2) To determine the insulation resistance of a pair of live mains the following
tests were made, nsing a voltmeter of 10,000 ohms resistance :—

P.D. measured between the mains = 216 volts.
»» » s + main and earth = 196 volts.
" s ”» — main und earth = 10 volts.

Find the insulation resistance of each main from earth, and also the insulation of
the whole system, (0.)
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(a) Voltmeter between 4 ve main and earth.

Let = insulation resistance in ohms between + ve and earth ;
Current in voltmeter = 33885 = "0196 amp. ;’

Current going through insulation to earth = l_::ﬁ amp. ;

~. Total current leaving + ve main = (1—2(’- + ‘0196 ) amp.,

And total current entering — ve main = (129 + 0196 ) amp.

Let y = insulation resistance in ohms between — ve and earth ;
~. P.D. between earth and — ve main = ( 196

196 | 0106 ) ¥ volts.
x
And {P.D. botween}

P.D. between + ve P.D. between earth
mains = and earth + and - ve
216 = 196 + (@+ '0196) Yo e 1)
x

oB) Voltmeter between — ve main and earth.
Current in voltmeter = 14%%5 = ‘001 amp. 3

Current going through msulation to - ve = 10 H

Total current entoring — ve = (%Q + 001 >amp. ;
.. Total current leaving +- ve = ( % + 001 ) am™.
.. P.D. between earth and + ve = (.l_(_). + 001 ) x.
Hence— 216 = 10 + (_%l + 001 )x O )
Solving (1) and (2) we get—

x = 10,000 ohms. y = 510 ohms.
Insulation resistance between + ve and — ve.
=z + % = 10,610 ohms.

Nore:—The above example is important as outlining a method of
measuring the insulation resistance of a pair of live mains.

EXERCISES XI.

1. Describe the Wheatstone Bridge method of measuring resistance, and
explain how a fault in the insulation of a cable may be located. (B.)

2. Give a diagram of the Post Office form of Wheatstone Bridge, showing the
connections. (P.)

3. Sketch the connections of a Wheatstone Bridge, showing how it is con.
nected to the resistance to be measured. (O.)
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4. You are asked to determine the relative electrical values of samples of
insulated copper wire. How would you proceed to determine the copper resis-
tance and insulation resistance respectively ? (H.)

5. Why should the leakage resistance of an installation not be measured by a
1-volt cell even when a sufficiently sensitive galvanometer is available ? (P.)

6. How would you test the insulation in a building you had wired? (P.)
7. What is the construction of an ohmmeter? (0.)

8. Describe with sketches some form of accurate portable testing set used for
measuring the insulation resistance of an electric-light installation. (P.)

9. Having wired one floor of a house, how would you test the insulation to
ascertain whether it complied with the specification? About what insulation
resistance should the wiring of one floor of an ordinary house possess ? (P.)

10. Having found that a fault has occurred in one main, how would you
localise the exact spot? (H.)

11. The total insulation resistance of a telegraph line 100 miles long is found
to be 5,000 ohms, and the total insulation resistance of the hine up to a pong
60 mules from where the measurement is made is found to be 8,000 ohms. What
is the insulation resistance per mile of the remaining 40 miles of line ? (I1.)

12. The conductor resistance of a well-insulated telegraph line with further
end to earth is 2,000 ohms ; if there were a fault at 1ts centre of 1,000 ohms
resistance, to what would the resistance of the line be reduced? (O.)

13. A cable, whose conductor resistance when perfect is 1,000 ohms, becomes
faulty, and the resistance measured from the nearer end when the further end is
insulated is found to be 900 ohms ; when the further end is put to earth, then the
resistance measured from the nearer end is found to be 820 ohms ; determine the
position of the fault. (H.)

14. Explain the methods you would employ for the measurement of (1) a
resistance of the order of one megohm ; (2) one of the order of 10,000 ohms;
(3) one of the order of 10 ohms ; and (4) one of the order of ‘001 ohm.

15. A battery of six cells in series, an ammeter and a key are arranged in
circuit. The poles of the battery are also connected to the terminals of a high-
resistance voltmeter. The voltmeter registers 12-4 volts before, and 106 volts
after, the ammeter circuit is completed, the ammeter indicating 15 amperes.
What is the resistance of each cell of the battery? (P.)

16. Describe the arrangement of a set of resistance coils to act as a Wheat-
stone Bridge. How would you modify the arrangement if a bridge were required
for testing very low resistance? (P.)

17. The wiring of a house on being tested for insulation is found to be defective.
Describe in detail how you would proceed to locate the faults, supposing several
to exist. (P.)



CHAPTER XIL

MEASUREMENT OF POTENTIAL DIFFERENCE,
ELECTROMOTIVE FORCE, AND CURRENT STRENGTH.

132. The Potentiometer.—One of the best methods of comparing
and measuring electromotive forces and potential differences is that
known as the “ potentiometer” method, for it possesses the three
manifest advantages: (1) that it is a “zero” method, i.e. one in which
no deflection has to be observed; (2) that in testing batteries no
current is taken from them, and thus their true E.M.F.’s unaffected
by polarisation are obtained; and (3) that the resistances of the
galvanometer and battery tested do not enter into the calculation since
no current passes through them. The method is, moreover, a valuable
one for the accurate measurement of current and resistance, an | for
the verification and calhibration of ammeters, voltmeters, ete.; it has
been employed by Lord Rayleigh in the comparison of the EMF. s
of standard cells.

A @—ap-
= B =
I N
| XK jAA

G
Fig. 120.

The potentiometer of Fig. 120 consists of seven uniform manganin
or platinum-iridium wires each one metre in length joined in series by
thick copper bars, the whole being attached to a board, and fitted with
binding screws at the ends as indicated; scales graduated in milli-
metres are placed alongside the wires, the graduations commencing
from the end A. The potentiometer wire is connected in series with

_an ammeter A M (for the detection of any current variation during
the experiment), a plug key (P), and a battery (E) of three good
169
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accumulators, the positive pole of the latter being joined to the end
A of the wire. A convenient resistance for the potentiometer wire is
about two ohms per metre. ~

The positive terminal of a Latimer Clark Standard Cell S (E.M.F.
=1433 volts at 15° C.) is connected to the end A, the negative
terminal being joined through a resistance R and a sensitive galvano-
meter G preferably of the D’Arsonval type (Art. 186) to the sliding
contact K placed 143:8 centimetres from the end A.

The P.D. between the points A and K produced by the battery E
tends to send a current through the lower branch in the direction
ASGRK, whilst the EM.F. of the standard cell fends to drive a
current in the opposite direction in this branch, viz. in the direction
KRGSA.

By altering the current in the potentiometer it can be arranged that
the P.D. between A and K (given by the product of the current and
the resistance of this portion of the wire) is equal to the E.M.F. of
the cell S, in which case no current will How in the lower branch and
the galvanometer will not be deflected. This is attained by means of
the slider X, consisting of a short piece of stout wire held firmly on the
potentiometer wires by means of a piece of lead; the position of X is
altered, thus varying the total resistance of the wires till no deflection
is indicated: finally R is removed for greater sensitiveness and X
again slightly changed if necessary till there is absolutely no move-
ment of the galvanometer. Clearly the P.D. between A and K is now
1-433 volts (assuming the temperature of the cell 8 to be 15°C.); and
since the distance A K is 1,433 millimetres, each millimetre of the wire
gives a P.D. of -001 volt.

(1) Measurement of Small E.M.F.’s.—In determining, say, the E.M.F.
of a Leclanché cell (or, in this case, any P.D. up to about 5% volts) S
is removed, the Leclanché cell substituted, its positive pole being joined
to A, and, X remaining fixed, the sliding contact K is adjusted for no
deflection ; if the distance between A and the balancing point be 1,451
millimetres, the B.M.F. of the Leclanché is clearly ‘001 x 1451, d.e.
1451 volts.

(2) Measurement of High E.M F.’s.—If the P.D. to be measured is
a large one, say of the order

200 or 250 volts, and there-

?_ o ___B D € F fore quite beyond the range
of the potentiometer, a high

resistance (10,000 ohms or

b e it S > more) is connected to the
10000 - =2 two points between which

Fig. 121, the P.D. is requjred and

the fall of potential down a
known fraction of this resistance is measured in the manner explained
above; from the value thus determined the total P.D. is readily found,
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since fall of potential is proportional to resistance. A convenient
form of “volt-box,” as it is termed, is shown diagrammatically in
Fig. 121; the resistances of the various'sections are—

C B = 50 ohms. C E = 5,000 ohms.

CD =500 ,, C F=10,000 ,,

Thus, if the P.D. between C and B measured by the potentiometer be
1-25 volts it is clear that the total P.D. between C and F is—

105?3)0 % 125, i.c. 250 volts.

The arrangement of the connections for making the test is shown
in Fig. 122.

>
>
4
>

c *°
Fig. 122, Tig, 123.

(3) Measurement of Resistance—The resistance X (Fig. 123) to be
measured is put in series with a standard resistance S, an accumulator,
and an adjustable resistance. The P.D. at the ends of the unknown
is balanced on the potentiometer, as in the case above. This is
repeated with the standard, and—

P.D. at ends of X _ (Current in X) (Res. of X) _ Res. of X

P.D.at ends of S~ (Current in S) (Res. of S) — Res. of S
. __P.D.at ends of X
e Res. X = P.D. at ends of S
_ 00l xd,o_d
~+001 % dzs_EzS’
where d, and d, are the distances in mm. from A to the sliding

contact at the balances. If X is very large the P.D. and resistance
for a known fraction of it must be measured and the total calculated.

X Res. S

or

(4) Measurement of Current Strength.—To accomplish this, the
current to be measured is sent through a standard low resistance of
‘1, ‘01, or -001 ohm. according to circumstances, and the P.D. at the
ends of this standard is determined in the usual manner; the P.D.

- thus ascertained, divided by the resistance of the standard, gives the
current value required. It will be evident to the reader that this
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method permits of the measurement of very large currents; thus with
the potentiometer of Fig. 120, 5% volts can be accurately measured,
and this P.D. at the ends of ‘a standard resistance of, say, ‘0005 ohm
corresponds to a current of 5%/:0005, i.e. 11,000 amperes. It is in
this way that the large currents employed in copper refining can be
measured.

(5) Measurement of Power—The power absorbed by, say, a lamp is
determined as follows. A standard low resistance is put in series
with the lamp, and the P.D. at the ends of it is measured: this P.D.
divided by the resistance of the standard gives the current. A volt
box is connected across the lamp terminals and the P.D. on a known
fraction of this is measured: from this the full P.D. on the box and
therefore on the lamp is found. The power absorbed by the lamp is
given by the product of the current in the lamp and the P.D. at
its terminals.

A second method for potentiometer experiments may here be briefly referred
to. In it the slider X of Fig. 120 is dispensed with, and, with the standard cell
in circuit, the contact K i3 adjusted for no deflection: the P.D. between A and
K = the E.M.F. of the standard cell = 1433 volts. The standard cell is now
removed, the E.M.F. to be measured is substituted and the contact moved to
some point L for no deflection: the P.D. between A and L = the E.M.F. under
test. Thus:—

Required EM.F. _ P.D. between A and L. _ Length AL

1433 ~ P.D.between A and K Length AK
. : 1. Length A L
- Required E.M.F. = 1433 x Longth AR’

133. The Crompton Potentiometer.—At the hands of Mr. Crompton the
potentiometer has reached a state of perfection which renders it an invaluable
instrument for refined tests of potential difference ; Figs. 124 and 125 give dia-
grammatic views of the connections, the former being merely a simplified sketch
of the latter, the better to illustrate the principle.

The potentiometer consists of a wire divided into fifteen segments of equal
resistance (about 2 ohms); fourteen of these are formed into coils, their ends
being connected to the numbered studs shown at E on the right, the fifteenth
being a stretched wire lying over a scale about 25 inches in length divided into
1,000 equal parts ; thus the coils are permanently protected, and should the wire
become worn or injured a new one may be substituted.

In series with the potentiometer coils and wire is an adjustable resistance ;
this is shown at G and G, on the left, and is for the purpose of altering the P,D.
at the ends of the fifteen segments 80 as to secure a balance with the standard
cell in circuit ; it corresponds to X and the back two wires of Fig. 120, (s the
sliding contact, provided with & spring contact and micrometer adjustment for
refined tests. The accumulator is connected to the terminals A, the galvano-
meter to terminals B, the standard cell to terminals I, any unknown E.M.F.’s to
the terminals 2, 3, 4, 5, and 6, and the double contact switch at the centre
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enables any of these E.M.F.’s to be put into the galvanometer circuit. The
reader should carefully examine these connections and compare them with those
of Fig. 120, .

E«14 COILS
A ‘!“I |N!“ B
6 4 2
l POTENTIOMETER WIRE
C
CENTRAL DOUBLE
CONTAGT SWITOH ELI=E < GALVANOMETER
\ KEY
M ! N
BLOCKS fk]
JOINED TO TERMINALS 2-=2F BLOOKS JOINED TO TERMINALS
1,2,3,4,66 ~ =~ <-—"7,2,3,4,56

Fig. 124.

Working with one accumulator it is customary to standardise the instrument
so that the total P.D. at the ends of the potentiometer coils and wire is 1'5 volts.
To secure this, the revolving arm at E is placed on stud 14, and the sliding con-
tact C at division 330 on the scale; the centre switch is now set on I, thus

R R O,
M ¥

A 1

——]
o4

Fig. 125.

bringing the standard coll into the galvanometer circuit, and the resistances in

series with the coils and wire are adjusted till the galvanometer is not deflected.

Clearly the P.D. for each coil and for the wire is now 1:433/14-33 or ‘1 volt, and
the P.D. for each of the 1,000 divisions is ‘0001 volt.

The E.M.F. to be measured is now brought into the galvanometer circuit by

_ moving the centre switch to the corresponding studs. With C on the extreme

right the revolving arm at E is adjusted till two successive contacts give deflec-
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tions in opposite directions: E is now placed on the stud of lower value and C
adjusted for no deflection. If this condition is reahised with the arm E on stud
10 and the slider C on division 6468, the E.M.F. under test is—

{(10 x ‘1) + (646 x -0001)} volts, 7.e. 10646 volts.

The galvanometer' key (Fig. 124—not shown in Fig. 125) completes the circuit
through two resistances which are short circuited 1n succession as the key is
depressed. The construction of the latest Crompton is identical with the
preceding, but G, G! and the accumulator terminals A are on the right of the
central switch, whilst E, the galvanometer terminals B, and the galvanometer key
are on the left.-

134. Galvanoscopes and Galvanometers.—In Art. 102 it has
been mentioned that if a compass needle be placed in the neighbour-
hood of a current-carrying wire the former will, under suitable
conditions, be deflected in a direction depending on that of the current,
and, naturally, by an amount depending on the current strength;
instruments in which this property is utilised for the detection of
currents are termed galvanoscopes, more accurate forms designed for
current measurement being known as galvanometers.

Fig 126, Fig. 127.

The simplest type of galvanoscope consists of a magnetic needle with
a wire placed above it and in the meridian, as shown in Fig. 126. To
increase the sensitiveness of this arrangement the wire may be formed
into a coil with the needle at its centre (Fig. 127); an application of
the right-hand rule (Chapter XVI.) will reveal the fact that in such a
case all the currents both above and below the needle are urging it in
the same direction, and thus a weak current will be better able to
produce a deflection than if the simple arrangement of Fig. 126 be
followed.

In both these cases, however, it will be observed that the action of the
earth on the needle is opposing that of the current, for the former is
striving to set it in the meridian, whilst the latter is endeavouring to
set it at right angles thereto, from which it follows that to secure
greater sensibility the action of the earth must be eliminated. This is
more or less accomplished by employing instead of a single needle an
“astatic” pair; that is, a combination of two needles of equal Jength,
strength, etc. (or equal “moment ), fixed parallel with unlike poles
adjacent, and with their magnetic axes ir the same vertical plane, and
in which therefore the turning effect of the earth on one is exactly
cancelled by the equal turning effect in the opposite direction on the



ELECTROMOTIVE FORCE, AND CURRENT STRENGTH. 175

other. The two methods of winding such an arrangement so as to

form an ‘‘astatic galvanometer ” are shown in Fig. 128 ; by apply-
ing the right-hand rule :

it will be seen that both 3
needles are urged in the
same direction.

The construction of L S
a perfectly astatic pair
is a matter of extreme s N

difficulty, but even if
partially astatic only, a Fig. 128.

very sensitive galvano-

meter is produced. It may be mentioned here that the “lamp and
scale ” method of reading galvanometer deflections is now extensively
adopted, for a very small and almost unreadable deflection of the
magnet or other moving system produces a considerable deflection of a
spot of light along a scale.

135. The Kelvin Mirror Galvanometer.—
This instrument, originally devised by Lord
Kelvin for submarine cable work, is shown in
Fig. 129. It conmsists of a coil of wire wound
to a resistance of 2,000 to 10,000 ohms accord-
ing to the work for which the galvanometer is
required, at the centre of which is suspended by
a single cocoon silk fibre a small concave mirror
m carrying at the back three or four tiny mag-
nets with like poles adjacent. The reel R on
which the coil is wound and the suspended system
are enclosed in a brass chamber B fitted with
a glass window in front. The short suspension
and confined air chamber combine in making
the instrument to a certain extent *“ dead beat,”
ie. when a current passes, the needles move to
their final position without undue oscillation,
and when the current ceases they move fairly
steadily to their zero position. A “controlling ”
magnet NS is fixed on a vertical rod as shown,
¥ and is for the double purpose of setting the

' “spot of light” on the scale and altering the
sensibility of the galvanometer.

Consider, for example, the galvanometer so

Fig. 129. placed that the coil, needles, and control mag-

net lie in the meridian, the control having its

north pole northwards. Clearly the earth and control magnet are
exerting opposing influences on the needles, so that the magnetic field
in which the latter hang is weak and the moving system will be readily
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deflected by a small current in the coils. Lowering the control will
still further increase the sensitiveness of the arrangement, and finally
a position will be found in which the earth’s field is exactly cancelled
and the system will be astatic. Raising the control will decrease the
sensibility of the galvanometer, and this decrease will be even more
marked if the control be set with its south pole northwards, in which
position it will assist the earth and create a strong field in the vicinity
of the needles.

Fig. 130.

The arrangements for reading the deflection are shown in Fig. 130.
Light from the lamp passes through a slit below the scales (one form
of which contains 720 divisions of half a millimetre each), falls on the
concave mirror m, and is thence reflected along the upper line, pro-
ducing a well-defined image of the slit on the scale. When a current
passes, the magnets and mirror are deflected, the reflected beam moves
through double the angle through which the mirror itself turns, and
the spot of light travels a considerable distance along the scale. The
law of the galvanometer may be taken to be I = Kd, where d is the
scale deflection and K a constant for the galvanometer. Currents of
the order one-millionth of an ampere can be detected and measured.
An electric lamp invariably takes the place of the oil lamp of Fig. 130.

It may here be briefly mentioned that galvanometers are often wound with two
coils, one consisting of few turns, the other consisting of many turns of wire. A
moderately strong current is passed through the former, but a weak ocurrent
through the latter coil, for the greater the number of times it is carried round,
the greater will be its effect on the needle. Of course, the coil of many turns
must necessarily be of fine wire to avoid the instrument approaching unwieldy
dimensions. Similar remarks apply to electromagnets, bells, indicators, ete.

The figure of merit of a galvanometer in which the deflection is given by a
pointer moving over a scale of degrees is usually defined as the current in
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amperes necessary to produce a deflection of 1°; in the case of a reflecting
galvanometer it 1s taken to be the current necessary to produce one millimetre
deflection on a scale placed one metre from the mirror of the galvanometer. The
sensibility is the deflection caused by 1 micro-ampere.

136. Moving-coil Galvanometers.—Except, perhaps, for high-
class laboratory work these galvanometers have largely superseded
the Kelvin instruments in recent years. The form invented by MM.
Despretz and D’Arsonval is shown in Figs. 181, 132.

ig. 132.

The rectangular movable coil consists of a number of turns of fine
wire well soaked in insulating varnish, and suspended between the
poles of a permanent horse-shoe magnet by wires or phosphor bronze
strips which also serve to conduct the current to and from the coil.
The lower wire is attached to a small spring, and the upper suspension
to the torsion head at the top of the instrument ; in this way the coil
is maintained firmly in its normal position, viz. with its plane along
the lines of force of the field between the magnet poles. A cylindrical
piece of soft iron C is supported within the coil, and by concentrating
the lines results in an intense field in the space at each side in which
the vertical wires of the coil move.

When a current passes in the coil, the latter tends to set itself so as
to enclose as many lines of force as possible, i.e. it tends to set with
its plane at right angles to the field between the poles, and this motion
is resisted by the controlling couple furnished by the torsion of the
suspension, the coil in consequence taking up an intermediate position
in which the deflecting and controlling couples balance each other.
The induced pressures developed in the coil when it moves in the
magnetic field oppose the motion and render the instrument dead beat.
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In some types the coil is wound upon a conducting frame of alumin-
ium or silver; in such cases the induced currents (eddy currents)
developed therein still further oppose the motion and increase the
dead-beat action of the galvanometer. Further, when the current
ceases any oscillation of the coil may be prevented by merely con-
necting for a moment the galvanometer terminals by a wire of
low resistance, the damping being as before produced by induced
currents.

The direction of deflection depends on the direction of the current,
and may be determined by the following *left-hand rule,” due to
Fleming :—Place the thumb and the first two fingers of the left hand
mutually at right angles; select the wertical wires in one of the gaps,
hold the middle finger in the direction of the current, and turn the hand
80 that the forefinger points in the direction of the lines of force, i.e. from
N to S; the thumb will give the direction of motion. Thus with the
current passing as in Fig. 132, the left-hand side of the coil moves
‘“out of the paper,” and the right-hand side into it.

The law of this type of galvanometer may be expressed by the
relation—

I= G‘a,

where I is the current, a the deflection, and G+ a constant for the
galvanometer.

The more recent type of moving-coil galvanometer devised by
Messrs. Ayrton and
Mather is shown in
Fig. 133. 'The per-
manent magnet is of
the shape of a nearly
complete cylinder—a
Very narrow air gap
only existing between
the poles. In this
gap hangs the long,
narrow, rectangular
coil, mounted in a thin
silver tube; thus the
“damping” 1s very
efficient. Coils of va-
rious resistances (3,
- 14, 95, and 325 ohms)
Fig. 133. are manufactured, any
of which may be sub-
stituted to comply with the conditions of any specific experiment.
'I'he. coil has no iron core, 1ts shape and the narrow air gap rendering
such unnecessary.




ELECTROMOTIVE FORCE, AND CURRENT STRENGTH. 179

The advantages of the moving-coil galvanometer are :

(1) It is independent of the earth’s magnetic field, since no sensitive magnetio
needle is employed. .

(2) The field in which the coil hangs is so strong that external magnetic fields
due to dynamos, ete., do not affect the readings to any appreciable extent.

(3) It is remarkably ‘‘dead beat” in its action, and is not so sensitive to
vibration in its vicinity as those previously described.

(4) It may be set up in any convenient position.

137. The Ballistic Galvanometer and the Tangent Galvano-
meter.—Ballistic Galvanometers, which may be either of the moving-
magnet or moving-coil type, are instruments constructed for work with
currents of short duration, e.g. induced currents and condenser
discharges. In them ‘damping” must be as small as possible, and
for what exists a correction must be made. Further, the moving
system must have a large moment of inertia (i.e. must be heavy), so
that practically the total discharge passes before the system begins to
move. In such cases it can be proved that the total quantity Q which
passes through the galvanometer is given by—

Ht . a ct
Q =g Q FhA "
the former applying to a ballistic of the moving-magnet type, and the
latter to one of the moving-coil type. In these expressions H —
strength of earth’s field, ¢ = time of swing of the suspended system,
G- = a constant for the galvanometer, ¢ = a constant for the suspension,
% = field in which the coil hangs, A = face area of coil, and a = first

angular swing. Thus in the first case we can write Q o sin—g and in

the second case Q o a: in most cases, for reflecting types, we can
write Q o d, where d = scale deflection (first swing). To be exact a
correction should be made for any damping.

The Tangent Galvanometer is not extensively used in modern labora-
tories. Essentially it consists of a circular coil of a few turns of
insulated wire with a small magnetic needle suspended at the centre.
A light aluminium pointer attached to the needle enables the deflection
to be read on a horizontal scale graduated in degrees. The needle is
véry small, so that the magnetic field due to the current in the coil
may be assumed uniform throughout the space occupied by the needle
and equal to the field at the centre of the coil. In working with the
instrument, the coil is first set in the magnetic meridian so that the
needle and coil are in the same vertical plane; the current to be
measured is then passed through the coil and the angle of deflection
1ead off from the scale.

In Chapter XVIL it is shown that the force on unit pole at the
centre of such a coil when a current I absolute units passes is
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27‘:&1 dynes, where n is the number of turns and 7 the mean radius
in em. If the current be I amperes the force on unit pole will be
wnl 2mnl

—~=— dynes, and on a pole of strength m,

o7 x m dynes.

10r

Referring now to Fig. 184, it will be seen that the needle is at rest
(deflection ¢) under the influence of two couples
—a deflecting couple due to the current and a con-
trolling couple due to the earth. Equating these
couples we have—

2mnl o m x NK = mH x SK;
107
T — r SK
S I=10H. 9 NK
(om] = 10H _"_tan 0 (amperes),
kg, 134, 27n P
H being the horizontal component of the earth’s magnetism. The

2mn

factor -2—"'—-(01' its reciprocal ) is called the constant of the gal-
TR

vanometer; it is the same wherever the instrument is used. The
factor H 21— is called the reduction factor; denoting it by K,
u¥
I = 10K tan 6 (amperes).

The reduction factor of a tangent galvanometer may be found by passing a
current for a suitable time through the galvanometer and a copper sulphate
voltameter in series. The current is obtained from the relation I = wj( 0003293 x ¢),
where w = mass in grammes of copper deposited, and ¢ = time 1 seconds. The
reduction factor is then given by K = 1/10 tan 6, where § = average deflection.
In the same way the constant K say, for a reflecting galvanometer, in the relation
1 = Kd may be determined. Frequently reflecting galvanometers are calibrated,
i.e. a curve is plotted showing the relation between current and deflection so that
the actual current corresponding to a given deflection is known.

188. Other Galvanometers.—A brief reference to one or two types may be
given here :—

The Cambridge Unipivot Galvanometer consists of a circular coil which swings
round a spherical core of scft iron, the latter being fixed between the pole pieces
of & permanent horse-shoe magnet. The 1ron core is drilled down to the centre
where a jewel cup bearing is fixed to support the coil, the latter being provided
with a vertical spindle the bottom point of which rests in the jewel oup
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(Fig. 135a). The controlling force is supplied by a spring attached to the top of
the coill. The current is passed into the coil through this spring and out of it
through a flexible connection at the bottom: The pointer and counter weights
are attached to the top of the coil. Fig. 135b shows the essential details of the
working parts, one of the pole pieces being removed so that the coil, method of
supporting the cores, etc., may be distinctly seen.

TFig. 135. ‘ .

The Duddell Thermo-Galranometer is primarily intended for the detection and
measurement of very small alternating or varying currents, e.g. such as are met
with in telephone circuits and in the receiving aerials of wireless telegraphy. A
loop of silver wire L hangs by a quartz fibre in between the poles
N, 8 of a permanent magnet (Fig. 136). The lower ends of the M
loop are attached to pieces of bismuth and antimony respectively,
the bismuth and antimony being 1n contact at the bottom. Below
this junction is situated the heater, which is a filament of wire or a
quartz fibre platinised. When the current passes through the N S
heater, part of the heat developed is radiated to the bismuth-
antimony junction ; the result is (see Chapter XV.) that another
current 1s sct up 1n the suspended loop in the direction bismuth to  g; Sb
antimony through the junction of these two, and the loop is de- —
flected. The deflection is read by means of the mirror M, and a HEATER
Jamp and scale; it is proportional to the square of the current Fig. 136.
when the heater is central under the junction.

The String Galvanometer cousists of a thin glass fibore CC (Fig. 137) ,with a
film of silver deposited on its surface, stretched vertically between the poles of a
verv powerful electro-magnet. When a current passes down the string it is
dcflected at right angles to the magnetic field, i.e. *‘out of the paper” in g, 137 :
when the current passes up the string it is deflected *“into the paper.” The
movement is observed by means of a microscope passing through a holé drilled in
the pole pieces or by throwing an enlarged image of the string on t;b/ a screen by

/
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an arc lamp and projection lantern. The instrument is largely used in investiga-
tions on the action of the heart: it is known that all muscular movements are
. accompanied by variations in electrical

fc potential and therefore by the produc-

\ tion and variation of current in a suit-
P able sensitive receiving apparatus.

This galvanometer is suitable for the
N S purpose, and the curves obtained by
p it in the Klectro-Cardiographic Ap-
paratus of the Cambridge Instrument

¢ 0_ r'f' {E&I; ) li.(@ $ Co. give reliable information regard-
"""" [ ing the heart’s action, and it 1llustiates

one of the modern advancements in

clinical pathology.
139. Shunts and Shunting.
c —TFor the purpose of decreasing
the sensibility of a galvanometer
Fig. 137. and preventing damage to the in-

strument it is frequently necessary

to pass only a portion of the current through it; this is effected by
counecting the galvanometer terminals by a wire termed a “shunt”
(Fig. 138).

If I be the total current, I, the portion in
the galvanometer, I, the portion in the shunt,
G the galvanometer resistance, and S the re-
sistance of the shunt—

1
L_G_8
L —% w Fig. 133
Hence— T :E’l_ T — G—-?-—S‘;
that is— Il=(}—_?-_—§(1,+12)=eisl .................. Q)
and— . =8 2 LS R @

Thus from (1) we learn that the galvanometer current is determined
by multiplying the total current by the factor e _?_ 3
lation shows that the total current is obtained from the galvanometer

current by multiplying the latter by the factor @ g S, This factor is

; the second re-
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called the “ multiplying power” of the shunt, and is frequently de-
noted by the letter m; thus—

G+8_

>

m... .. . (3)

A
LoB=_Fo e (9

Should it be desirable to send 4 ounly of the current through a
galvanometer, the multiplying power of the
necessary shunt must be 10; substituting this
value of m in (4) we find that S=1GQ, 7.e.
the shunt must have a resistance equaf to 3 of
the galvanometer resistance. Similarly ;35 of
v current will flow in a galvanometer if its
shunt has 5 of its resistance, and 14 of
he current will pass through the galvano-
meter if the shunt resistance be gl of the
zalvanometer resistance.

A shunt box designed to meet these re-
juirements is shown in Fig. 139, from which
it will be gathered that by inserting a plug
1 any one of the three holes, any desired coil
may be put in parallel with the galvanometer.
[t is obvious that such a shunt box can only
be used with the particular galvanometer for
which it was constructed.

It should be observed that the insertion of
1 shunt reduces the total resistance of the cir-
suit by an amount—

_G8 _y_ 6 _a_G
538 % ags=% "4 N G))
S

This measures the additional resistance which must be put in the main
rircuit to keep the total resistance and total current as before. In
“ Constant Total Current” shunts the insertion of a shunt coil throws
automatically this requisite resistance into the circuit.

140. Siemens’ Electrodynamometer.—It will be obvious that
the galvanometers of Arts 134-137 cannot be employed in the measure-
ment of alternating currents; Fig. 140 illustrates the Siemens’
Electrodynamometer, in which the direction of deflection is inde-

ndent of that of the current, and which therefore can be employed
with either direct or alternating currents.
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The action of the instrument depends on the following laws first
enunciated by Ampére -

(1) Parallel currents flowing in the same direction atiract, but if
Jlowing in opposite dirvections they repel.

(2) Two currents whose directions meet at a point attract if both flow
towards or both flow away from the point of meeting; they
repel if one flows towards and the other away from this point.

(8) The force of attraction or repulsion between two portions of
parallel currents 18 dirvectly proportional to the product of the
current strengths and to the lengths of the portions, and in-
versely proportional to the distance between them. (Chapter
XVI)

T
e\’s
H
BS c
n -
Cloy

F a&ﬂ °

Fig. 140

The electrodynamometer consists of two coils, one of which ABCD
is fixed, the other F G IL I, being movable and suspended by means of
a silk thread with its plane perpendicular to that of the other. The
spiral S has one end attached to the movable coil and the other to the
torsion head T; the latter carries a pointer P, which moves over a
graduated scale. M M are mercury cups arranged one above the other
mto which the lower ends of the moving coil dip, and through the
medium of the upper cup the two coils are put in series. A pointer P,
18 also attached to the movable coll, its range of deflection being
limited by the two stops, Ah. The instrument is set up so that the
plane of the moving coil is perpendicular to the meridian, in which
position the earth will have no tendency to deflect it.
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When a current passes, the mutual attractions and repulsions tend
to set the moving coil parallel to the fixed one, and the torsion head
and pointer P are turned in the opposite direction to the deflection
until the pointer P, is again at zero. If I be the current and 6 the
angle through which P is turned,

Couple between the coils o I?,
Couple due to torsion o 8;

and since these balance each other,
P §,ie. I c 40,
S I=K V0,

in which X is a constant which may be determined experimentally by
passing a known current and observing the value of . In most types
there are two fixed coils, one consisting of a few turns of thick wire for
use with strong currents, the other of many turns of fine wire for
us€ with weaker currents.

Reversing the current will not alter the direction of deflection, for it
will be reversed in both coils. With alternating currents which vary
in strength from instant to instant the average value of the stress be-
tween the coils measures the mean of the squares of the instantaneous
values of the current; hence the effective current is proportional to
the square root of the angle 6.

141, The Kelvin Current Balances.—The general principle of
these will be gathered from Fig. 141. In them there are four fixed
coils PQRS placed
horizontally, and be-

tween these there are two — @
movable ones A B ar- ry B
ranged at opposite ends

£

N

of a light balance beam,

the latter being hung at C\ib/ l I \CE
its centre by a number — +

of very fine copper wires Fig. 141.

which also serve to lead

the current to and from the movable coils. With current passing as
indicated it is clear that the beam will tilt upwards on the right, the
left-hand side falling.

A lorizontal scale is fixed to the beam, and by means of a suitable
sliding weight which can be moved along the scale by means of cords
and a corresponding counterpoise placed in the trough T on the right,
the beam can be brought to its initial position and the current calcula-
ted from the position of the sliding weight and the known constants of
the instrument. Each sliding weight has its own particular counter-
poise, the latter being so constructed that it keeps the beam horizontal
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Fig. 142,
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Wl\(lan no current is passing and the sliding weight is at zero on the
scale.

Each instrument is fitted with two scales, a fixed one of large
divisions and a fine scale
of equal divisions which is ;
used when great accuracy
is required, each number
on the fixed scale being e
double the square root of —
the corresponding number (&=
on the fine scale. Thus, — —
if in the test the pointer @— .
is not exactly below one
of the divisions on the — 98—}
fixed scale, the fine-scale '°“M’WVW°..TJ}' 3
reading is taken; if this
latter be 301, then since
A/301 = 17-35, the true reading of the fixed scale is 34'7. Fig. 142
shows one form of the Kelvin Balance with the case removed.

e
Fig. 143,

The Composite Balance is shown diagrammatically in Fig 143 ; in it the
fixed coils on the left are composed of thick copper ribbon capable of carrying
large currents, and are attached to terminals at the back separate from the fine.
coil terminals at the front. To use the instrument as a centi-ampere balance the
circuit is connected to the terminals in front, the switch turned to *‘volt,” thus
putting the movable and fixed fine coils in series, and with one or other of the
weights provided and marked VW,;, VW, VW, balance is obtained as
previously indicated and the current caloulated. To use the instrument as a
wvoltmeter the same method 1s adopted, a special resistance being included in the
circuit and the volts calculated from the constants supplied.

To use the instrument as a wattmeter the thick coils are inserted in the main
circuit, the fine-wire circuit is joined between the leads through a special
resistance, the switch is turned to ¢ watt,” thus putting the moving fine coils only
in this circuit, and one or other of the weights marked W W,, WW,, W W, are
used ; clearly in this case the force between the thick fixed coils and the moving
system is proportional to the product of the total current and pressure between
the leads, 7.e. proportional to the watts, which latter are calculated from the con-
stants provided.*

EXERCISES XII,
1. Sketch the details of any good form of instrument for measuring the
strength of an electrio current. (0.)

2. Explain the construction and action of Siemens’ electrodynamometer, and
show why the current is proportional to the square root of the scale reading. (0.)

¥ Fig. 143 is reproduced here (by permission) from Munroe and Jamieson's
Pocket Book of Electrical Rules and Tables (Messrs. Griffin).
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8. Describe a suspended coil galvanometer. Under what conditions is such a
galvanometer dead beat? (B.)

4. Distinguish between a *“dead beat” and * ballistic” galvanometer. Ex-
plain how dead-beatness may be obtained in a galvanometer (1) with moving
needle ; (2) with moving coil. (Hons. B.)

5. Describe the construction of a potentiometer for comparing electromotive
forces, and show how 1t can be used for measuring large electric currents. (H.)

6. Why are shunts for sensitive galvanometers usually made 3, &, 51z of the
resistance of the instrument? Of what material should such coils be made?
Give reasons for your answers. (P.)

7. A galvanometer of 500 ohms is shunted with a coil of 100 ohms. What
external resistance must be added so that the total resistance remains unaltered ?
Obtain a formula which will enable the result to be determined. (H.)

8. A battery of very low resistance is connected to a galvanometer of high
resistance, and & defleotion of the needle is produced. A shunt is now connected
across the galvanometer, but the deflection remains practically unaltered. Ex-
plain exactly why this is the case. (O.)

9. Determine the resistance of a shunt which when joined to a galvanometer
of resistance 3,663 ohms will result in 3% of the total current passing through the
galvanometer. Determine also (1) the joint resistance of the galvanometer and
shunt ; (2) the external resistance which must be added when the shunt is
applied, so that the total current may be unaltered.

10. The resistance of a shunted galvanometer is 75 ohms, that of the shunt
being 100. A certain deflection of the galvanometer is obtained when the
resistance in the rest of the circuit is 2,000 ohms. TFind what additional
resistance must be inserted that the galvanometer deflection may remain the
same when the shunt is removed. What is the multiplying power of the shunt?

11. A cirouit contains a battery of 1 ohm resistance, a reflecting galvanometer
of 4 ohms, and other conductors of 2 ohms resistance. The galvanometer deflec-
tion is 100 divisions. What will the deflection be (if deflection is proportional to
current) when the galvanometer is shunted with a 4-ohm coil? (B) What is the
multiplying power of this shunt?

12. A galvanometer of 4 ohms resistance is in a circuit where the total
resistance is 80 ohms. The galvanometer is then shunted with a 4-ohm coil.
Find the ratio of the current in the galvanometer before and after it is shunted.



CHAPTER XIII.

PRIMARY CELLS AND CHEMICAL EFFECTS OF
CURRENTS.

142. Simple, Galvanic, or Voltaic Cell.

(1) If a plate of common zinc (Zn) be placed in dilute sulphuric
acid (H,S0,) a violent action ensues, the zinc being eaten away, zinc
sulphate (ZnS0,) formed, and hydrogen gas (H) evolved; the
chemical action is represented by the equation—

Zn + H,S0, = ZnS0, 4+ H,.

On the whole energy is liberated during the process, appearing as
heat in the solution.

(2) If the zinc be now amalgamated (t.e. its surface coated with
mercury) and replaced in the dilute acid, no action will be observed.

(3) If a plate of copper be put in the acid, again no action will be
noticed.

(4) If the copper and amalgamated zinc be placed side by side but
without contact i the acid, no action will be ob-
served ; but if they be connected outside by a wire
(Fig. 144), 1t will be found that (a) the zinc is
eaten away and zinc sulphate formed, (b) hydrogen
gas appears at the copper plate, and (c) a current
of electricity flows in the circuit in the direction
copper to zinc in the connecting wire, zinc to copper
in the liquid.

Such an arrangement is known as a simple, gal-
vani¢, or voltaic cell; the copper plate is at a
higher potential than the zinc, and is called the
high-potential plate, the portion of it outside the
liquid being termed the positive pole of the cell;
the zinc is known as the low-potential plate, the
portion of it outside the acid being termed the mnegative pole. In
the outside circuit the current naturally flows from the high-potential
copper to the low-potential zinc; inside the cell the energy of the
chemical action previously referred to is utilised in forcing the electri-
city from the low to the high potential. The chemical action is, in fact,

189
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analogous to that of a pump lifting water from a lower to a higher
level, from which position the water would naturally run down again,
doing work in virtue of the energy conferred upon it. Thus in the
cell the consumption of the zinc really furnishes the energy which
maintains the current in the circuit.

Investigations relating to the alteration of the freezing point, boiling point,
and vapour pressure of water produced by dissolving acids and salts therein have
led to the conclusion that dilute solutions are dissociated into ‘‘ions,” and
further it is supposed that these ions are electrically charged ; thus in acidulated
water there are a large number of dissociated hydrogen and oxygen ions, the
former positively, the latter negatively, charged.

Consider now the zinc and copper plates in the acidulated water, but not con-
nected. The zinc attracts the negative oxygen ions within a very narrow film
round about it, the final result being that its potential is lowered by an amount
e,, say, below the outer surface ot this film. The acidulated water being a con-
ductor has the same potential throughout. The copper also attracts the negative
oxygen ions within a very narrow film, so that 1ts potential is, say, e, below that
of the outer surface of this film ; the attraction is, however, less than in the case
of the zinc, so that e, is less than e, and the copper 1s therefore at a higher potential
than the zinc. The P.D. between the zine and the copper is clearly e; — ¢,, and
this measures the E.M.F. (E) of the cell.

When the plates are connected by a wire the condition of equilibrium is upset,
but there is a perpetual process towards readjustment, so that the P.D. in the
film at the zinc is maintained equal to e;, and that at the copper equal to e,
(neglecting the influence of the hydrogen there). Now, however, there is a fall
of potential in the hquid from the outer surface of the zinc film to the outer
surface of the copper film equal to

A< 7é( 1 A 3 V‘, say, and a potential fall in the
! o wire equal, say, to e; clearly
! ‘é i |l orop (Fig. 145)—
1
é :’ IN e=V+e +e
It 1 jlLiQuib ie.e —e=e¢+4 V;
! : SE=e4V
: : V=E-e¢
;‘ lz. i e=EK-V,

a8 was stated in Art. 108, The
2l B kg zlle ol chemical action at the zine Jorces

— —  the electricity from the low-
Fig. 145. potential zine to the high-potential

side of the film; from thence it
naturally flows round the circuit to the zinc again.

According to the theory thus set forth in brief outline, the B.M.F. of a cell is
due to the different tendencies of the two plates to combine with oxygen, and to this
should be added the tendency of the ions to diffuse through the liquid owing to
differences in concentration. Fig. 145 represents (not to scale) the potential slopes
referred to above, the vertical distances denoting potentials, and A B and CD the
outside surfaces of the films at the zinc and copper respectively,

»,
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143. Local Action and Polarisation.—Common zinc contains
many impurities, such as iron, lead, arsenic, etc. ; these, together with
the zine, being in contact with the acid give rise to a number of local
currents all over the surface of the plate, the result being that the
latter is consumed without any advantage being gained therefrom.
This, termed ““local action,” is prevented by amalgamating the plate,
t.e. coating its surface with mercury. The latter dissolves the zine,
forming a uniformly soft amalgam, which covers up the impurities;
as the zinc is consumed the impurities fall to the bottom of the cell.
Local currents between portions of the plate differing in hardness are
also prevented by this device.

In Experiment 4, Art. 142, it was found that hydrogen bubbles
appeared at the copper plate when the poles of the cell were connected.
Their appearance there is perhaps best explained to a beginner by the
hypothesis of Grotthiis, pictorially represented in Fig. 146. The upper
row shows the arrangement of the molecules prior to connecting the
poles, the lower row

after the connection 11U 22 33 44 55 66
ismade. Alternate SOH, . SO,H, . SO,H, . SO,H, . SO,H,. SO,H,
separations and re- 50,. H,80,. H,80,. H,80, . H,80,. H,80,H,
combinations take z 1 ! 2 23 34 45 566 -
place, until finally Fig. 146.

the hydrogen of the )
molecule on the right is liberated at the copper plate. The dissocia-
tion theory gives a more modern explanation: the positive hydrogen
ions “ travel” towards the copper, and the negative ions towards the
zine. This deposition of hydrogen on the
copper is termed “ polarisation” ; it weakens
the current and spoils the cell in two ways:

(1) The gas has a large resistance.

(2) A back E.M.F. greater than e, is set up,
so that the main E.M.F., which (Art. 142) is
equal to e, — ¢, is greatly diminished.

The modern primary cells are mainly devices
for the elimination of polarisation.

144. Daniell’s Cell.—This cell (Fig. 147),
introduced by Professor Daniell in 1836, con-
sists of an outer cylindrical copper vessel,
constituting the high-potential plate and posi-

Fig. 147. tive pole of the cell. The vessel contains a
strong solution of copper sulphate used as the

* depolariser,” i.e. the substance which prevents polarisation. In this
stands an unglazed earthenware pot (a *porous” pot) containing
dilute sulphuric acid and a rod of amalgamated zinc, the latter con-
stituting the low-potential element and negative pole of the cell. To
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the upper portion of the copper cylinder a perforated shelf is attached,
carrying crystals of copper sulphate ; these are covered by the solution,
and by gradually dissolving-maintain the strength of the latter. In
the porous pot the action, as in the case of the simple cell, is repre-
sented by the equation—

Zn + H,80, = ZnSO, + H,.

Alternate separations and recombinations now take place according
to the hypothesis of Grotthiis until the porous pot is reached, where
the hydrogen meets the copper sulphate with the result—

H, 4+ CuSO, = H,80, + Cu.
Alternate separations and recombinations again take place thus—
+
Poros | Ho i 80,Cu l SOCu
Pot Yy s0, l CuS0,

8S0,Cu Copper
CuS0, |[ Cu Pot

until, finally, copper is deposited on the copper cylinder ; thus hydrogen
does not appear at the copper plate and polarisation is prevented.
Frequently zine sulphate is employed in place of sulphuric acid ; in
such cases the actions are as follows:—

Zn + ZnS0, = 2Zn80, + Zn: Zn 4 CuSO, = ZnS0, + Cu.

The student should also consider the action of the cell from the point of view
of the dissociation theory: the hydrogen and copper are positive 1ons which
““ travel ” towards the copper under the influence of the electric field : the sulphions
are negative.

The Daniell’s cell is scentless, develops no poisonous fumes, has a
constant E.M.F. and fairly constant resistance, and for these reasons
has been much employed in Telegraphy where small and constant
currents are required. Its E.M.F.is only low, however (1'1 volt), and
its resistance somewhat high compared with certain other types of cells,

145. Grove's Cell and Bunsen's Cell.—Giove's cell, like the preceding, is
a two-fluid one, and was invented by an English electrician, Grove, in 1839. The
zine is bent n the form of a U, and is placed in dilute sulphuric acid. Standing
in the bend of the-znc is a flat porous pot containing strong nitric acid (HNO,)
and a plate of platinum, the acid acting as depolariser, and the platinum as the
high-potential plate. The chemical reactions are —

Zn + H,S80, = ZnSO4 + H,
H, 4 2HNO; = 2H,0 + 2NO, (nitric peroxide).
Thus hydrogen does not appear at the platinum, and there is no polarisation.

Tle nitric peroarde gas (NO,) is very soluble in strong nitrie acid ; hence it does
not gather upon the face of the high-potential plate.
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The Grove's cell is very compact m form and is more powerful than the
Daniell, its E.M.F. being about 19 volts and its resistance fairly low (*14 ohm
for a pmnt cell) ; hence 1t 1s suitable for the delwerance of strong and fairly con-
stant currents. The use of platinum, however, makes the cell expensive, and the
red fumes of nitric peroxide are disagreeable and injurious.

Bunsen’s cell, the production of a German 1n 1843, is a modification of Grove's,
differing therefrom somewhat in shape, and in the fact that the expensive platinum
is replaced by & rod of cheap carbon ; the liquids employed and the chemical
reactions are identical with those just mentioned.

146. Poggendorff s Bichromate and the Chromic-acid Cell.—This is a
single-fluid cell, the fluid in question being made by mixing bichromate of potash
(3 0z.), sulphuric acid (3 oz.), and water (1 pint), or corresponding quantities
according to the size of the cell. The mixture 1s contained in a glass bottle,
provided with a vulcanite cap to the under side of which are fixed two vertical
parallel carbon plates metallically connected to one terminal. Between these
carbons is a plate of zinc attached to a brass rod by means of which it may be
lowered into the liquid, or withdrawn therefrom when the cell is not in use ; the
zine is joined to a second terminal, and counstitutes the negative pole of the cell.
The chemical 1cactions prevent polarisation, but a waste product, chrome alum, is
formed which crystallises on the plates and impairs the cell. To avoid its forma-
tion chromic acid is now invariably used instead of potassium bichromate, in
which case the action is represented by the equations :—

3Zn + 31,580, = 3ZnS0, + 3H..
3H, + 2H,Cr0, = Cr,0, + 5H,0.

Hydiogen. Chiromie Chirome Water.

acid. oxide.
Cr,0, + 3H,S0, = Cr,(80,); + 3H,0.
Chiomie  Sulphute  Chromium Water.
oxide. acid. sulphate.

The E.M.T. of this cell is about 2 volts, and its resistance low ; but the current
it gives soon begins to fall off. For laboratory work where a strong current is
required for a short time this cell is convenient. It should
be mentioned that a complete change of colour from red
(chromic acid) to green (chromie sulphate) indicates that
the solution has had its day and should be renewed.

147. The Leclanché Cell.—The low-potential
element of this cell (Fig. 148) consists of a rod of
zine placed in a solution of ammonium chloride
(sal-ammoniac) contained in a glass vessel. A
rod of carbon forms the high-potential element;
this is placed in a porous pot, and is surrounded
by broken carbon and black oxide (dioxide) of .
manganese., In many types the carbon is fitted Fig. 148.
with a cap of lead carrying the terminal; this,
however, 1s conducive to the production of white lead, so that a better

T, E. 13




194 PRIMARY CELLS AND CHEMICAL EFFECTS OF CURRENTS.

device is to fix the terminal to the carbon direct. 'The chemical
reactions are as follows :—

Zn + 2NTLOl = ZuCl, + 2NH, + H,. .. ... )
ACionde”  Clifoe  Ammona,
H, + 2MnO, =Mn,0,+ H0 .. .......... (2)
Black Birown

Oxide of Oxide of
Manganese.  Manganese.

The hydrogen, however, is liberated quicker than the MnO, can use
it up, so that after a short time polarisation sets in and the current
falls off. If allowed to rest for a few minutes the MnO, performs its
work as per equation (2), and the cell in consequence regains its
strength ; thus Leclanché cells are admirably adapted for imtermittent
work, such, for example, as bell-ringing and telephone calls.

To mamtain the efticiency of the cell 1t should be placed in a cool, dry
situation, a little water added occasionally to compensate for the
evaporation of the liquid, and at intervals a little sal-ammoniac. The
latter has a tendency to crystallise out, and to ““creep ” up the sides of
the glass vessel—a result which can be prevented to a great extent by
coating the upper portion of the inside of the jar with paraffin wax.
The deposit of crystals on the zine is also objectionable, for the resis-
tance of the cell is thereby increased. In recent years siebrosal has
come into use with Leclanché cells for the elimination of this “ creep-
ing” of the salts.

The advantages ot this cell are—
(1) It 1s not expensive, and does not emit objectionable or injurious fumes,
(2) It will last for many months with very httle attention,

(3) With a little rest any accumulation of hydrogen becomes oxidised, and the
cell recovers 1ts power ; 1t is therefore suited to mtermittent work.

4) There is practically no ¢ action” when the cell 1s not in use.
P Y

The disadvantages are—
(1) It quickly polarises, and is therefore useless for continued wotk.

(2) The creeping of the salts, and the formation of white lead 1 some cells.
The E.M.F. of a Leclanché is about 15 volts, but its resistance may amount to
several ohms when a porous pot is employed.

148. The Agglomerate Leclanché.—This type dispenses with the
porous pot, as will be seen from Fig. 149. A mixture consisting of
40 parts of manganese dioxide, 55 parts of carbon, 3 parts of shellac,
2 parts of potassium sulphate, and a little sulphur is heated to a high
temperature, thoroughly mixed, and by hydraulic pressure formed into
a compact mass. 'I'wo blocks of this agglomerate are attached by
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india-rubber bands to a rod of carbon, forming the high-potential
element. A rod of zinc forms the low-potential element, and the
exciting fluid is sal-ammoniac. The resistance of the cell is less than
that of the preceding; the chemical action is identical with that of
the ordinary tvpe.

149. Dry Cells.—Nearly all the various forms of so-called dry
cells are modifications of the Leclanché in principle.

The E.C.C. type (Fig. 150) consists of a zinc ¢ylinder, next to which
is a paste W composed of plaster of Paris, flour, zinc chloride, sal-
ammoniac, and water. Adjoining this is a second paste B of carbon,
manganese dioxide, zine chloride, sal-ammoniac, and water. C is a
rod of carbon, forming the high-potential element of the cell. The
whole is covered with a case of millboard, is sealed with pitch, and is
provided with a vent for the escape of gas. The E M.F. is about the
same as that of an ordinary Leclanché, and the internal resistance
often less than 5 ohm.

The Hellesen Cell consists of two cylinders of zine, the inner one
being perforated and lined with paper. Between these is a paste con-
sisting of sal-ammoniac, plaster of Paris, and gum tragacanth, In the
centre of the cell stands the carbon rod, around which is the depolar-
iser, composed of manganese dioxide, plumbago, and sal-ammoniac.
The whole is sealed with pitch, and provided with a gas vent. The
internal resistance varies from -2 to *7 ohm, according to the size of
the cell.

The main points in favour of dry cells are: (1) they are compact
and portable; (2) they may be placed in any convenient position;
(3) they require very little attention; (4) they are more cleanly than
the ordinary type of Leclanché.

It should be noted in passing, that the E.M.F. of a cell depends on
the materials employed in its construction (and the temperature), but
it does not depend on the size of the plates or their distance apart.
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150. Clark and Weston Standard Cells.—The Board of Trade
pattern of the Latimer Clark Standard Cell is shown in Fig. 151. The
containing vessel is a small test-tube about 2 cm. in diameter and 4
or 5 cm. deep. Mercury is placed in the bottom of the tube and
forms the high-potential element of the cell. Above this is placed a
mixture of mercurous sulphate and saturated zinc sulphate solution in
the form of a thick paste, and above the paste saturated zinc sulphate
solution is added. The low-potential element is a rod of zinc sup-
ported as indicated in the figure. Contact with the mercury is made
by means of a platinum wire protected by a glass tube, The whole is
sealed with marine glue coated with sodium silicate. The E.M.F. of
this cell is 1'438 volts at 15° C., and falls in value with rise of tempera-
ture; its E M.F. at t°C. is—

F, = 1433 {1 —-00077 (¢ —15)} volts.

<

Fig. 151.

In the Weston Cadmium Cell (Fig. 152) mercury (M) is the
positive pole, an amalgam of mercury and cadmium (A) the negative
ole, cadmium sulphate (C and S) the electrolyte, and mercurous sul-
phate paste (P) the depolariser. (C = crystals of, and S = a saturated
solution of, cadmium sulphate.) Expressed in international units the
E.M.F. of the Weston is 10183 volts at 20° C., and at any temperature
t°C..—

Ei = Egy — "0000406( — 20) — *00000095(¢—20)? -+ 00000001(¢ — 20

151. Current Calculation.—Battery Efficiency.

I. Sivere Cern.—If E denote the E.M.F. and ¢ the terminal P.D.,
both in volts, = the internal resistance and R the external resistance,
both in ohms, and I the current in amperes, it is clear that—

N E—e¢
I—m P siset ittt eeaane (1)

"o
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II. Series ArrangeMENT (Fig. 153).—In this grouping the nega-
tive pole of one cell is connected to the positive of the next. If there
are n cells each of EXM.F. E volts °
and resistance » ohms, the combined
EM.F. is nE volts and the total in-

ternal resistance nr ohms; hence, if LohI(h LRI A IRLA T T 2|y
I amperes be the current— S e
e o PP
1’/r+ R “ee tee eeee sraws Blg. l‘)3.

Euxtreme Cases—(a) If the external resistance be very large
compared with the internal, the latter may be neglected, and I = ng;
this is » times the current that one cell would give.

(b) If the external resistance be very small compared with the

internal, the former may be neglected and I = E; this is identical with
p

the current that a single cell would give.
Thus a series grouping suggests itself when the external
resistance is very large.

ITI. Pararnen A=rrRANGEMENT (Fig. 154).—In this all the low-
potential plates are joined together, form-
ing as it were one large plate, all the
high-potential plates being similarly con-
nected. Since the E.M.F. of a cell does
not depend on the size of the plates, the
BE.M.F. of such a group is merely that of
one cell, viz. B.; the internal resistance is,
however, 1/n that of one cell, viz. v/n, and
the external current I is given by—

I=—8 (3)
Zim
n
Ezrtreme Cases.—(a) A very large ex-
ternal resistance will result in a current
Fig. 154. equal to %, i.e. the same as that given by

one cell.
(b) With a very small external resistance I is equal to n -E} ; thisis

n times the current given by one cell.
Thus a parallel arrangement lends itself to a low external
resistance.



198 PRIMARY CELLS AND CHEMICAL EFFECTS OF CURRENTS.

IV. Mixep ArrangEMENT (Fig. 155).—With the notation of the
previous groupings—

.."_H («) E.M.F. of each row = 4.
Resistance of each row = 4+,
llH'-l (b) EM.F. of 3 rows in parallel = 4E.
H'M Resistance of 3 rows in parallel = M
TFig. 155.
Hence— 1= »—‘L—E— .
4y +R

<
€

Similarly, if there are = cells in series per row and m rows in parallel,
the external current is given by—

nE
I= -
nr
m

L L)

V. Barrsry Errrciency.—The eficiency of a battery is defined as
the ratio of the power in the external circuit to the total power developed.
If the external circuit does not contain a voltameter or motor the whole
of the power outside appears as heat, and, if » be the fofal internal
resistance of the battery—

'R _ R _ Terminal P.D. (5)
PR+ R+» EM.F.

Efficiency =

This is clearly nearer unity (i.e. 100 per cent.) the smaller the value
of .

If the battery has to do useful mechanical or chemical work the efficiency of
the system refers to the ratio of the power spent n this useful work to the total
power developed. If e be the back E.M.F. of the voltameter or motor, the power
spent in the useful work is shown in Art. 156 to be el watts, the watts supplied
are E I, and—

e
EI

Efficiency =

=
Mo

152. Two Important Problems.

(1) Determine the arrangement of a given number of cells so that the greatest
current may be produced in a given external resistance.

K nmk
Art. 151 =M - W .
By (4) T ol Z{f + R nr 4 mR

m

Since % X m is equal to the total number of cells, the numerator nmk is constant ;
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hence for the maximum curtent the denominator nr 4+ mR must be as smull as
possible. Now :

if nr 4+ mR is & minimum,

(nr + mR)?* will be & minimum ;
e nr? + 2umrR + m*R* will be a mimmum
e (nr — mR)? 4 4 nmRr will be a minimum.

But the last factor 4nmRy is constant; hence the expression will have a minimum
value when nr — mR has its least valuc, z.e. when—

nr — mR = 0,

B nr
or R - M,
m

The expression ™ 1s equal to the total mternal resistance ; hence to secure the
m

greatest possible current the resistance of the battery must be made
as nearly as possible equal to that of the external circuit.

Fend the arrangement for maximum current in the case of 24 cells each of
resistance 4 ohms, the external resustance heing G ohms.,

wm = 24 oo o= 24/n

r . .
Now = Roruwr = mR, i.e dn = 6m
mn
_ bm . | g "
nw= 1= 6 x 2 , te nP=36orn =6
+ 4n

The arrangement required is, therefore, 6 cells in series per row, and 4 rows in
parallel.

(2) In (3) and (4) of Art. 151 the cells and balteries in parallel were of equal
E.M.F.s, but different methods of solution must be adopted when cells and
batteries of unequal E.M.F.’s are joined in parallel. The method of
solution in such cases will be best understood from a particular example.

A battery of 10 volts and internal resistance -5 ohm is connected in parallel
with one of 12 volts and internal resistance ‘8 ohm. The poles are connected by an
external reststance of 20 ohms. Find the current in each branch.

Let Fig. 156 represent the details. Taking the top battery and the outside
circuit, and applying Kirchhoff’s law (Art. 118)

we get :—
201 4+ 51, = 10 ooiit ciieinns e (1)
Taking now the bottom battery and the outside I_IM_ "l‘l
circmt we get : -
201 4+ 81, =12 .... verrresenennnnn(2) 12V
Dividing (1) by 5 and (2) by S — I_'l.'}__'l.ll{l_l
0L+ I, =20 ... (3) =1,
250 + 1, =15 . (4) |
Adding (3) and (4) and remembering that l‘lg. 15().
I, + I; = I, we get :—
661 = 35, . I=3%ampere,

66
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Substituting this in (1)—

_ 10 _ 100 _ 40 _ _80
5I; = 10 - e I = 66 ampere,
and substituting in (2)—
700 _ 92 115
Bl =12 - =25 o7, =229 \
2 66 = 66 I, 66 amperes

Thus the ourrent through the stronger battery is 115/66 amperes, of which
35/66 ampere flows through the external resistance and 80/66 amperes flow back
through the weaker battery.

153. Fundamental Definitions in Chemistry.—The chemical effects of
a current have been referred to in Chap. IX., and certain numerical relations
have been established ; before proceeding further the following technical terms
and definitions should be noted :—

(1) An atom is the smallest quantity of any element which can be made to
enter into or be driven from a chemical compound.

(2) A molecule is the smallest particle of a substance which is capable of separate
existence.

(8) The atomic weight of an element is the weight of its atom compared with
that of hydrogen, which is taken as unity. Modern chemistry refers atomic
weights to that of oxygen takenas 16, in which case the atomic weight of hydrogen
is1-008. For our purpose, however, approximate figures are sufficient.

(4) The valency of an element is the number of atoms of hydrogen which one
atom of the element is capable generally of displacing or replacing. The atoms
are said to be monovalent, divalent, trivalent, tetravalent, ete., according as they
are capable of displacing one, two, three, four, etc., atoms of hydrogen.

(5) The chemical equivalent of an element is the mass of it which is equivalent
chemically to unit mass of hydrogen ; it is obtained by dividing the atomic weight
by the valency. Thus, considering our familiar friend—

Zn 4+ H,S0, = ZnS0, + H,,

we see that one atom of zine has displaced two atoms of hydrogen, and, thereforo,
the valency of zine is two. Further, the atomic weight of zine is 65 (approx.);
hence 65 grammes of zinc are equivalent from a chemical point of view to 2
grammes of hydrogen, and therefore 32'5 grammes of zinc are chemically equiva-
lent to 1 gramme of hydrogen, i.e. the chemical equivalent of zinc is 32 5 (approx.).
The chemical equivalents of copper, oxygen, silver, and chlorine are 315, 7 94,
107°12, and 35°18 respectively.

(6) The electro-chemical equivalent of & substance is the amount of it liberated
by unit current in unit time (see Art 107).

154. Faraday’s Laws of Electrolysis.

(1) The amount of chemical decomposition which takes place in a
* given time in a cell or voltameter is proportional to the total quantity of
electricity which passes in that time; thus if w denote the mass of the
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particular ion liberated in time ¢ seconds, and Q the quantity of
electricity which has passed—

wo Qo It
or w=zlt

in which I is the current and # the electro-chemical equivalent (see
Art. 107).

(2) If the same current flows through several electrolytes the masses of
the tons liberated are proportional to their chemical equivalents. Thus
if the current from 20 Daniell’s cells in series be passed through four
voltameters in series containing respectively CuSO,, H,0, AgNO,, and
HC], it will be found that while 1 gramme of hydrogen is liberated
315 grammes of copper, 7°94 grammes of oxygen, 10712 grammes of
silver, and 35'18 grammes of chlorine will be liberated in the volta-
meters, 31'5 grammes of copper will be deposited in each cell, and
32'5 grammes of zinc will be used up in each cell of the battery. If
the cells be arranged in two rows in parallel, 10 cells in series per row,
only half the external current traverses éach cell, and therefore the
chemical action per cell will be half the chemical action in the volta-
meters ; thus while 1 gramme of hydrogen is liberated in the volta-

meter, §-22—§ grammes of zine will be used up per cell.

155, Back E.M.F. in Electrolysis.—When an electrolyte is decomposed
by electricity, the separated ions possess potential energy and tend to reunite, thus
setting up an opposing E.M.F. In a water voltameter, for example, the back
pressure is about 1-5 volts, and clearly for continued clectrolysis the battery
E.M.F. must exceed this value. It1sa matter of simple proof that in such cases
the back E.M.F. is given by the relation—

E = III (';f volts,
where E = back E.M.F.,
z = E.C.E. of the ion deposited per C.G.S. electromagnetio unit quantity,
J = mechanical equivalent of heat = 4'2 x 107 ergs,
H = heat produced when 1 grm. of the ion in question combines with the

other ion.

. We have previously referred to the electrolysis of copper sulphate, the
electrodes being copper plates in such a condition that they are readily acted on by
the sulphion SOy ; in such cases the chemical actions are :

(Kathoe) CuSO; = Cu + 80 weeever v vv e veee o (1)
(Anode) Cu + 80, =CuSOy ....cevvvviiiiriiininiiinnnns (2)

Equation (2), it will be observed, is similar to that of Experiment 1, Art. 142.
As in that example energy is liberated, and further, as in the simple cell, a
Jorward E.M.F. is the result. Equation (1) is the converse of (2) ; it represents
a condition in which energy ts absorbed, and, hke the polarisation of the high-
potential plate in the simple cell, & back E.M.F. is the result. These E.M.F.’s
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are equal, each being about 126 volts, and cancel each other ; hence when copper
sulphate i3 subjected to electrolysis, the electrodes beiny copper plates which can
readily be acted on by the SO,, theye is no back E.M.F. of any tmportance. The
only counter E. M.F. which need be mentioned in the case we have just considered
is a very slight one, due to a difference 1n concentration in the electrolyte, the
copper solution becoming slightly stronger near the anode, and weaker near the
kathode as electrolysis continues.

156. Watts expended in Chemical Decomposition.

Let E = E.M.F. of battery, I = current passing,
e = Back E.M.F. of voltameter, R = resistance of voltameter,

x = Watts spent in chemical decomposition = power stored in
the liberated ions.

Then—
I= —F-— (neglectm(r all resistance except voltameter).
Power supplied = B3I watts,
Power spent in heat = I'R watts,
Power spent in chemical work = z watts;
.El=1R 4 =,
i.e z=KI—-IR .. 1)
E—e
=EI—-I-" "R
R
=EIl - El 4+ el
=l . C e C e (2)

‘We have, therefore, the simple result that the watts spent in chemical
decomposition are equal to the product of the back E.M.F. in volts and
the current in amperes.

EXAMPLES,

1. A copper sulphatc vat has a resistance of ‘014 ohm and a polarisation E.M.T.
of '3 volt. The total current required s 1,000 amperes. Find the total watts
supplied.

By the above, watts supplied = I'R + z = I*R + el. .

= (1000* x -014) + (-3 x 1000).
= 14,300 watts.

2. That 8 Faraday's Law reqardung electrodeposition? How much coustic
soda 18 produced per ampere hour, and how much lead, silver, and mercury ( from
mercurous nitrate) would be deposited per ampere hour 2 One coulomb evolves, say,

0104 milligramme of hydrogen, and the atomic weights of sodium, lead, 811‘!!67“, and
mercury are respectively 23, 207, 108 and 200. (O )
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() See Art. 154,

(b) Valency of sodium =1 ., its chemical equivalent = 23.
” ” lead =2 ., % ’ = 1035
. ,, silver =1 . , ’s ' = 108.
’ ,, mercury {(ous) =1 ., ’ . = 200.

Now 1 coulomb liberates ‘0104 m.g. of H, .. 1 ampere hour (3600 coulombs)
Liberates (‘0104 x 3600) = 37'44 m.g. of H.

Hence by Law 2, Art. 154—

(1) Amount of sodium liberated per ampere hour

=3744 x 23 = 861 m.g.

(2) Amount of lead liberated per ampere hour

= 37'44 x 1035 = 3875 ,,
(3) Amount of silver liberated per ampere hour
= 3744 x 108 =4043 ,,
(4) ,Amount of mercury liberated per ampere hour
= 3744 x 200 ='7488 ,,
Caustic soda = NaHO.

Atomic weights of Na, H, and O are respectively 23, 1, and 16 (say) ; hence in
40 grm. of caustic soda there are 23 grm. of sodium, 1 grm. of hydrogen, and 16
grm. of oxygen.

In the problem the 861 m.g. (‘861 grm.) of sodium will combine with water,
forming caustio soda ; clearly then—

23 grm. of sodium form 40 grm. of caustic soda ;
s 1grm, ,, ,, forms$g ,, ’ ’
and 861 grm. s s (23 X °861) = 1'497 grm. of caustic soda

= 1'5 approx. ,

EXERCISES XIII.

1. Describe the Leclanché cell and add some hints as to how to maintain it in
working order. (P.)

2. Describe the construction of a Leclanché cell, and state what are its
advantages and disadvantages. Under what circumstances would you employ
Leclanché cells ? (P.)

8. Describe three different types of primary batteries, and state what kind of
work each type is most suitable for. (P.)

4. What is essential in a galvanic battery in order that an electromotive force
may be set up and a steady current generated? (O.)

5. Define the terms “in parallel,” ““in series,” ‘‘on open circuit,” and give
sketches in illustration. (P.)

6. Explain ¢‘local action” and ¢ polarisation,” and show how these are avoided
in Daniell’s cell.
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7. Ten voltaic cells each of internal resistance 3 ohms and E.M.F. 2 volts are
connected-—(1) all in series; (2) all in parallel ; (3) in two series of five each, the
similar ends of each series being ccnneoted together ; (4) in five series of two each.
The external resistance in each case is 20 ohms ; find in each case (1) the tota]
current, (2) the current in each cell, (3) the terminal P.D,

8. A line of 2,300 ohms is required to be worked by Daniell’s cells (in series),
whose resistance is 10 ohms per cell. What number of cells would be required
to produce 25 milliamperes? Give the formula. (O.)

9. Two dry cells each have an E.M.F. of 1'5 volts and an internal resistance of
*3 ohm, How would you couple them up so as to give the greatest current
through a wire having a resistance of ‘4 ohm, and what would be the value
of the current? (P.)

10. If there are 20 cellseach of resistance 2 ohms, and if the external resistance
be 12 ohms, what arrangement will give the strongest current? If the E.M.F.
of each cell be 2 volts, determine the strongest current.

11. A battery is required to supply a power of 200 watts to an external resist-
ance of 2'4 ohms. The E.M.F. of each cell is 2 volts and its resistance ‘4 ohm.
Find the least number of cells required.

12, A battery of 12 equal cells in series screwed up in a box being suspected
of having some of the cells wrongly arranged is put into circuit with a galvano-
meter and two cells similar to the others. Currents in the ratio of 3 to 2 are
obtained according as the introduced cells are arranged so as to work with or
against the battery. What is the state of the battery? (B.)

13. If 10,000 kilocoulombs are passed through cells arranged in series con-
taining solutions of Cu,Cl,, Hgy(NO;), CuSO, H:SO, and NaCl, how much
copper, mercury, hydrogen, and caustic soda can be obtained ? (0.)

14. In what time will 200 amperes produce 4 grm. of caustic soda from a
solution of sodium chloride (NaCl) ?

15. Find the H.P. that will provide 1002 amperes at a pressure of 574 volts
to an electric furnace, If the furnace worked for 2 hours 53 minutes, find the
horse-power hours of energy supplied. (A horse-power hour is the energy supplied
by a horse-power in one hour.)

16. A battery consists of 12 similar cells (equal E.M.F.’s and resistances) in
series, the total internal resistance being 27 ohms. The outside resistance is 40
ohms and the terminal P.D. 6 volts. Find (1) the current, (2) the E.M.F. of
each cell, (3) the “‘lost” volts in each cell, (4) the P.D, between the terminals of
each cell.



CHAPTER XIV.

SECONDARY CELLS OR ACCUMULATORS.

157. Principle of Secondary Cells: The Planté Plate Type.—
If acidulated water be decomposed by a current of electricity, the
electrodes being platinum plates, and if, when the action has con-
tinued for some time, the battery be disconnected and the electrodes
joined by a wire, it will be found that the voltameter gives for a short
period a current in the direction anode to kathode through the con-
necting wire. This is a direct consequence of the facts referred to in
Art, 155, and was employed by Ritter in the construction of the
earfiest secondary batteries.

In commercial secondary cells lead plates are employed. Consider
two such plates, A and K (Fig. 157),
immersed in dilute sulphuric acid (ten

¢ —_—
parts by weight of water to one of Ju——y
acid), and let a current of electricity

be passed through the voltameter from
A to K. The acidulated water will be
decomposed into its constituent gases, Fig. 157.

hydrogen and oxygen, the latter ap-

pearing at the anode A, the former at the kathode K. The oxygen at
the anode combines with the surface lead forming the dark brown
peroxide of lead (Pb0O,); the hydrogen at the kathode mostly rises to
the surface, so that this plate remains in the metallic state.

‘When the “charging” process, as it is termed, has continued for
some time, let the battery be disconnected and the plates A and K
joined through a voltmeter; the instrument will indicate about 2 volts
at first, a current will flow through the outside circuit in the direction
A to K, and, decreasing gradually, will after a time cease. On
examining the plates it will be found that the peroxide has disap-
peared, and that both plates have lead sulphate (PbSOy) formed on
them, with traces of the monoxide PbO.

The charging process may now be repeated by passing a current
through the voltameter in the direction A to K. The nascent oxygen
at A will convert the PbSO, (and any PbO there) into PbO,, while
the nascent hydrogen at K will reduce the products there to the
metallic state; thus the electrodes are again in their * formed ” condi-
tion, viz. PbO, at A, Pb at K.

Such an arrangement is termed a secondary cell, storage cell, or
accumulator; the arode is called the positive plate, and the kathode
the negative plate of the cell. It should be particularly observed, how-

205
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ever, that there is no accumulation or storing of electricity; funda-
mentally, it is again the transformation of electrical energy into the
potential energy of separated ions, 1.e. into «“ chemical potential energy”;
and when the cell gives a current the energy transformation is merely
reversed.

In the preceding it was mentioned that on the first ““charge” the
plate K remained more or less in its initial condition, and as such it
does not readily combine with the sulphion SO, to form PbSO, at dis-
charge. This defect is eliminated by adopting the “alternate ” charge
process introduced by Planté. The current is first passed through
the electrolyte in the direction A to K, with the result that A is per-
oxidised ; it is then reversed, in which step the oxygen at K forms
PbO, there, while the hydrogen at A reduces the existing PbO, to
porous spongy lead. This operation is several times repeated, with
the final result that the last anode has a thick coating of dark brown
lead peroxide, while the last kathode is coated mainly with metallic
lead of a greyish colour in a porous spongy condition, which is readily
acted on by the SO, during discharge,

This process is technically known as the * forming > of the plates;
it is a lengthy business, which, however, can be accelerated by sub-
jecting the plates to a preliminary treatment as follows: The plates
are first annealed in steam, then placed for several hours in a hot bath
of water and nitric acid, and finally allowed to dry in the air. This
treatment renders the surfaces more porous and susceptible to the
electro-chemical actions, and hastens the formation. By allowing
periods of rest between the reversals, the charge and discharge actions
become more efficient.

In modern cells Planté positives are largely used, these being
separately formed in *forming baths” with dummy negatives, thus
reducing the time and expense entailed by the alternate charge method.
The effective area is increased by providing the plates with ridges and
cavities.

158. Chemical Changes during Discharge and Charge.—Con-
sider a charged storage cell of the Planté type; the anode (or positive
plate) is coated, as we have seen, solely with the peroxide PbO,,
while the kathode (or negative plate) is entirely coated with spongy
metallic lead.

(1) Chemical Changes during * Discharge.”—In discharging the
current is taken from the cell in the direction positive plate to negative
plate in the outside circuit ; hence, in the cell, hydrogen will appear at
the positive plate and oxygen at the negative plate. The hydrogen at
the positive combines with the peroxide there with the following
results—

PbO, + Hy=PbO + H,0...... ...... )
PbO + H,S0, = Pb8O, + H,0..........
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The oxygen at the negative acts on the lead according to the equa-
tions—
Pb+ 0 =Pbo...... .... e e (3)
PbO + H,SO, =Pb8SO,+ H,O . .............. (4

(2) Chemical Changes during  Charge.”—In charging, i.e. passing
a current from the positive plate to the negative plate mn the liquid,
oxygen is liberated at the former and hydrogen at the latter plate.
The oxygen at the positive combines with any oxides there, producing
higher oxides, and particularly PbO,; thus—

PbO + 0 =PbO, ... (5
while the PbSO, is converted into PbU, according to the equation—
PbS0, + O + H,0 = PO, + H,30,............... (6)

The hydrogen at the negative combines with the products there, re-
ducing them to the metallic state and forming water and sulphuric
acid thus—

PhSO, + Hy=Pb + H,80, eooovoeeroeei G
PbO + Hy= Pb+ H,0 ....... e . (8)

It will be observed that the actions represented by equations (6) and
(7) increase the density of the electrolyte, while those represented by
(2) and (4) weaken it. In modern accumulators the specific gravity
of the acid is a good test of the condition of the cells; when fully
charged the specific gravity ranges from 1:205 to 1-215, and when dis-
charged from 117 to 1'19.*

159. The Faure Pasted Type and its Chemical Changes.—
The lengthy and expensive formation of the Planté plates was im-
proved upon in 1880 by Camille A. Faure, who, prior to charging,
coated the plates with a paste of red lead (Pb;O,) and sulphuric acid,
the adherence of the paste to the lead being assisted by a covering of
paper. The chemical changes may be thus summarised—

(1) Preliminary Chemical Action.—On placing the pasted plates in
the acid, direct chemical action ensues according to the equation——
. Pb,04 + 2H,80, = PbO, + 2PbSO, + 2H,0 ......... @
Thus, prior to charging both plates contain the peroxide PbO, and the
sulphate PbSO,.

(2) Chemical Changes during * Charge.”— When the charging is in
progress, the oxygen at the positive plate converts the sulphate into
peroxide thus—

PbSO4 + O + HQO = Pb02 + H2804 ............... (2)

* The actual figures vary with the type of cell and are given by the makers.
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The hydrogen at the negative plate reduces the peroxide and the sul-
phate to spongy lead as follows—

PbSO, + i, = Pb + HyS0, ..ovvveevieere (3)
PbO, + 2H, = Pb + 2H,0 ... ccccooee . (4)

Thus, as before, the positive is coated with PbO, and the negative
with spongy metallic lead. Further H,SO, is formed as per equations
(2) and (3) ; hence the density of the electrolyte increases during the
charge.

(3) Chemical Changes during * Discharge.”—These are identical
with those explained in Art. 158, and are represented by equations
(1) to (4) of that section. In the discharge it will be observed that
the acid becomes weaker.

Frequently the preliminary treatment consists in coating the anode
(positive plate) with the red lead and sulphuric acid paste, and the
kathode (negative plate) with a paste made of the monoxide PbO
(litharge) ; when immersed in the acid the preliminary chemical action
at the latter plate is—

Pbo + HgSO4 = Pb804 + Hzo ..................... (5)

after which the chemical changes are as explained above.

The main drawback to the Faure invention proper was the imperfect
adherence of the paste to the plates; this led to the introduction of
the Sellon-Volckmar plates, which, being constructed in the form of
grids, more effectively secured the paste. Thus accumulators follow
in general two specific types: (1) the Planté or naturally *formed”
cell, and (2) the Faure or pasted grid cell. Owing to the heavy service
which is now required of accumulators, cells are frequently of a com-
posite character, having Planté positives and pasted negatives.

Modern cells must often be capable of being discharged in one hour
without injury (this means, of course, heavy currents), while Central
Station batteries must often give 50 per cent. in excess of the one
hour discharge rate, so that pasted positives, owing to their liability to
disintegration (falling of paste), are discarded in favour of Planté
positives for such purposes. Pasted negatives do not suffer from the
disadvantages inherent in pasted positives, and are quite satisfactory
for these high rates. The type of pasted negative known as the * box”
negative (Art. 163) and others somewhat similar are well adapted for
these high rates of discharge.

160. General Remarks on Accumulators.—The current to be taken from
an accumulator depends, amongst other things, upon the size of the plates. To
obtain large currents with plates of reasonable dimensions the arrangement shown
in Fig. 158 is adopted. This depicts a thirteen plate cell, the positive consisting
of six positive plates connected together, and the negative consisting of seven
negative plates similarly connected together. To keep the internal resistance as
low aq nosaible the individual nlates ara nlaced verv near each athaer.
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To prevent internal contact between the plates, glass tube separators or ebonite
forks are suspended between them. Another
form of separator introduced by the Chloride B, L B
Co. is shown in Fig. 159. This consistsofa [ p [ p [ P ]
thin sheet of wood (slightly larger than the
plates) supported by two slotted wooden rods
or dowels which in turn are suspended from
the tops of the plates by india-rubber rings.
The wood is specially treated so as to remove
from it substances which would be deleterious NN NI NN J N
to the plates, and at the same time the fibre A H A
18 rendered very porous. Such separators Fig. 158.
thoroughly prevent internal contact and
short circuit, lessen the attention required
by the battery, and maintain the capacity,
Other types of patent sheet separators are
in use.

The nest of plates is contained in a vessel
of glass or ebonite or in a teak box lined
with thin sheet lead, the latter being em-
ployed for ship lighting, railway lighting,
and allicd purposes. Ample space must bo
left between the plates and the bottom of the
containing vessel to contain any deposit
which may fall from the plates. The various
methods devised for this are mentioned in
Art. 162, the modern practice, with cells in
¢lass boxes, being to suspend the plates from
the edges of the boxes.

Particulars of a few modern cells will
be gathered from the following table :—

Fig. 159.

. Discharge.
I:To of Weight Dimensions. h]v::n:n Box.
Plates. | with Aud. c Ra.ge. g Amp. | Hours,
13 210 1b. 187 x 12" x 14” 72 114 2 Lead-lined
51 7 wood.
21 282 1b. 22" x 12" x 14" 60 105 5 Glass.
84 7
70| 10
31 1123 1b. 32" x 15" x 19”7 300 600 b Lead.
240 | 12
41 3000 1b. 30" x 24" x 36" 1200 2000 1 Lead-lined
700 7 wood.

For the comprehension of the above table, a few preliminary remarks may be
necessary at this stage. The maximum discharge current for an accumulator

T.E. 14
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depends on the type of cell, and on its dimensions; it is always specified by the
makers, and its value should never be exceeded. Thus in one type of K.P.S.
cell the maximum discharge rate is about 4} amperes, in another 8 amperes per
positive plate; the latter value for the cell in question works out to about 1
ampere per 14 square inches of positive plate (estimating both sides).

The capacity of a cell depends on its size and ‘‘formation,” and 18 measured
in ampere hours ; thus if a cell has a capacity of 704 ampere hours, and the
greatest discharge current as stated by the makers is 64 amperes, it will be able
to give this current for 11 hours. Experiment shows that, up to a 10 hour dis-
charge rate, the capacity increases as the discharge current decreases ; at lower
discharge rates (more hours) than this the capacity is, for all practical purposes,
constant. This fact will be gathered from the table ; thus taking the 31-plate
cell the capacity is 2,880 ampere hours with a discharge current of 240 amperes,
but only 1,800 ampere hours when the discharge is 600 amperes.

In a general way the ampere hours given out vary from 85 to 90 per cent. of the
ampere hours put in; thus if a cell becomes discharged in 5 hours with a steady
output current of 18 amperes, 90 ampere hours have been given out, and 100 to
106 ampere hours will be necessary in the recharge. Taking general values for a
few well-constructed accumulators, from 2 to 3 ampere hours may be ‘“stored”
per pound of lead. For traction cells the value is about 5 or 6 ampere hours per

ound.
? In all ordinary cases a cell should be deemed to be ‘‘discharged’ when its
E.M.F. falls to about 1'85 volts ; with an E.M.F. below this value a cell should
not be worked, otherwise the formation of a large amount of hard sulphate will
render the recharge difficult and tedious, will be conducive to buckling, and will
considerably shorten the hfe of the cell. At a one hour discharge rate the
voltage may be allowed to drop to 1-75.
The energy efficiency of an accumulator is given by the expression :—
Energy Efficiency

_ Watt hours given out at discharge

Watt hours put m at charge
and is of the order 65 to 75 per cent.
The quantity efficiency is given by :—
Quantity Efficiency

_ Ampere hours given out at discharge
Eﬁ Ampere hours put in at ch arge

and is of the order 85 to 90 per cent. :
it may reach 95 per cent. if discharge
immediately follows charge.

161. The E.P.8. Accumula-
tors.—E.P.S. cells are either com-
posite or of the Faure type; the

Fig. 160 following constructional details

apply to the latter. The negative

plates are grids of lead, of which there are many patterns to suit
various purposes. Fig. 160 was one form used with the K or high
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discharge rate cell; the apertures (& in. square) had four or eight
claws projecting from the sides so as to give a good hold to the paste;
Fig. 161 is another pattern employed with the P cell for lighting and
tramway work., The paste for the negatives is made of pure well-
ground litharge and pure sulphuric acid in water, the specific gravity
of the latter being 1'2 when cold. After filling, the plates are placed
in racks, and allowed to dry and bharden in air.
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Fig. 161, Fig. 162.

The positive plates are grooved horizontally, as shown in outline in
Fig. 162, the grooves being filled with a paste of pure red lead and
pure sulphuric acid in water of specific gravity 11 when cold. After
drying, the positives and negatives are assembled as previously indica-
ted (Fig. 158), placed in dilute sulphuric acid of specific gravity 1-2,
and formed by passing a current through the electrolyte from the
positive plate to the negative, when the former becomes peroxidised
and the latter coated with spongy lead. A weak eharging current of
about 1 ampere per 36 square inches of positive plate is at first em-
ployed, and permitted to flow continuously for from four to five days;
it is then doubled in strength, and passed for a period of about twelve
hours; and finally a few hours at the full rate is given, thus bringing
the first charge to a close. The cell is next slowly discharged till its
voltage is about 185, and the forming is completed by a second charge
more rapid than at first.

162. The Hart Accumulator.—The pastes of this cell are iden-
tical with those of the preceding, but certain features in its construction
and fitting are worthy of consideration. The positive grid consists of
horizontal ribs rolled and upturned at the edges, 80 as to form a secure
holding for the active material. Vertical ribs at distances of 1 in
apart connect these horizontal ones, and these, together with a solid
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diaphragm in the centre, result in the production of a strong plate well
calculated to withstand any buckling tendency, provided the maximum
rate of discharge specified by the makers is not exceeded. The nega-
tive is a special cage-like grid with rectangular openings (staggered)
at both sides, and horizontal binding ribs. Planté positives are also
supplied with these cells. ceee T

1t is essential to provide means whereby dccumulator plates may be
raised 2 to 12 inches from the bottom of the containing vessel, for
metallic waste from the plates falls to the bottom, and if this provision
be not made, local action, internal contact, and short circuiting would
ensue. Lugs cast on one set of plates, and supporting blocks of wood
placed in the bottom of the cell, were two of the means adopted.

Fig. 163. Tig. 164.

A method employed with the Hart cell was novel and effective.
Referring to Fig. 163, it will be seen that a frame (teak) surrounded
the sections, the top bars being removable to permit of the insertion of
the plates. The bottom bars at two opposite sides of this frame were
provided with grooves in which stood two vertical glass slabs, and the
plates were fitted with projecting shoulders, which rested on the upper
edges of the glass side slabs. The modern practice, however, is to
hang the plates on the edges of the glass boxes (Fig. 164).

Each plate is separated from the next by glass tube and patent
sheet separators, and the cells are connected together by a special non-
corrosive terminal. The bolt of this terminal is tapered to suit a
corresponding taper in the lead lugs, so that connection is obtained
not ouly by the lug face surfaces, but also by the bolt itself, a proper
fit being secured by previously drawing the terminals together by a

n-metal master bolt. The whole connection is made of an alloy not
readily attacked by acid fumes, and by its use a very low resistance
is obtained.
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163. The Chloride Accumulator.—The positive plates of these
cells are constructed as follows: A plate with circular holes is cast,
the material being an alloy of lead with anfimony, the latter giving the
plate greater strength. Pure lead in the form of a tape, about i in.
n width, is passed through gim-
pers, which rib and sever it into
definite lengths. "These are rolled
into coils and pressed into the
circular apertures in the plate, the
whole being next subjected to a
pressure of over 70 tons in a hy-
draulic press. Plates thus con-
structed are fixed as anodes in a
voltameter with temporary kath-
odes and a current passed for
several days, with the result that the liberated oxygen produces on
them a large amount of lead peroxide.

Fig. 165.

The general appearance
of a portion of the positive
plate is depicted in Fig. 165.

The negative plate con-
sists of an antimonial per-
forated lead cage in two
halves, the intervening space
forming pockets which act
as receptacles for the active
material. In the construc-
tion of this plate, perforated
sheet lead is cut to shape
and laid in a mould and
an antimonial lead frame is
cast on to it. This forms
a half plate on which a cor-
responding half is placed
after the active material has
been inserted and the two
halves are then rivetted to-
gether by passing under a
press specially designed for
the purpose. The paste is
made by a combination of
raw materials which, after
reduction, produces spongy
lead in a highly porous form.
- 'The above is known as the “ Box ” negative and is well adapted for
the high discharge rates now necessary in central station work. In
the new cell the plates are provided with projecting lugs by which
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they hang on the edge of the containing glass vessel, and the positives
and negatives are separated by thin sheets of wood (Fig. 1569). The
new cell is shown complete in Fig. 166.

164. D.P. Accumulator.—The accumulators have positives of the
Planté type, the plates being of
ribbed design with horizontal
binding ribs, the construction
resulting in a large superficial
area, free circulation of the
electrolyte throughout the plates,
and a tough adherent skin
when “formed.” A portion of
P tar the positive plate is shown in
Fig. 167.

. In the negative (known as the “ Sponge ” type) the active material
1s so constituted as to resemble a sponge in consistency, with a
tendency to expand on charge, thus making complete effective contact
with the lead grid. The whole is encased in a perforated shield which
prevents the active material from falling away and at the same time
allows the electrolyte free circulation and access to it. The general
appearance of the negative is shown in Fig. 168, the perforated shield
being shown apart on the right.

Fig. 168,

The plates hang on the edges of the containing vessel, and glass
tube separators are used between them. In the older type the sections
rested on teak bearers in the bottom of the containing vessel.
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165. Practical Hints on the Charging, Maintenance, and Care of
Accumulator Batteries.

(1) The battery room must be dry and well veatilated to permit of the escape
of the evolved gases. Since acid fumes vigorously attack metal, all metal fittings
and connections in the room must be protected by acid-resisting enamel.

(2) The thorough insulation of a battery 1s essential. Large cells should stand
firmly on sawdust contained in shellac-
varnished wooden trays, which in turn should
rest on glass o1l insulators of a type similar
to that of Fig. 169, in which the lower cup
carries some form of non-evaporating oil.
With capacities below 600 ampere hours, the
trays may be dispensed with, dises of lead or
rubber being placed on the insulators to pre-
vent slipping, and for eirouits below 200 volte
solrd glass insulators may be used. If cells stand on wooden shelves, the latter
must be coated with acid-resisting paint.

(3) In the case of a new battery the acid must not be put into the cells until
all arrangements for charging are complete, otherwise the formation of lead
sulphate will impair the efficiency of the cells. The acid must be of the purest,
of specific gravity about 1-2,% and must reach to a height of not less than 3 in.
above the plates. The dynamo employed must be either separately excited or
shunt wound. If a series machine were jomned to a. battery whose E.M.F.
exceeded the T.P.D. of the machine, the battery would discharge in such a way
as to prevent the field from being bwlt up in the direction necessary to produce
a charging current ; hence such machines are unsuitable for charging purposes.
With a shunt machine the battery would discharge through the shunt coil in
the proper direction, thus increasing the magnetisation and the E.M.F. (see
Chapter XVIIL). If only a compound wound dynamo is available its series coil
should be disconnected. The dynamo E.M.F. should be 2:6-2-75 volts per cell.

(4) On first charging, the dynamo must continue its supply for from 40 to 50
hours, and the battery must not be used until the acid jn each cell has turned
milky and gas is freely evolved from both plates, nor until the specific gravity
of the acid has ceased to rise. At the conclusion of the charge the battery must
be switched out of circmit before the dynamo is stopped, sd as to prevent the
battery from damaging the armature coils by discharging through them.

(5) The maximum rate of discharge as specified by the makers should not be
exceeded, otherwise the intense chemical action and heat produced will result in
unequal expansion of the plates, excessive formation of hard sulphate, loosening
of the paste, and bending or buckling of the plates—the last named producing
internal short circuits, and eventually spoiling the cells. For like reasons
accumulators should never be short circuited outside, for.their internal resistance
18 80 low (of the order ‘001 ohm, depending on the number and size of plates and
their distance apart) that heavy discharge currents will flow, and sulphating,
disintegration, and buckling will follow. Normally, cells should not be worked
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Russell H. Conwell, who founded Temple University with funds secured from
public speaking, declared that if you want to be an orator as a man you must
speak your piece as a boy. Harry Emerson Fosdick followed this formula.
At Colgate University he was in the thick of debating and oratory. He praises
Ius public-speaking experience at his alma mater: ‘I never can be sufficiently
graleful for the fact that in my undergraduate days public speaking was re-
garded as one of the most important enterprises on the campus and we were
rigorously disciplined and drilled in it.” :
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after the E.M.F. has fallen to 1'85 volts and the specific gravity to about 1-18,%*
or the plates will become excessively sulphated. A drop to 175 volts may be
permitted when the discharge rate is at one hour.

(6) Accumulators should be k.ept well charged ; they should on no account be
permitted to stand for any length of time in an uncharged condition, or the
amount of hard sulphate will become excessive. When not in use short chargings
should be given occasionally, say weekly or fortnightly, till the plates gas freely.

(7) Any evaporation of the electrolyte must be compensated for by the addition
of pure water. Glass spray arresters should be placed over the plates; these will
retard evaporation, and during charge will collect the drops of acid, permitting
them to fall back into the cell. Preferably water should be distilled.

(8) If a cell in a battery does not gas freely at the end of the charge, or has a
low voltage or specific gravity, it should be disconnected during the discharge,
and then joined up for the next charge Another method is to charge this cell
alone by a small booster dynamo (milking booster).

(9) In private installations it is the custom with many contractors to instal a
battery of such a size that it is capable of running half the total lights for 12
hours, this being the maximum period (over the week-end) during which the
battery will probably be worked without recharge. Should the battery installed
be too small to meet the demand, 1t is not advisable to put a new battery in
parallel with it, as has, on occasions, been done, for the total load will be very
unequally distributed between them. A better plan is so to arrange that the load
is divided between them in proportion to their capacities and to recharge them
separately.

(10) Records should be kept of the input and output of batteries, and of the
voltage and specific gravity of the cells.

(11) Nore.—We have referred to the injurious formation of hard sulphate
when a battery is over-discharged, or allowed to stand in an uncharged condition.
This must not be confused with the ordinary sulphate formed during normal
discharge.

We have seen that the positive pole of the dynamo must be joined to the
positive pole of the battery in charging. If any doubt exists as to which is the
positive of the machine, it may be found by using an electrolytic cell or by pole-
finding paper, the latter being paper chemically treated, which changes colour at
one pole when moistened and placed between the leads.

166. Automatic Switch.—Should a breakdown occur in the
dynamo emPIO{ed in charging a battery of accumulators, the latter
may injure itself and the armature coils by discharging heavily through
them. Fig. 170 diagrammatically represents an automatic switch
designed to eliminate this.

A B is a rod of iron capable of moving about an axis at C; it carries
two projecting arms K, K, and a coil of wire G, as indicated. D E is

* These values vary with the type, but are stated by the makers,
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a fixed horseshoe-shaped piece of iron, which is converted into a magnet
when a current flows in the coil F. The arrangements of F and G are
such that they develop opposite poles on the left of the figure. When
the E.M.F. of the dynamo has risen sufficiently high to charge the
accumulators, the current in F will have magnetised D E to such an
extent that the left-hand side of A B will be raised by attraction, thus
bringing K down into the mercury and closing the accumulator circuit;
and, further, the current now flowing in G will so magnetise the end
A as to assist in keeping this circuit closed. Should the dynamo
EM.F. fall below the requisite value, the currents will be less, the
attraction of D E will be overcome by the pull of the spring S,and the
end A will fall, thus raising K and breaking the accumulator circuit.
The lever is adjusted to act at the right moment by means of the
weight W and spring S.

\%4&_.-:‘:“;;

Fig. 170.

167. The Edison Accumulator.—The positives are perforated
steel tubes, nickel plated, and filled with alternate layers of nickel
hydroxide and metallic nickel in thin flakes: the tubes are clamped
into contact with a steel frame nickel plated. The negatives consist
of nickel plated steel frames provided with rectangular holes in each
of which is a perforated nickelled steel pocket carrying the active
material which is powdered iron oxide and graphite. The whole is
immersed in a 21 per cent. solution of caustic potash with a little
lithium hydrate, hard rubber separators being placed between the
plates to prevent internal contact. The containing vessel is of nickel-
plated sheet steel.

The energy efficiency is about 60 per cent., and the quantity efficiency
about 80 per cent. The E.M.F. is about 1'33 volts: this drawback
from a traction point of view is, perhaps, compensated for by the
increased strength and lesser weight of the plates. For electromobiles,
train lighting, etc., the cell is better than the lead cell, but for
stationary central station work, etc., the lead cell has the advantage.
Fig. 171 depicts the cell partly “ cut away ” to show the construction.
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168. Experimental Investigations.—Fig. 172 shows for a Chloride cell
: variation of the E.M.F. during ‘charge.” Commencing at the value indi-

T 2 3 6 7

4 s
g 172.

e in E.M.F. towards the end of the
wrge has been attributed to the increase
the density of the acid in the pores of
> active materials, and to the presence
the scpavated ions, hydrogen and
ygen.
[f a cell be permitted to commence its
charge immediately the charging is

E3 ]

9 Hours

cated, the curve risesrapidly
at first and then more gra-
dually, showing that the
E.M.F. remains between 21
and 22 volts for some time.
Once again the curve shows
a rapid rise, which is con-
tinued until 2:5-2-75 volts
are reached, at which stage
gasisviolently evolved. The

Volls

3

>

2 - 8 10 1 e
Hours of Discharge
Fig. 173.

1cluded the E.MiF. falls rapidly to about 2'3 volts, and then drops gradually
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to about 2°1 volts. If, however, an interval of rest intervenes the starting E.M.F.
will be a little over 2 volts, and the discharge curve will be as indicated in
Fig. 173. The fall in volts during the period of rest has been attributed to the
creeping of the strong acid referred to above, out of the pores of the plates.

Volts
28
27
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24 | 1
23 oot
22 1
21
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Fig. 174.
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9 10
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The usual method of recharging a battery is to maintain the charging current
at approximately constant value, to effect which the voltage per cell is gradually
increased as the charging proceeds. This is clearly indicated in Fig. 172, which
shows the rise of voltage on recharge at the normal rate. If the cell is recharged
at a slower rate (for an equal time), the final voltage will be lower ; this is shown
in Fig. 174, where the rate is reduced after 7§ hours. Under certain circumstances,
such as recharging the battery in an electric vehicle from the public supply mains,
the method of charging at constant potential instead of at constant current may
be used, although it is somewhat unusual, as, at the commencement of the charge,
the current may be several times the value of that employed at constant current.

When the cell is being discharged, the drop in voltage depends on the rate at
which the discharge is taking place, as shown in Fig. 175. It will be noticed that
with the higher rates of discharge, not only is the tall in voltage more rapid than

211
9
T = ===——=
18 T~ I~
17
16
1 2 3 4 5 6 7 8 Y 10
Hours.
Fig. 175.

at the lower rates, but it can be safely continued to a lower potential than is
advisable at the rates ocoupying a longer period of time. When a cell is dis-
charged at a high rate in proportion to its capacity, although its voltage will
drop rapidly, directly the discharge is ended the voltage on open circuit imme-
diately rises, and in a short time will probably reach the same value as before the
liigh rate commenoed.

We have referred to the marked decrease in the capacity of an accumulator as
the discharge rate increased (Art. 160). TFig. 176 gives a series of discharge



220 SECONDARY CELLS OR ACCUMULATORS.

curves obtained by Mr. Hibbert in his tests on the Edison accumulator, from
which it will be gathered that though a fall 1 capacity is shown with increased
discharge rate, it is small compared
with certain other types of cells.
Thus a cell with a discharge rate
of 30 amperes gave about 80 per
cent. of its normal ampere-hours
when the discharge was 200 am-
(AT peres.

Examination of the positive plate -
at various stages of the discharge
4% and when the discharge is complete
] has revealed the fact that below
/

\

\’\\
\
N

the sulphated surface there still
remaws a supply of peroxide
/ which plays no part in the chemi-
cal changes. This is due to the fact
l / that the sulphate formed acts as a
[1] - shield to the material below and
[
|

prevents the electrolyte from reach-
ing it.

From a series of recent experi-
ments by D. Tommasi it appears
that the rate of formation of an

& accumulator is affected by light,

| negative plates being formed more

| quickly when exposed to light, and

| positive plates more quickly when

__’J | 3 shielded from light. Again, heat-
[1]
|

S,

!

Fig. 176.
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mg a cell during discharge has
been shown to increase its capacity ;
thus with a particular cell manu-
factured by the Hagen Company
the capacity increase was 3 per
cent. per degree between the tem-
peratures 14°C. and 45°C. With
the Edison accumulator theincrease
/ / is smaller, perhaps of the order ‘26
Y/l per cent. per degreo Centigrade.
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e 9o 7 169. Advantages and

Disadvantages of Accumu-
lators.—The very many practical applications of accumulators in
lighting, traction, etc., the important part they play in assisting and
relieving the generators, and their employment as pressure regulators,
are points too lengthy to be discussed fully here. Briefly, their
advantages and disadvantages as compared with primary cells may
be stated to be as follows :—
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A, ADVANTAGES.

(1) They have a low resistance and high E.M.F., and can therefore supply
large currents. y

(2) When “run down” they can be recharged and brought back to their
imtial condition.

(3) They are of service in “ heavy” electrical engineering for lighting, trac-
tion, ete., where primary cells are absolutely useless.

(4) In practical telegraphy where a large number of cells are employed they
are really cheaper and work more satisfactorily than primary cells.

B. DI1sADVANTAGES.

(1) Their initial cost is somewhat high.

(2) To maintain them in good order careful and constant attention is neces-
sary.

(3) Their efficiency is only low.

(4 Unless care be exercised they are subject to the following diseases :" sul-
phating, buckling, disintegration, and short circuiting.

(5) Their weight renders them not very portable for laboratory purposes.

In recent years the employment of accumulators in telegraph and telephone
working, private lighting sets, train lighting, motor-car ignition, X-ray working,
ete., has been much extended, but perhaps the most important application is in
modern central station practice.

In such practice it happens that the demand for current during a comparatively
short period out of the 24 hours (the ‘‘peak” period) reaches a point when all
the machinery in the station would be necessary to meet the demand, thus leaving
no ‘‘spares” in case of breakdown and perhaps uneconomically loading the last
unit put into service to meet the peak load. By installing a battery of suitable
size, however, the generators can be assisted during the peak period, and a
larger current be supplied to the mains than could be provided by the dynamos
alone. At certain other periods the load may fall below a point at which it
would be economical to run an engine, for dynamos and steam engines running
at small load have a low ecfficiency and the coal consumption per useful B.O.T,
unit supplied may increase four-fold or even more when machines are only slightly
loaded. In such cases the supply could be taken from the battery, thus enabling
the machines to be shut down.

The constant aim of the central station engineer is to improve the “Loap
FacTor ” (i.e. the ratio of the actual demand for a given time to the maximum
demand maintained for the same period) by endeavouring to arrange that the
running machinery shall be operating as near as may be at full load. It will be
evident that the load factor will be improved by arranging the machinery to
charge the battery during periods of light load, the battery then assisting during
the peak, and being again charged when the peak load goes off.

In cases where the load varies considerably from minute to minute, as on a
tramway system where the starting of the cars and the gradients cause sudden
peaks in the load, batteries are operated in series with an automatio reversible
booster which, by discharging the batteries when the peaks come on, and charg.
ing them when the peaks go off, relieves the generating plant of all fluctuations
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and enables it to run at constant load ; this results in economy of coal and
necessitates less generating plant to handle a given load. A battery really acts
like a BUFFER between the generators and the network, smoothing matters by
taking up all irregularities and sudden fluctuations. Charging boosters are
described in Chapter XIX.

The demand for current in a district some distance from the station may reach
a point when the existing cables cannot carry it satisfactorily. In such cases a
battery may be installed in a sub-station near the district. This will often be
found to be cheaper than laying down extra cables from the station, and being
charged and discharged just as if it were in the station itself, the load factor will
be improved as indicated above.

The employment of accumulators as pressure regulators on multiple wire
systems is indicated in Chapter XXII.

Nore. —It is advisable to have an hydrometer floating in a cell with a distinct
mark on the level indicating the correct charged specific gravity, and this should
be repeatedly transferred from cell to cell. Further the cells should often be
tested for correct voltage individually by means of a small cell-testing voltmeter
(0 — 3 volts) with two flexible spear connections. In the Cadmium test, a cad-
mium rod enclosed in a perforated rubber tube is placed in the electrolyte and
the voltmeter is joined to the cadmium and the negative plate. The cell is fully
charged when the cadmium is 15 to ‘2 volt negative to the plate, and fully
discharged when the cadmium is ‘25 to ‘27 volt positive to the plate. This is a
good test when, as sometimes occurs, the T.P.D. is not a sufficient guide to the
exact state of the plates.

EXERCISES XIV.

1. Give a short historical account of the development of the storage battery
and describe carefully some modern form. (B.)

2. Give a general account of the chemical changes which occur in a storage
cell during charg_e and discharge. (B.)

8. What is an accumulator? What is its normal EM.F.?2 How would you
determine whether it was fully charged or not ? (O.)

4. How is an accumulator made? What are the various precautions that
should be adopted in the use of accumulators and what happens if these pre-
cautions are neglected ?

B. Sketch and describe some good form of accumulator and explain how you
would ascertain whether it was charged or discharged. About how much current
may be taken from an accumulator per square foot of positive plate and what
ocours if the accumulator be discharged at & much higher rate? (P.)

8. In starting to charge a set of accumulators by means of an engine and
dynamo, what precautions would you take after starting the engine before
finally closing the connection between the dynamo and accumulators? (P.)
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¥. Describe and draw a switch which automatically conneccts a dynamo with 4
battery of accumulators when the E.M.F. of the dynamo is high enough to charge
the cells, and automatically disconnects them begfore the E.M.F. falls too low for
the accumulators to begin to discharge back through the dynamo. (0O.)

8. A dynamo has to charge 50 accumulators in series. What E.M.F. ought
the dynamo to have? When the battery has been discharged, what will be the
P.D. at its terminals ?

9. A battery of accumulators was charged for a period of 6 hours by a steady
current, of 40 amperes, the mean P.D. employed being 126 volts. The battery
was then made to supply a constant current of 42:4 amperes, and in 5 hours it
became discharged. If the mean E.M.F. during discharge was 100 volts, what
was the efficiency of this battery ?

10. A 60 cell battery is to be charged at 40 amperes from 230 volt mains. The
charging E.M.F. per cell at the beginning is 21 volts, and 2°5 volts at the end.
A rheostat is in circuit between battery and mains. Find the value of this
resistance (1) at the beginning, (2) at the end of the charge.

11. Describe with sketches one important type of accumulator (lead), and
explain the chemical changes during *‘charge,” ¢‘discharge,” and *‘rest.” In
what way, if any, are the E.M.F., life, internal resistance, capacity and efficiency
affected by the rate of charge and discharge, and by the specific gravity of the
electrolyte? (Univ.)

12. Describe the main chemical changes that occur in a lead accumulator cell
during charge and discharge respectively.

A battery has a capacity of 800 ampere hours when discharged at the 10 hour
rate, 560 ampere hours when discharged at the 3 hour rate, What will be the
capacity at the 4 hour rate? (Univ.)



CHAPTER XV.

HEATING EFFECTS, LIGHTING, AND LAMPS.

170. The Laws of Heating Effects of Currents.—The two heat
units chiefly employed in electrical engineering are the ‘ calorie ” and
the “ joule.”

A calorie is the quantity of A joule is the amount of heat
heat required to raise the tem- | produced in one second in a
perature of one gramme of | resistance of one ohm by a
pure water from 93° C. to | current of one ampere.
103° C.

1 calorie = 4°2 joules. 1 joule = -24 calorie (approx.).

The foregoing definition of the calorie is in conformity with Rowland’s work on
the mechanical equivalent of heat, i.e. the number of units of energy which is
equal to one calorie; practically, however, the unit may be taken as the heat
necessary to raise one gramme of water one degree Centigrade in temperature.
Formerly the definition specified 0° C. to 1° C., which leads to the relation that
1 calorie is equal to 4'223 joules.

‘We have seen that whenever a potential difference exists between
two points in a circuit an energy transformation occurs between them.
In the case of a battery, the poles of which are joined by an ordinary
conductor, the whole of the energy supplied by the former is trans-
formed into heat, partly in the battery and partly in the conductor.
Should the external circuit contain a voltameter or motor (and there-
fore a back E.M.F.), a certain amount of the energy is utilised in
chemical or mechanical work, the balance again appearing, however,
as heat in the circuit. The transformation of electrical energy into
heat always takes place when a current flows in a conductor; the laws
relating to the development may be thus established—

Consider a current-carrying wire ; let E denote the P.D. and I the current,
both in electromagnetic units, and let ¢ denote the time in seconds during which
the current flows ; then—

E = energy (in ergs) appearing as heat when unit electromagnetic current flows
for one second.

.. EI = energy (in ergs) appearing as heat when I electromagnetic units flow
for one second.

224



HEATING EFFECTS, LIGHTING, AND LAMPS. 225

And EI¢ = energy (in ergs) appearing as heat when I electromagnetic units flow
for ¢ seconds.

Now the mechanical equivalent of heat is (4'2 x 107) ergs per calorie ; hence if
H be the heat in calories in the case above, (4'2 % 10")H ergs will represent the
total energy appearing as heat in the conductor. Clearly, then,

(42 x 100H = EIt ;
EIt
S H=2421
H 107

If the P.D. be E volts and the current I amperes, then, since K volts are equal
to (E x 10%) electromagnetic units and I amperes are equal to (I X ) electro-
magnetic umts, the expression above becomes—

H = o4 EX10° >;017 X d5 Xt _ o4RIs

Hence when a current of I amperes flows for ¢ seconds between two points of a
conduoctor where the P.D. is E volts, the heat produced, in calories, is given by
the expressions— .

Heat in calories = 24 EIf = ‘24I°R¢ = -24% ¢,

R being the resistance of the conductor in ohms. Again, since one joule is equal
to ‘24 calorie, the heat produced in joules is given by the expressions—

Heat in joules = EIf = I’Rf = %f t.

Any of the above may be taken as the mathematical statement of
Joule’s Law relating to the heating effects of a current; it is cus-
tomary to take the second, which embodies the facts that—

(1) The heat produced is proportional to the square of the current
strength.

(2) The heat produced is proportional to the resistance.
(3) The heat produced is proportional to the time the current flows.
Each of these statements has been repeatedly verified experimentally.

171. Rise in Temperature of Conductors.—Joule’s Law refers to the heat
produced in a conductor, and though the rise in temperature certainly depends on
the amount of heat developed, sundry other factors exert an influence, thus
rendering the treatment of temperature elevation by no means of a straight-
forward character. It is obvious that were equal amounts of heat communicated
to two wires A and B of the same material, the former being short and thin, the
latter long and thick, the rise in temperature of A would be greater than that of
B, since the quantity of matter to be raised in temperature is smaller in A than
in B. Again, each wire would be losing heat by radiation from its surface ;
experiment shows that, other things being the same, the greater the surface area
the greater is this loss, and, further, the radiation is affected by the nature of
the surrounding gas and its pressure, gnd by the character of the surface; black
bodies, for example, emitting radiation more freely than white or transparent
ones.

T, B. 15
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Yet another factor, the capacity for heat of the material (i.e. the heat required
to raise its temperature by unity) exerts an influence ; thus, if the same current
flows through equal pieces of platinum and copper, the heat developed in the
former is about seven times that in the latter, since the specific resistance of
platinum is about seven times that of copper (annealed in both cases), but the
temperature elevation of the platinum is more than seven times that of the other,
for its capacity for heat is only about three-fifths that of an equal volume of
copper.

Consider now a wire through which a current is flowing. The production of
heat is accompanied by a rise in temperature untal finally a steady condition is
reached when the heat lost per second (by radiation, conduction, and convection) 18
exactly equal to the heat gained per second. By Newton’s Law of Cooling, if
T° C. be the elevation of temperature of the wire above the enclosure, the heat
lost per second is proportional to T°, and experiment proves it to be proportional
algo to the surface area of the wire. If d cm. be the diameter of the wire 1its
circumference is md cm., and if [ em. be its length, its surface arca is vd/sq. cm. ;
hence—

Heat lost per second » xd{T
’s ’e s, = awdlT calories,

where a denotes the ‘‘ emissivity ” of the material, and may be defined as the
heat (in calories) radiated in one second from unit area when the temperature
difference between the body and the enclosure is 1° C.

Again, if I be the current in amperes and R the resistance of the wire in chms,

Heat gained per second = “241?R calories.
Hence— ardiT = 241%R,

: i
A = 2
f.e. oardiT = 241% TR
where p is the specific resistance of the material ;
2
L T= -097-a£d1; e (1)

Thus—

(1) With a given current the elevation of the temperature does not depend on
the length of the wire.

(2) For the same current the elevation of temperature is directly proportional
to the specific resistance and inversely proportional to the cube of the diameter
(hence the high temperature of very thin wires).

(8) The elevation of temperature is proportional to the square of the current
strength.

From (1) by transposing—

p=Ted, 1o /T a,

= o} A
or I= Ad% where A = V Lo s @)
‘097p

To be exact, expressions (1) and (2) are only applicable to bare conductors.

Knowing, then, for such a conduoctor, the diameter d, the maximum per.
missible teqpperature (and therefore T), and the other constants included in A, the
maximum current allowable may be calculated from the above relation.
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In practice, current at the rate of 1,000 amperes per square inch of cross-
section of the conductor is customary. For small conductors, however, this may
with safety be exceeded, but for large conductors (and therefore large currents)
it is rather excessive ; hence it is that the Phenix Fire Office demands a less
current density than 1,000 amperes per square inch if the total current exceeds
100 amperes. In fact, the absurdity of adhering to the above rule has long been
recognised, and the new ‘“ maximum current rule’’ of the LLE.E. involves
current densities so chosen as to permit of a temperature rise of 20° F. (11-1° C.)
in the case of rubber insulated conductors. (50° F. or 27-7° C. for paper or fibre
msulation.) This permits of larger current densities for small conductors, but
means smaller current densities for large conductors ; thus, for 2 cable the rule
gives a current density of 4,000 amperes per sq. inch, but for £} only about 930
amperes per sq. inch (see Appendix).

172. Particulars of Fuse Wires.—In practice it is customary to
protect circuits and apparatus from injury and premises from the
possibility of fire should an excessive current flow by introducing
“fuse wires” of suitable material and dimensions, which melt and
break the circuit when the current exceeds a predetermined value.
The exact current at which a fuse should be calculated to blow is to a
great extent settled by the views of the engineer in charge; in a
general way from 75 to 100* per cent. overload may be allowed. The
more common materials employed as fuses are tin, lead, alloy of tin
and lead, copper and aluminium, and the current required to produce

3
fusion may be determined from the relation I = Ad> of Art.171if the
constant A and diameter d be known in any case; or,knowing A and the
current I at which the fuse must give way, the diameter d of the
required fuse may be ascertained. Some values for A are :—tin 12-8,
lead 10-8, copper 80 (see Appendix).

Experiments have recently been carried out by Messrs. Schwartz and James,

one object being to determine whether the law I = Ad§ connecting the fusing
current I and the diameter d could be relied upon for any considerable range ;
their results seem to indicate that although perhaps sufficiently accurate for most
practical purposes, the true connection is not thus expressed. Experimenting
with tinned copper wire fixed horizontally, the following general expressions were
deduced :

Fusing Currents. Diam. (d) in cm, Diam. (d) in inches.
1. Between 1 and 10 amperes...... I =821'3 4119 I = 2501 gr-19%
2, Between 10 and 100 amperes... I = 1768 d1+403 I = 6537 dt-403

* This may be exceeded if the normal current is below 10 ampéres.
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Much diversity of opinion exists as to the best fuse material under
given conditions. Taking all factors into consideration, for large
currents and for high pressures copper is perhaps one of the best
materials to use, because (1) for a given fusion current the diameter
is less than one of either tin or lead, hence there is less molten metal
to contend with ; (2) being harder, it is not so easily stretched or
scratched, hence it is more reliable; (8) it does not give off an excessive
amount of vapour, which latter assists “arcing” between the termi-
nals; (4) it can be easily soldered to terminals when necessary. The
main drawbacks to the use of copper are (1) its cost; (2) it maintains
a dull red heat often under normal load, and often becomes quite hot
for some time prior to actually melting ; (3) the particles into which it
breaks up on fusion sometimes remain hot for some considerable period.

For ordinary currents and low pressures tin is satisfactory as a fuse,
for it has a comparatively low melting point, and in consequence is
frequently recommended by engineers for branch circuits in internal
wiring.

Stréi;p zinc is also satisfactory if a fuse with a fair “ time-lag ” is re-
quired, 7.e. one which will not immediately melt on the smallest over-
load. Strip copper is good for very large currents.

A fuse should be attached to a support of fireproof material (usually
glazed porcelain), and should be at least 1} in. in length for fusion
currents of from 1 to 10 amperes, otherwise a greater current than the
calculated one will be required to melt it, for its temperature elevation
will be retarded by the loss of heat by conduction through the terminals.

As the reader will learn later, when the circuit is opened by the
blowing of a fuse, there arises the possibility of serious “arcing”
between the terminals; and this is enhanced by the presence of vapour
from the molten metal. Many methods have been devised to counter-
act this; in the Ferranti fuse the terminals are made to drop instantly
into separate compartments of non-conducting oil, when the fuse gives
way; in another type the fuse is enclosed in a tube, and packed round
with non-conducting powder, preferably of a material which fluxes with
the metallic oxide at the temperature of the break ; in yet another the
fuse is enclosed in a tube open at both ends, in which case, at break,
the air expands and rushes out, thereby extinguishing the arc. One
or two specific types of fuses are described in Chapter XXIIT.

173. Construction of the Carbon Glow-lamp.—Allied to the heating
effects of a current and the consequent rise in temperature of the conductor is the
artificial production of light by electrical means. A platinum wire through which
8 current passes may be so raised in temperature that it emits light ; but platinum
is unsuitable for commercial lamps because: (1) it is very expensive; (2) the
temperature at which it produces light is too near its melting point; (3) it does
not emit light radiations so extensively as a black body at the same temperature,
In practice carbon has been found to be a suitable conductor ; but carbon in air
is readily burnt if heated to the extent necessary ; hence in the commercial glow-
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lamp carbon in the form of a filament is heated in a globe from which the air has
been exhausted.

The manufacture of the modern carbon filamgnt lamp may be briefly outlined
as follows :—

Pure cotton wool is dissolved in chloride of zinc, forming a combination of the
consistency of treacle. This is squirted through small circular holes into a vessel
containing alcohol, in which solution the threads are permitted to remain for
several hours, with the result that they are hardened and freed from zino chloride,
after which they are treated with cold water for eight or nine hours to completely
clear them of alcohol. The threads are next wound on a carbon former so as to
have the loop form required in the finished lamp, the ¢ former” and its threads
are packed with powdered carbon in a carbon crucible, and the whole is heated
1 a furnace to a temperature of about 1,000°F., the filaments, which are now
practically pure, hard, and brittle carbon, being allowed to cool slowly prior to
removal.

Small pieces of platinum wire, the ends of which are tiny tubes, are now
threaded and pinched with pliers on to the ends ot the filaments, which are next
fixed in a special holder, the latter providing a short-circniting connection
between the legs of the filaments, and the whole is immersed in benzine. On
passing a current across one junction, thence across the short-circuiting connection
and the other junction, the heat produced at the junctions decomposes the ben-
zine and causes the deposit of carbon there, thus effecting a sound electrical
connection between the filaments and the wires.

Each filament is next placed in a chamber which has first been freed from air
and then filled with benzine vapour, and a current is passed through it. The
object of this, termed flashing, is to secure on the heated filament a deposit of
carbon from the vapour and absolute uniformity in the filament, for any thin
portions will naturally be more heated and carbon will be deposited there to a
greater extent than at thicker places ; it is further contended by some makers
that flashed filaments are more durable, less liable to sublime and blacken the
bulb (Art. 175), and work more satisfactorily than unflashed ones,

The filaments are next placed in the bulbs and the platinum wires sealed into
the glass by the aid of the blow-pipe flame. The bulbs are then exhausted, first
by means of a powerful air pump and then by a mercury pump, a gradually
increasing current is passed through the filaments until they give out more than
their normal candle-power, at which stage all the absorbed gases will be driven
thercfrom, and finally the bulbs are sealed by the aid of the blow-pipe flame.

"The quality of the vacuum is next tested in a dark room by placing the lamp
on an insulated conducting plate connected to one terminal of a transformer which
Taiges its potential to from 2,000 to 4,000 volts ; if the lamp be perfect there is no
effect, but if the bulb glows the vacuum is at fault, This brings the manufacture
of the lamp to an end save for the fixing of the cap and the tests of efficiency and
candle-power.

Sometimes the final exhaustion of the bulb is assisted chemically. Prior to
pumping, phosphorus dissolved in alcohol is placed in the tube projection of the
bulb: ' When pumping is over the tube is sealed at a short distance from the bulb,
the phosphorus is then vaporised, thus combining with any oxygen, and finally
the bulb is sealed where it forms into the tube, .e. at the * pip.”
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174. Lamp Cap and Holder.—The ‘bayonet” cap, shown in
Fig. 177, consists of a cylindrical brass collar which 1s fixed to the top
of the lamp, the platinum ends of the filament being connected to two
brass pieces which are coplanar with the top ot the collar and well
insulated therefrom and from each other by vitrite. The collar carries
two small side pins of brass which fit into side recesses in the lamp
holder.
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Fig. 177. Fig. 178.

The S insulator bayonet holder is depicted in Fig. 178, the essential
portion being shown removed from its containing case. The circular
base with the S-shaped ridge is of glazed porcelain. The two connect-
ing wires leading to the lamp pass through two holes (not shown) in
the porcelain base, and by means of screws are attached to the two
brass blocks situated in the recesses of the ridge. Each block contains
a cavity in which is a spiral spring and projecting brass plunger, the
latter being held out at its greatest distance by the force of the spiral
spring, its wider base inside, however, preventing it from being com-
pletely expelled. When the side pins of the cap (Fig. 177) are forced
into the side recesses of the holder, the two plungers press firmly on
the two brass contact pieces in the cap, and conducting communication
is thus established between the connecting wires and the filament.

In connection with this type of holder it may be claimed that: (1)
it is simple in construction, (2) it is easily manipulated and wired, (3)
its plungers are well separated from each other and the outer metal
case, (4) the insulating material is incombustible, (5) it is not expen-
sive and has stood the test of time. Its main drawback lies, perhaps,
in the fact that its plungers, having rounded ends,
make contact at a small area only and thus a more
than necessary amount of heat is developed there;
plungers with flat ends are preferable.

Fig. 179 shows a screw lamp end: there is one
central contact, and the screw collar forms the
other: similarly the holder has one central contact

Fig. 179.
and a gcrew collar forms the other.
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175. General Remarks on Carbon Filament Glow-lamps.—The British
Light Unat 8 the light of a sperm candle § inch in diameter weighing six to the
pound and burning 120 grains per hour., For laboratory work standard candles
are now rarely used. The Methven standard (a coal-gas flame from an Argand
burner, the light passing through an aperture in a screen), the Hefuner Alteneck
standard (a flame from burning amyl acetate), the Vernon Harcourt standard (a
flame from a burning mixture of air and pentane vapour), and the Carcel standard
(burning colza oil) are amongst those most frequently employed. Fora description
of these the student should refer to some advanced text-book on Light.

The efficiency of a lamp is generally expressed by stating the number of watts
absorbed per candle-power given by the lamp, but more correctly, perhaps, this
might be called its ‘“inefficiency,” since the less the number of watts absorbed
per candle-power the greater really is the efficiency of the lamp as a light pro-

ducer. T'he number of candles emitted per watt absorbed is therefore a better
conception ; hence—

. — _ Candle-power of lamp
Efficiency = Candles per watt = Watts absorbed by lamp'

Thus if & lamp takes 64 ampere at 100 volts and its candle-power is 16, the total
watts absorbed are ‘64 x 100, ¢.e. 64, the watts per candle are 64/16, 7.e. 4, and
the efficiency in candles per watt is 16/64, i.e. 25. Clearly a lamp taking 2%
watts per candle will be of higher efficiency than one taking 4 watts per candle.
From 3 to 3'75 watts per candle are absorbed by lamps commonly employed.

If a lamp be worked at a higher voltage than its normal, it of course absorbs
more watts (EI), but at the same time 1ts candle-power is increased, the latter
to a greater extent than the former, so that the watts absorbed per candle are
reduced and the efficiency is increased. Working at increased pressure, however,
shortens the life of the lamp ; hence renewals are frequent. On the other hand,
if & lamp be worked at a lower voltage than its normal its candle-power is so
reduced that the watts per candle are increased and therefore the efficiency is
reduced ; but the lamp will have a longer life and rencwals will not be frequent.

Glow-lamp makers classify their wares into: (1) High efficiency lamps to work
at 2% to 3 watts per candle; (2) Standard medium lamps to work at 3% to 32 watts
per candle ; (3) Long duration low efficiency lamps to work at 4 (or over) watts
per candle. From an economical point of view the choice of the lamp depends on
circumstances. In cases where energy is cheap, as, for example, on board ship,
or where coal is cheap, it will perhaps be most economical to spend on energy and
save qn lamp renewals ; henco long duration low efficiency lamps suggest them-
gelves, If on the other hand energy is expensive it is, perhaps, better to save
on energy and spend on lamps; hence high efficiency lamps may be employed.
It may be mentioned, however, that high efficiency lamps (24 watts per candle)
cannot hold out against sudden fluctuations of pressure to the extent that those
of low efficiency can.

The higher the temperature to which the filament is raised the greater will be
the light emitted and the efficiency ; but there is a limit to the temperature
clevation possible. In the first place, when carbon is strongly heated in a vacuum
sublimation sets in, i.e. the solid carbon is converted into vapour without passing
through the liquid condition; hence the blackening of the bulbs in all lamps, and
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more 50 in those with indifferent filaments ; in the second place, if heated until
the melting point of platinum is reached the lamp is at once destroyed.

The blackening of the bulb cués off a marked percentage of the light, and subli-
mation results in the surface of the filament acquiring an increased ability to
radiate heat, so that its temperature cannot rise so high ; hence the candle-power
18 lowered, the watts per candle increased, and the efficiency decreased.

Again, if the filament be an uneven one, the thin parts, being heated more than
the thicker portions, sublime the most, become still thinner, and finally the
filament severs. When blackening becomes very marked the lamp should be
replaced by a new one.

As previously indicated, economical distribution demands high pressure, and
high-pressure lamps are now essential. Taking the previous example of a 16 c.p.
lamp taking 64 watts and imagining a 200-volt circuit, the resistance of the lamp
would have to be 200%/64, i.e. 625 ohms. To secure this resistance in a globe not
of serious dimensions a very thin filament is nccessary, and it must be fairly long;
this is the essential feature in, and the difficulty attending the construction of
high-pressure incandescent lamps.

A lamp does not emit hght equally in all directions, and the term ‘candle-

power” is frequently used to denote the c.p. in the most favourable direction for
the lamp. In the case of glow-lamps the ‘‘mean horizontal candle-power ”
(M.H.C.P.) is invariably referred to: this is the mean of the candle-powers in
all directions in the horizontal plane passing through the centre of the light. It
is, however, becoming customary (particularly with arc lamps) to refer to the
““mean spherical candle-power” (M.S.C.P.): this is the mean of the candle-
powers in all directions. The M.S.C.P. of a carbon
H z filament lamp is about *82 of the M.H.C.P. (For metallic
L filament vacuum lamps it is about 75, and for the half-
watt lamps *85.)
- The useful hife of a lamp is the time, in hours, taken
for the c.p. to fall to 80 per cent. of its original value
(this is referred to as the smashing point), but frequently
price lists give the fotal life. The useful life of a good
English carbon filament lamp (34-33 watts per candle),
never over-run, is from 700 to 1,000 hours.

176. The Nernst Lamp.—In Chapters IT.
and X. we have referred to the fact that many
substances are insulatorsat ordinary temperatures,
but become conductors when their temperatures
are sufliciently raised ; this property of zirconia,
an oxide of the alkaline metal zirconium, thoria,
an oxide of thorium, and certain other metallic

Fig. 180. oxides, is utilised in the Nernst lamp.

The glower Z (Fig. 180) consists of a thin
rod of zirconia mixed with the oxides of thorium, yttrium, and
erbium, its length in some cases being from 3} to 1 in., and dia-
meter 4 in. This glower is surrounded by a heater H consisting of
a porcelain spiral wound with platinum wire.
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Owing to the marked decrease in the resistance of the glower when
beated, and its sensitiveness to any change in pressure and current, a
steadying resistance R of thin iron wire in a containing vessel of
hydrogen is put in series with it. Iron is selected for this purpose
owing to its high specific resistance, and also for the fact that at a
particular stage a big rise or fall in the terminal P.D. produces prac-
tically no change in the current, since the resistance changes in the
same ratio; a hydrogen atmosphere is used to prevent oxidation.

In series with R and Z is a solenoid S, fitted with a bent iron core ;
L is an iron lever, which serves to break the heater circuit at the
correct instant.

The action of the lamp is as follows: The current enters at the
positive terminal A, passes along the lever L and wire W to the heater
H, returning to the negative terminal B by way of the wire W,. At
this stage no current passes through the glower circuit, since the
glower, being cold, is a non-conductor. The current renders the
beater (porcelain and wire) red hot, and these radiating to Z so raise
its temperature that in a second or two it becomes a conductor. Cur-
rent now passes from A to the solenoid S through the wire w, thence
to R and Z, and back by W, to the negative terminal B. The bent
iron rod is magnetised, the lever L attracted (dotted lines), and the
heater thus cut out of circuit, the whole current now passing through
Z, rendering the latter luminescent.

Unlike the glow lamp filament the glower is surrounded by air. The efficiency
is high, of the order -6 candle per watt, and owing to the high resistance of the
glower, glowers for high pressure lamps can be readily constructed. The com-
plications—heater, magnet, ballast—are, however, not ideal, the glower after
some time becomes crystalline in structure, and the efficiency is then reduced,
and finally unexpected failure in some form often results in a comparatively
short Ihfe (400—500 hours).

177. Metallic Filament Lamps.—The main drawbacks to the
carbon filament lamp are its large power consumption, and the fact
(associated with its negative temperature coefficient) that it is sensitive
to pressure fluctuations; hence many attempts have been made to dis-
cover a satisfactory substitute, which could be heated to a high tem-
perature, which would have a longer ¢ useful life,” and for which the
power consumption and sensitiveness to changes in voltage would be
considerably less than in the case of the carbon filament. As a result
the Nernst lamp appeared in 1897, and was followed in 1902 by the
Osmium lamp as a commercial article. The filaments of the latter
were made of metallic osmium. Their candle-power was high (25 and
upwards), and they absorbed about 1'6 watts per candle; but the lamp
has given place to newer types.

In 1905 the Tantalum lamp was placed upon the market, and
although its power consumption exceeds that of certain other metallic
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filament lamps, it has special points in its favour, and very soon won a
reputation. The filaments are made of pure drawn tantalum wire,
their power consumption ig" from 1:5 to 2 watts per candle, and a
pleasing white light of high candle-power is produced. As the metal,
unlike carbon, increases in resistance when heated, the lamp is not
affected by voltage variation to the extent that the carbon filament
lamp is.

Owing to the low specific resistance, however, a very long filament
is necessary, and special methods must be adopted for
enclosing such in a vacuum globe of ordinary diinen-
sions. Fig. 181 shows one of the devices employed. A
central glass stem carries two sets of hooks as indicated,
and the tantalum is supported in the form of a con-
tinuous filament on these hooks; this method, with
slight modifications, is adopted in general with metallic
filament lamps.

The advantage of tantalum over osmium is that the
former is stronger, and higher voltage lamps (250 volts)
are possible. The tantalum filament is, in fact, one of
the strongest; the lamps can be suspended in any position, are well
able to withstand vibration, and can therefore be employed with
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success in workshops, for electric railways, ship-lighting, etc., traction
tantalums at 2 watts per candle burning five in series on a 600 volt
circuit having outlived 2,000 hours.

Fig. 182 gives the result of a “ c.p.” and “ watts per candle” test on
a 110 volt, 25 c.p. tantalum lamp for a run of 1,000 hours. Fig. 183
depicts similar tests on 16 c.p. carbon lamps. Although the tantalum
has points in its favour, it also has recently given place to newer types.
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Metallic Filament Lamps of Later Introduction.—The Osram,
Corona, Wotan, Mazda, etc., have filaments of the metal tungsten,
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These filaments can be raised to a high temperature so that their
candle-power covers a wide range (up to 1,200 c.p.), their power
consumption is only of the order 11 to 1'4 watts per candle, their
average life is over 2,000 hours, and they can be used at various pres-
sures from low values to 260 volts. Owing to the %ositive temperature
coefficient the lamps display less variation in candle-power and watts,
due to changes in voltage, than the carbon filament lamp does.

Originally the filaments were very delicate, and difficulty was experi-
enced in the fixing of the long filaments in globes of reasonable dimen-
sions. Improvements in manufacture have, however, overcome the
difficulties, and the modern tungsten lamp is now a commercial success
for either direct or alternating current circuits, and for both indoor and
outdoor illumination.

The methods which have been adopted in the manufacture of
tungsten filaments may be briefly outlined as follows :—

I The Coating Process.—A fine carbon filament is heated by
means of an electric current in an atmosphere of tungsten chloride
or oxychloride, and hydrogen. The latter reduces the volatile metallic
compounds, and the metal is deposited on the carbon filament. A
furtEer application of heat causes the tungsten and carbon to combine,
forming tungsten carbide, which is then reduced and the carbon
abstracted by heating in an atmosphere of steam and hydrogen; a
pure tungsten filament is the result.

II. The Paste Process.—Tungsten oxide and an excess of zinc
dust are heated together, the zinc is afterwards dissolved by hydro-
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chloric acid, and the reduced metallic tungsten remains in the form
of a dark powder. This is made into a paste by mixing with caramel
or gum tragacanth, and is then squirted through a very fine orifice so
as to form filaments. These are next heated under exclusion of air,
and a current passed through them in an atmosphere of hydrogen,
with the result that the filaments “ sinter,” the gas attacking the con-
gtituents of the binding agents but not the metal, so that finally a
filament of pure tungsten remains.

III. The Colloidal Process.—Tungsten electrodes are placed
under water and an arc is formed, thereby producing the * colloidal *
state. The finely divided tungsten powder is then mixed, if necessary,
with binding agents to produce the proper consistency, and finally
“squirted,” and subsequently treated as outlined above.

IV. The Tungsten Wire Process.—The search for a ductile
tungsten filament has now met with success. These are drawn tung-
sten wires which retain their ductility and are strong mechanically.
The ductile wire is bright, tough, and steel-coloured, the tensile
strength increases as the drawing proceeds, and the drawn and
annealed wires result in robust lamps having all the good points of
the earlier tungsten filaments which they are rapidly superseding.
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Osram lamps are supplied with either squirted or drawn wire fila-
ments. Fig. 184 depicts a recent test on a 220 volt 20 watt 16 c.p.
Osram on an alternating current circuit. Corona lamps are fitted
with annealed tungsten wire filaments. Mazda lamps have wire fila-
ments drawn from a block of pure tungsten.

In the tungsten half-watt lamp the filament is in an atmosphere
of nitrogen (or argon). When a metal filament is run at a very high
temperature it tends to evaporate (this blackens the bulb), and the
temperature at which this sets in is lower if the filament is in a
vacuum than if it isin a gas: hence the introduction of gasinto the bulb,
nitrogen or argon being chosen as they have no chemical effect upon the
hot filament. Thus it is that the temperature can be raised about 500° F.
above that of an ordinary tungsten (vacuum) lamp, and at such a tem-
perature the light is whiter in colour and approaches sunlight.
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Convection currents in the gas tend to cool the filament ; to counter-
act this it is wound in a close coil, which results in adjacent turns
heating each other and less surface being exposed to the cooling effect
of the gas. The bulbs have comparatively long necks, so that the
lamp sockets, etc., are a fair distance from the high-temperature fila-
ments, and any tungsten which does evaporate is carried there by
convection, so that any blackening mainly occurs in the wpper por-
tions of the lamps.

The intrinsic brilliancy is about eight times that of a tungsten
(vacuum) lamp, and from 15 to 20 times that of a carbon filament
lamp. In some makes the ratio of the M.S.C.P. to the maximum
horizontal candle-power is about ‘85. They can be run on voltages
from 25 to 260, the watts range from 15 to 1,500, and the c.p. is
about twice the watts absorbed ( 5 watt per candle) : the life is about
1,000 hours, and various types give up to 3,000 c.p. The lamps are
not only suitable for indoor lighting, but in places they are replacing
arc lamps for street, railway, and factory lighting, etc.: over arc
lamps they have several advantages.

178. The Electric Arc: General Remarks.—If two carbon rods
in contact, end to end, form part of a suitable continuous current
circuit, and if when the current is flowing the carbons be drawn apart
to a distance of % or % inch, a luminous “arc” will be formed
between them, the arc comstituting a conducting path from one
carbon to the other. After a time the ends of the carbons become
luminous, and more so than the arc; in
fact, about 85 per cent. of the light is
due to the positive carbon (i.e. the one
joined to the positive lead or positive
of generator), 10 per cent. to the nega-
tive carbon, and 5 per cent. to the are.
The positive carbon assumes a crater-
like form, as indicated in Fig. 185, the
temperature of which is from 3,500° to
4,000° C.; the end of the negative be-
comes gradually pointed, incandescent
matter being carried to it from the
positive, and its temperature is about
2,500° C. The rate of consumption of
the positive carbon is about twice that
of the negative ; hence for the former
carbons about twice the cross-sectional Fig. 185.
area are employed.

Modern theory indicates that when the carbons are separated the
space becomes conducting owing to ionisation of the air at the high
temperature, and that the negative carbon emits a constant stream of
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flect'rons, which, bombarding the positive carbon, keep the latter very
hot.

Experiment shows that in the case of continuous current arcs, a
P.D. of about 44 volts is necessary ; they will not act at all with a
pressure below 38 volts, and a frequent allowance is 50 volts for a 10-
ampere arc. A considerable P.D. is found to exist between the
positive carbon and a point slightly below the crater, and in com-
parison a small P.D. exists between this point and the negative
carbon. To account for this it has been suggested that the volatilisa-
tion of the carbon in the crater results in the estabhishment of a back
pressure of 37 to 88 9 volts in a manner similar to the back pressure
consequent upon the separation of the ions in electrolysis, the result
being, of course, that the applied pressure has to overcome this in
addition to the ohmie resistance (of the order 1 to § ohm) of the are.

The P.D. necessary to maintain an arc has been found by Mrs.
Ayrton to be given by the following relation—

E= {a + OL + d_—tl_e_L_ volts,
where a, b, d, and e are constants, I, the length of the arc in mm., and
I the current in amperes; the values of the constants were found to

be as follows :—
a=2389,b=207d=117,e=105.

From the relation given above it follows that: (1) an increase in
the current causes a decrease in the voltage if the length of the arc
remains the same; (2) a decrease in the length of the arc causes a
decrease in the voltage if the current remains the same. In connec-
tion with (1) it may be mentioned that as the current increases, the
voltage decreases at first rapidly and then more slowly; the crater
also increases, and when this continues until the crater walls extend
to the sides of the carbon, the * hissing”’ of the arc sets in, at which
stage a sudden fall in voltage (about 10 volts) occurs, and beyond
which no further decrease in voltage takes place. Hissing also occurs
when the arc is first started, and when its length falls below a certain
value; it is probably due to the combustion of carbon in air, which is
alternately sucked in and expelled from the arec.

The positive carbon is uppermost, so that the crater may throw its
light downwards, a certain percentage, however, being stopped by the
negative carbon. Owing to the high temperature the c¢.p. is high in
certain directions (see later)—of the order 1,000 +, so that the power
consumption may be given as of the order *5 to '8 watt per candle,
and the efficiency of the order, say, 125 candles per watt. The
M.S.C.P., however, is of the order 700, so that the power consumption
is of the order 1'4 walls per mean spherical candle-power. A more
perfect crater ig formed if a cored carbon, i.e. one with a core of softer

carbon, be used as positive,
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Arc lamps can be arranged either in series or in parallel. For
lighting railway stations and similar places where all the lights are
required at once, or in cases where glow-lamps are not used, it is
customary to run them in series, the dynamo, of high EM.F., being
arranged to keep a constant current flowing, in which case no part of
the cable carries more than, say, 10 amperes, the current required for
one lamp. If, on the other hand, the lamps (say 12) be put in simple
parallel, the cable between the dynamo and the first lamp must be of
sufficient section to carry 120 amperes, and the remainder of it in
proportion ; thus heavier and more costly cable will be necessitated.

Again, to ensure satisfactory working of an arc, the proper voltage
must be maintained at its terminals, and the current must be kept as
uniform as possible. It will be clear, however, that if lamps be con-
nected in parallel between mains at the required voltage for each (say
50 volts), any variation in the length of an arc will result in great
instability, since the arcs themselves form the only resistance. To
avoid this it becomes necessary when single lamps are in parallel to
use a higher pressure than that for one lamp, and to place in series
with each a steadying resistance to use up the extra volts, in which
case any change in the resistance of the arc will not materially affect
the whole path. Thus, if the mains be at 60 volts, 10 volts must be
disposed of ; and assuming 10-ampere lamps, the steadying resistance
with each must clearly be 18, ¢.e. 1 ohm. The watts spent in this
resistance will be 100, and the watts spent in the lamp will be 500;
thus instability is avoided by wasting 1 of the power.

Sometimes two lamps are put in series on a 100-volt cireuit without
a steadying resistance, but the arrangement is not an excellent one.
T'wo in series on a 110-volt circuit and four in series on a 220-volt
circuit, steadying resistances in each case, are customary. If a large
number are in series, steadying resistances are not necessary, since one
acts as such to another; but in such cases automatic cut-outs are
necessary, so that if a lamp fails an alternative path is opened out,
along which the current continues to flow to the others.

The internal mechanism of an arc lamp generally includes two
coils—one in series with the carbons, termed the *series” coil, the
other acting as a shunt thereto, and termed the “shunt” coil, the
combined effect of the two being to keep the arc of proper length.
Such a lamp is suitable either for parallel (i.e. constant pressure) or
series (constant current) circuits. In a lamp intended for parallel
working only and connected directly to the mains, the shunt coil
might be dispensed with, for its effect would always be the same ; the
series resistance previously mentioned, however, varies the P.D. at
the shunt terminals, and renders it effective in governing properly.
Further, a lamp with a shunt coil only may be used on a series (eon-
stant current) circuit (Art. 180).

An alternating current arc lamp takes 80 per cent. more watts per
candle, the lower efficiency being due to the following facts:—
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(1) Since the upper and lower carbons act alternately as positives and
negatives, about half the light is thrown upwards. (2) Since each
carbon is heated as a positive for short intervals only, neither can
attain the same temperaturé as the positive crater with a continuous
current. A minor drawback is the humming noise the alternating arc
gives rise to, due partly to molecular vibration in the metal parts, and
partly to the alternate heating and cooling of the gases and vapours
as the current rises and falls and is reversed. In such lamps the
carbons (both cored) are equally consumed, equal in diameter, and
both become pointed, and all iron parts are laminated to eliminate the
effects of eddy currents (Chap. XVIIL). The minimum E.M.F. re-
quired is about 30 volts.

In connection with the alternating are, however, it may be men-
tioned that in parallel working “ choking coils ”” take the place of the
regulating resistances of the direct current arc; a choking coil adjusts
the pressure without dissipating as much energy as a resistance coil
does.

As the name suggests, an enclosed arc is one formed in a com-
partment from which the air is more or less excluded ; it is often done
by enclosing the carbons in a smaller globe inside the usual one, the
latter being, moreover, specially designed to attain the object in view.
‘When the arc is established, the carbon combines with the air in the
inner globe and forms carbon monoxide ; this fills the globe, prevent-
ing further access of air, and, being a non-supporter of combustion,
the chief lpss of the carbons is due to volatilisation; hence it is that
they last longer than those of the open arc. The carbons do not
become conical since there is no burning, but remain more or less
flat. This flattening would be a decided disadvantage were it not for
the fact that the carbons are much further apart than in the open are,
for it would result in the lower one obscuring more light from the
upper. The arc is frequently 12 mm. in length, and the pressure at
the lamp terminals about 80 volts.

The advantages of the * enclosed ” over the “ open” arc may be
summarised thus:

1) The carbons last longer ; new ones are necessitated about once
in 100 to 200 hours, as against 10 to 20 hours for the open arc.

(2) A longer arc and higher P.D. is possible; hence single lamps
can be better adapted to parallel working with existing pressures,
e.g. single lamps with small steadying resistances can be run in parallel
on 110-volt circuits.

(8) For indoor work there is, perhaps, a greater element of safety
with enclosed arcs, since there is less fire risk from sparks and falling
carbon.

(4) Owing to the longer arc the width of the zone of light, in which
the illumination is practically a maximum, is greater, and uniform
illumination is spread over a large area. In the open arc % of the
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light falls between the angles 28° and 48° from the horizontal; an
enclosed arc gives & of its light between the angles 25° and 60°.
The disadvantages of this type as compared with the open arc are—

(1) It absorbs about 22 watts per spher"icnl c.p., and has, therefore,
a less efficiency.

(2) The employment of the inner globe naturally results in a
greater absorption of light.

(3) The arc moves about over the flat ends of the carbons, produc-
ing a certain amount of unsteadiness; the employment of two opal-
escent glass globes, however, greatly eliminates the effect of this.

In some recent types the outer globe is omitted, the single globe
being of opalescent glass to diffuse the light. The lamp is also less
efficient than the ““open” type, but the light is more pleasing and
excellent for interior lighting. The inverted open type used to
illuminate a white ceiling and the room by reflection therefromn is,
perhaps, its chief rival for this purpose as far as arc lamps are
concerned.

179. Functions of Arc Lamp Mechanism.—The duties of the
mechanism of an arc lamp are—

(1) To bring the carbons together (if they are not already in contact)
when the current passes, and then to separate them (or * strike” the
arc) by a definite amount.

(2) To lessen the distance between them (or “feed” the arc) should
they separate too much, and increase the distance should they come
too near.

To carry out these operations various devices in addition to series or
shunt coils or both—brake wheels, clutches, clockworks, and small
motors—are employed in modern lamps.

180. The Regulating Action of the Series and Shunt Coils.
—TFig. 186 (diagrammatic) will serve to explain the action of a series
wound lamp (a), a shunt wound lamp (b), and a differentially wound
lamp (¢). The carbons are suspended from a pulley in such a way
that a,clockwise rotation brings them together whilst a counter-clock-
wise rotation moves them apart; this pulley rotates with another from
which a soft iron core is hanging.

(a) SErIEs wouND Lamp (Fig. 186a). This is fitted with one coil
only in series with the carbons and s suitable for arc lamps intended
Jor parallel (constant pressure) working. When no current is passing
the carbons are in contact. 'When the current passes the coil attracts
the iron core thus producing a counter-clockwise rotation of the pulleys
and separating the carbons. Equilibrium is established (with the arc
of proper length) when the pull on the iron core on the one side is

T, E. 16
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balancing the weight of the carbons, etc., on the other side. As the
carbons are consumed, the arc gets longer, its resistance increases,
the constant P.D. causes a less current to flow, the pull on the iron
core becomes less and the carbons move towards each other until
equilibrium is once more established with the arc of proper length
and the correct current passing.

- ve A -—ve - Vve

(a) Sertes-wound, (b) Shunt-wound. (¢) Dafferential-wound.

Fig. 186.

(b) SaunT wounp Lamp (Fig. 186b). This is fitted with a shunt
coil only and s switable for arc lamps intended for series (constant
current) working. When no current is passing the carbons are separated.
‘When the current is switched on, it passes through the shunt coil, the
iron core is attracted and the carbons brought into contact. Current
now passes through the carbons, and therefore less current through
the shunt coil, so that the attraction of the latter on the iron core is
reduced and the carbons are separated until equilibrium is established
with the arc of proper length. As the carbons burn away, and the
resistance there increases, the constant current gives an increased P.D.
nt the terminals, so that a greater proportion of current passes through
the shunt coil, the core is attracted and the carbons brought nearer
together until equilibrium is again established with the arc of proper
length and the.correct P.D. on the lamp.

(c) D1rFERENTIALLY WOUND Lamp (Fig. 186¢). This is fitted with
both a series and a shunt coil and ¢ s suitable for either series or
arallel working. Imagine a constant current circuit and the carbons
in contact. On swilching on the current, the latter mainly goes
through the lesser resistance series coil; this coil attracts the iron
core, and the carbons are separated. More current now goes through
the shunt coil so that it also attracts the iron core tending to bring
the carbpns together. Equilibrium is established, with the arc of
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proper length, when these two opposing influences exactly balance
each other. The student should modify the explanation to fit the case
of a constant pressure circuit. '

The series lamp tends to maintain a constant current and is suitable
for use on a constant pressure supply : the shunt lamp tends to main-
tain constant voltage and is suitable for use on a constant current
circuit: the differential lamp combines the properties of both and is
suitable for use on either constant voltage or constant current circuits.

Additional devices employed to secure the smooth and efficient
Wcﬁ'king of arc lamps will be gathered from the descriptions which
follow.

181. The Crompton 8. Type Arc Lamp.—This, a good example
of an up-to-date efficient lamp, is of the brake wheel and differential
type (i.e. two solenoids opposing each other), and is illustrated in
Pigs. 187 and 188.

Referring to Fig. 187, L is a rocking lever pivoted at P and carrying
near its ends two vertical soft-iron cores C and D, so arranged that
they can move freely up and down inside the solenoids A and B. One
end of the brake chain H is fixed to the lever at E, and after passing
twice round the brake wheel Z is fixed at its lower end to the flat
spring N. To the brake wheel Z are attached two drums (seen on the
right of it in the figure) insulated from each other and from the wheel
but turning with it, the whole being carried in the bearing straps S S.

One end of the flexible copper cord P is attached to one drum, its
other end being fixed to the upper carbon holder X, which latter is
insulated by mica from its carrier T. The upper end of another
flexible copper cord R is attached to the second drum, its lower end
being fixed to the carrier rod which is attached to the negative carbon
holder V. The cords P and R are wound in opposite directions on
the two insulated drums, so that any movement of the latter will,
according to the direction of the movement, draw apart the carbons
or cause them to approach each other.

Thus looking at the drums from the right-hand side of the figure,
a slight turn in a clockwise direction will result in the upper carbon
being raised and the bottom one lowered; a slight turn in a counter-
clockwise direction will lower the upper carbon and raise the bottom
one; hence in the first case the carbons will be separated, while in the
second case they will be brought together.

From the base plate, extending downwards, are two brass tubes W
for guiding the positive carrier T and the negative carrier rod, which
latter moves in the tube on the right. The guide tubes are negative,
i.e. they are in conducting communication with the lower carbon, but
their upper ends are thoroughly insulated from the base plate by mica
washers, and their lower ends from the steel globe rods by ebonite
insulators. A dashpot K is provided to secure perfectly smooth and
steady working.



HEATING EFFECTS, LIGHTING, AND LAMPS.

244

MAIN OR SERIES

SOLENOID A

AN

DIAGRAMMATIC ARRANGEMENT

OF

NEW “S.” TYPE ARG LAMP.

@Hm\\‘ ﬂm

DASH-POT

“~MAIN

DIAGRAM OF

OTo i
Vel s
"
4 U )
(e} l.lpl
O | ~~LEVER N -
L mrmm;_zo STRAP 40 L .-utql..xﬂlmﬂuﬂLNT
LEVER <WE g NEGATIVE ROD-
| - PINOT nEGR X T v
m& 7P e PoSITIVE CORD, P POSITIVE 1/ NEGATIVE
o e MRS CARBON [J(CCARBON
2 \
E 197 Hain — z xun.,u_ POSITIVE DRIVING
ﬁ _Z \BrRAKE | O ;: L_ WEIGHT ,.B\hoc_om Tuses ||
R WHEEL s
m \ l_“c‘ o ]
r N - ~ U
e TLOBE RODS CROSS-BAR
w _7_ f - @
3 “ / BRAKE SPRING
w SHUNT
F SOLENOID ———

CIRCUITS THRO' LAMP

th.

Fig 187.

core

the s.

the ca



 IEATING BFFEOTS, LIGHTING, AND LAMPS. 245

" One end of the main or series coil A of thick wire is ]01116(1 to the"
positive terminal of the lamp, the other end being attached to the
bearing strap S on the right, from which a spiral connection leads to
the drum which carries the positive cord P.  Another spiral conneetion -
leads from the drum which carries tlw negative c(n‘(l R to Lhe bearing
strap 8 on the left, from which a ‘
connection passes to the negative
terminal of the lamp. [The spiral
connections between the bearing
straps and drums cannot be seen
m the figure.

One end of the fine wire shunt
coil B is joined to the positive
terminal, the other end being eon-
nected to the strap on the left, from
whenes it communicates with the
negative ferminal, The reader
should carefully compare these con-
nections with the circuit diagram
and he will realise that the two are
identical.

Imagine now that the cwrbo»ns
are in contact and that the lam
on a constant current cireui. he
current enters at the positive fer-
minal, passes round the series coil
A, thence to 8 on the right, to the
drum and fhe {msmve cord P by -
wisy of the spiral connection, thence
through the carbons and the nega-
tive carrier rod to R and the other
drum, from whence it passes to 8
on the Ieft and to the n(ﬂgﬂ,ﬂm -
terminal. : :

On the pa,ssmcre of the current, -
as mdwamd the core D is smcked

lever T, raising F, t

brake chain H, and giving a almhb .
turn to the bmka wheel and roms
ina cloekwme dnrecmon vwwa& from the ri
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the lamp to feed. In practice this feeding of the carbons is practically
continuous, and the arc is kept at a constant length.

It will be observed that prior to the striking of the arc (¢.e. when
the carbons are in contact) the resistance of the series coil and carbons
is small compared with that of the shunt coil, so that practically the
whole current takes the series coil path at first. It may be mentioned,
too, that since both carbons are fed forward, the position of the arc
relative to the containing globe is constant and the lamp is termed
a “ focussing lamp.”

These lamps can be arranged
to burn in parallel, in series,
or in series parallel on alter-
nating or continuous current
circuits. Continuous current
lamps are supplied for 5, 10,
12, and 15 amperes, and alter-
nating current ones for 10, 12,
and 15 amperes; the latter can
be run three in series on 100
volts.

In our explanation we have
agsumed the lamp to be one
of a series on a constant cur-
rent circuit. As an exercise
the reader should slightly
modify the explanation to fit
the case of a constant P.D.
being maintained at the lamp
terminals.

182. The Jandus En-
closed Arc Lamp. — This
lamp is shown in Fig. 189, a
diagrammatic view of the re-
gulating mechanism, which is
of the clutch type, being given
in Fig. 190.

Referring first to Fig. 189,
the bottom of the outer globe
rests on a brass gas-check pan,

Fig. 189. between which and the china

knob at the very bottom of

the lamp is a spiral spring, which ensures close contact between
the globe and pan, thereby preventing access of air from with-
out. The top of the outer globe is fixed to the lamp and sealed by
asbestos washers. It should be observed that the gas-check pan is
sufficiently yielding to permit of the escape of the enclosed gases when
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the internal pressure, consequent upon the heat of the are, is sufficiently
great to depress the spring a little.

The inner globe is fixed at N
the bottom to the support
which carries the lower car- /‘.'
bon, and the upper end of . ™~
this globe carriesa metal cover o f——>—

provided with a hole which
allows the upper carbon to
move freely throughit. When
fresh carbons are inserted, the
upper one projects about 13"
into this globe. It will be
noticed that, since the bottom
carbon is fixed, the lamp is
not a focussing one, and the
arc will move downwards as
the carbons are consumed;
owing, however, to the slow /
rate of consumption this does /
not matter so much. ,
The controlling mechanism A P
will be understood by re-
ference to Fig. 190. On a
thin tube is wound a series
coil S, one end of which is {
joined to the positive terminal b |
of the lamp, the other end
being in conducting com-
munication with the centering G
contact rings R R, which serve
to lead the current into the
upper carbon. There are in
all six rings arranged round
the positive carbon, permit- R
ting it to move freely between <— ), S
them and giving a smooth and n " 1
frictionless contact. 1‘ i
|

|

|

-
N
N

N
N
N
N

8

N

N
N
N
N

Z

The negative carbon is con-
nected through a steadying or + {4
regulating resistance R to the '
negative terminal of the lamp. by
The same thin tube carries a -
shunt coil wound in the op- Fig. 190.
posite direction, so as to L
oppose the series coil ; this for simplicity is not shown in the diagram.

}())utside the coils is an iron tube I, at the top of which is a soft-iron
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pole-piece P of the peculiar shape indicated. Attached to the bottom
of T 1s a chamber B, in which moves the stout soft-iron tube or arma-
ture A, the lower end of which is fastened to an iron dish 1, the inner
wall of which is inclined as shown. The armature A is sloped at its
upper extremity to correspond with the shape of the pole-piece P,
while its lower end is grooved in three places, each groove containing a
cluteh ring C. & is a tube which guides the positive carbon.

When the current passes through the series coil, A and D move up-
wards owing to the attraction between A and P; the sloping[side of
D naturally causes the rings C to press forward, upon which they
clutch the upper carbon holder, raise it, and strike the arc. Should
the arc become too long, its resistance so far increases that the increased
current in the shunt partially cancels the effect of the series, and A and
D fall a little—the result being that the clutch rings ease their grip,
and the positive carbon falls. The construction is such that the motion
of D inside B provides an eflicient dashpot.

183. Automatic Cut-out for Arc Lamps in Series.—We have
mentioned the fact that in series

B A working, arc lamps are provided with

C > cut-outs such that, should a lamp
g" fail, an alternative path is opened

oy S out along which the current con-
LU (0 tinues to flow to the others. The
principle of a cut-out which intro-

' duces an equivalent resistance is

P shown in Fig. 191. The shunt coil
S of the lamp has in its circuit an

electromagnet E, opposite the end

R of which is an armature held off

by the spring p. Should the are
become too long, the increased cur-
rent through S so energises the electromagnet that the armature is
attracted against the pull of the spring p, and, making contact with
C, opens the alternative path A R CB, including the resistance R,
which is equivalent to that of the lamp. The current through this
path also energises E, thus maintaining the contact at C.

Fig. 191

184. The ‘““Excello” Flame Arc Lamp.—The essential features
wherein this new “flame ” arc differs from the ordinary are :—

(1) The arc is formed in a magnetic field which serves the double
purpose of blowing it out into the shape of a flaming fan (hence the
name) and extinguishing it altogether when necessary.

(2) Long thin carbons are employed, and these, instead of being end
to end, are inclined at a slight angle to each other, their tips being fed
forward into an inverted porcelain cup (termed the * economiser ”) in
which the flaming arc is formed. The carbons have mineralised cores.
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Remembering that a current-carrying wire when placed in a mag-
netic field is urged in a direction depending on the directions of the
current and of the field, the reader will bave no difficulty in realising
that an arc will be similarly affected; with a field not exceeding a
certain value the arc is bulged out; with a field stronger than this
limiting value the arc is ruptured.

The quality and colour of the light depend upon the constitution of
the carbons. By mixing therewith certain metallic salts various
colours* from white to red are obtainable, but experiment has shown
that for maximum efficiency * ruddy yellow ” or “ sun ray ” light is to
be preferred. The carbons are consumed quicker than in the ordinary
arc; hence longer ones are necessary, and for the purpose of reducing
their resistance (and consequent drop of volts in the lamps) the carbons
are fitted with a wire alongside the core.

The economiser fulfils one or two important functions. The flame is
very,sensitive to air currents, and
the economiser protects it from r
draughts. A limited supply of +l
oxygen must be furnished to the
arc, and the economiser limits the
supply. Finally the surface of the
economiser becomes coated with a
white metallic oxide which serves as
an admirable reflector.

The working details of the lamp
will be gathered from Fig. 192, in
which the double lines inclined
downwards represent the carbons
whose points come near each other
in the economiser ¢. The cores of
the vertical  series”’ solenoid /& and
of the horizontal “shunt” solenoid
n are firmly connected together,
and between them swings the arma-
ture e connected to the detent f; d
is a slider connected to the rod b,
and as will be seen from the figure broenes gk
any movement of e will result in a
movement of b and d and one of

T e
s | e
I -
. 1

[

oy

Q

1]

S

1]
i

0

_____ -

e e
<

the carbons. ) i el
Briefly the action of the lamp is Fig. 192.

as follows: the carbons are initially
separated. On closing the circuit the current first flows from the +
terminal via the dotted line to the shunt coil » and thence to the

* With Zime, calcium fluoride, golden yellow ; barium, cerium fluoride, white ;
gtrontium, pink.
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— terminal, with the result that the armature e is drawn over towards
the right, the rod b raised, and the carbons brought together by means
of the slider d. Current now passes from the 4- terminal through the
series coil &, thence to the series turns on the blow magnet just above
the economiser, upwards (firm line) to the positive carbon, thence to
the negative carbon and to the — terminal, the result being that e is
now drawn to the left, the carbons separated, and the arc struck.

‘When the distance between the carbons becomes too great, the shunt
coil has a greater effect on e than the series coil, the armature moves
towards it, the detent f is released, and the carbons feed forward.
‘When the carbons are in their lowest position and cannot feed further,
the shunt coil % is automatically cut out by the switch U, the series
coil & suddenly draws e over towards the left, thereby separating the
carbons as far as possible and extinguishing the arc.

For pressures exceeding 240 volts an additional extinguishing device
is provided. At the moment of cutting out the shunt coil # as above,
a second shunt circuit is brought into action, current passing down-
wards (via the dotted line on the extreme left) to the coil b on the blow
magnet, thence upwards (via the dotted line on the right) to the —
terminal ; this so increases the strength of the blow magnet and of the
field in which the arc is formed that the latter is at once extinguished.

The lamps can conveniently be run at 50 volts each. Their efficiency
is about 3 to 5 spherical candles per watt, and it is stated that the
maximum c.p. is over 3,000. The construction results in entire absence
of shadows, and they appear unequalled for the lighting of streets and
open spaces. For alternating currents the above construction is modi-
fied, and a differentially wound motor lamp produced for periodicities,
from 40 to 100 per second.

185. The Jandus Regenerative Flame Arc Lamp.—This is an
enclosed arc lamp with a chemically treated positive carbon. This
latter consists of a carbon core of star-shaped section, the interspaces
between the rays of the star being filled with a paste formed of a
mixture of calcium tungstate and calcium fluoride with salts of sodium
and potassium. The carbons, end to end, the positive being the lower,
are enclosed in a cylindrical clear glass vessel provided with side tubes
giving free communication between the top and the bottom, and the
cylinder is further surrounded by an opalescent glass globe, the whole
being arranged in an airtight enclosure.

Flame arc carbons, if burning in an ordinary enclosure, give a dense
white deposit on the sides of the glass which almost entirely cuts off
the light after a few hours’ run. In this case, however, the heat of
the arc produces a strong upward draught of heated gases which sweep
downwards through the side tubes and pass upwards again through
the central glass cylinder; thus the glass cylinder is swept by a rapid
current of hot gases which prevents deposits thereon, and this rapid
circulation of gases and chemical vapours up the cylinder, down the
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tubes, and up again through the arc regenerates the chemical vapours
therein and intensifies the arc. The success of this regeneration is

’
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g Cone Clamp
Clamping Screw
Fig. 193.

seen in the fact that only 15 grains of chemicals are consumed per

hour as aghinst several ounces for the open flame are. )
The construction and action of the lamp will be gathered from Fig.

193. The bottom positive carbon is fixed, while the upper negative



252 HEATING EFFECTS, LIGHTING, AND LAMPS.

carbon slides in the central tube vertically above it. The current,
entering the positive terminal, descends by an insulated lead to a con-
necting bolt making contact with the outer globe frame of aluminium.
From this it enters the lower carbon, passes to the upper carbon, thence
through a flexible connection to the series solenoid and the negative
terminal. The series solenoid is connected to a rocking lever, the
tilting of which raises the upper carbon through a simple clutch, there-
by striking the arc. A shunt solenoid acts upon the opposite end of
the lever in opposition to the series solenoid, and regulates the arc
length. The efficiency is 28 spherical candles per watt.

186. The Cooper Hewitt Mercury Vapour and Westing-
house Silica Lamps.—The Cooper Hewitt Lamp consists essentially
of a glass vacuum tube with a mercury electrode at one end and an iron
electrode at the other end, the light being due to the incandescence of
mercury vapour between the electrodes, in the form of a lumimous
column filling the tube. .

To light the lamp it is necessary to tilt the tube, and Fig. 194 shows
how this is done auto-
matically. On switching
on, the current flows
through the tilting sole-
noid M, cut-out J, substi-
tutional resistance N, and
through series resistance
R back to line. The cur-
rent in M causes the tube
to tilt, and a parallel path
is provided through the
mercury which flows in a
continuous stream be-
tween the electrodes ; this
current  flowing also
through the inductive re-
sistance S in series with

- the tube operates the cut-

Tig. 194. out J, and the tube re-
turns to its normal position by gravity. Meanwhile the incandescent
mercury vapour produces a luminous arc throughout the tube, the
light being emitted in uniform intensity from every part of it. Red
rays being absent from these lamps, special reflectors coated with
a layer of rhodamine, a rosy-coloured aniline dye, have been introduced
to compensate. The power consumption is about *5 watt per candle.

In the Westinghouse Silica Lamp, the tube is of transparent quartz
and both electrodes are of mercury. The power consumption is ahout
‘22 watt per candle.
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18%7. The Bastian Type Mercury Vapour Lamp.—This, another
form of mercury vapour lamp, is shown in Fig. 195. The lamp proper
a consists of a glass tube of the shape indicated containing mercury
(dotted lines) and mercury vapour. Red rays being practically absent

from the light of this lamp, a carbon filament lamp j is arranged in
series with it; j is under-run (i.e. run at a red heat), so that its emana-
tions are particularly rich in red rays; and since the globe v is of
opalescent glass the two lamps cannot be distinguished from the out-
side, and the combination produces an excellent white light. For
street lighting, j might be dispensed with and greater efficiency would
result. C, is a starting resistance which, as will be seen presently, is
automatically cut out when the *“arc” is formed. The lamp a is
attached to the beam =, which latter carries a vertical iron plunger g,
capable of moving up and down in the solenoid g. The upper part of
the lampis provided with a bell-shaped copper cover. '
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When no current is passing the arrangement is as indicated. On
closing the circuit the current enters at the positive terminal, passes
round g to the lamp j, thence through C, to the positive end of a,
through the mercury to the negative end, and thence to the negative

Fig. 196.

lamp terminal. The plun-
ger ¢, is thus attracted and
the lamp a tilted, with the
result that the mercury
leaves the negative end of
a and a short arc is formed.
The pressure of the mer-
cury vapour set up by the
arc forces the mercury into
the left-hand bulb, and this
short circuits and cuts out
C,, the arc mow extend-
ing throughout the entire
tube. The efficiency of
this vapour lamp is about
2:5 c.-p. per watt. Fig.
196 pictures the latest
form, with double 8 bur-
ner and steadying resist-
ances; it takes -4 ampere
at 220 volts.

188. The Pointolite Lamp. Other Lamps.—The “ Pointolite ”
lamp is an arc lamp with one or two tungsten electrodes, the arc being

-

(@)

O

—

b
Fig. 197.( )

formed in a partial vacuum in a glass bulb similar to that of an
ordinary glow lamp. TFig. 1970 diagrammatically represents one
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arrangement. The lamp has three terminals A, B, C. The terminal
B is connected to the positive electrode P which is a small globule of
tungsten. D E is a tungsten wire filament wound into a spiral at one
end, the straight portion carrying a tube tomposed of tungsten and
refractory metallic oxides and termed the ‘oniser.

The push button X is first closed, thus sending the current along
DE. This heats the ioniser and when it attains the temperature at
which its ionising power is effective in making the space between F
and DE conduecting, X is released and the current leaps across the
gap between P and the coil. The tungsten electrode P then moves
away from the spiral to a position opposite the ioniser, the arc now
being formed between the two.

The electrode is mounted on a thermal expansion device which moves
it along the ioniser. The nature of the arc necessitates the employ-
ment of a ballast resistance as shown in the figure. The globule P
becomes brilliantly incandescent, practically the whole of the light
coming from it.

In another type there are two tungsten electrodes and four
terminals: the arc is struck as before between the ioniser and
a small tungsten globule and then by a change over switch a
new one is struck between the latter and a larger tungsten plate
electrode : in the first arc the small globule is positive to the ioniser
but in the second it is the negative electrode, the plate electrode being
the positive.

The method of working will be gathered from Fig. 197b, where X is
the starting switch and BB the change over switch. The figure
shows the position for the first arc with X released, the globule posi-
tive and the ioniser negative. When B is “changed over” the top
contacts are connected and the globule becomes negative and the plate
positive. The voltage is of the order 45 and the 1000 c.p. lamp takes
*5 watt per candle. It is almost a “ point source” lamp.

Magazine Flame Arc Lamps.—As flame arc lamp carbons are rapidly
consumed *magazine ” lamps have been placed on the market con-
taining up to six pairs of carbons. In one type a second pair is
brought automatically into use when the first pair is used up. In
another type the carbons are arranged so that the arc is first formed
between a pair which projects further than the others, then when these
have burnt until they are shorter than the next pair the arc transfers
to the latter and so on.

Magnetite Arc Lamp.—This originally used copper as the positive
electrode but now an alloy is used, black oxide of iron mixed with
salts of titanium, chromium, ete., being used as the negative electrode.
The light is emitted from the magnetite vapour formed and is a very
near approach to daylight. The power consumption is of the order
-5 watt per candle. The negative carbon is the upper one.
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189. Illumination : Intensity of Illumination of a Surface.—
Light is a form of energy : it is that part of the radiation from a hot
body represented by waves in the a@ther between the wave lengths
000076 cm. (red) and ‘000037 cm. (violet).

The intensity of tllumination at a point of a surface is measured by
the amount of light falling per second on unit area of the swurface in the
neighbourhood of the point. The laws relating to this are as follows :—

(a) The intensity of illumination of a surface depends (directly) on
the illuminating power or intensity of the source of light.

(b) The intensity of illumination of a surface varies inversely as
the square of the distance of the surface from the source of light.

(c) The intensity of illumination when the light does not fall
normally on the surface varies as the cosine of the angle of incidence
of the light (the angle of incidence is the angle between the direction
of the incident light and the normal to the surface).

The first law is obvious. The truth of the second law may be
gathered from the following :—Let P be a luminous point giving out
light equally in all directions, and imagine a sphere A of radius a sur-
rounding P, the latter being at the centre. If Q be the total light per
second from P the intensity of illumination of A will be Q/4ma? ~If
A be replaced by B of radius b the intensity of illumination of B will
be Q/47b*: hence:—

Ilumination of A _ Q / _Q_ B
4arb?

Tlumination of B ~ 4wa? @

Intensity of illumination of A _ (Distance of B from P)?
Intensity of illumination of B (Distance of A from D)?

or the intensity of tllumination is in-
versely as the square of the distance
from the source.

The truth of the third law will
be seen from Fig. 198 where a
parallel beam of light is considered
for simplicity. Let Q be the light
falling per second normally on the
area A, of a screen, then the intensit
of illumination I, of A, is Q/A,.
Imagine the screen now tilted about
Fig. 198. the point O so that the area on

which the light falls is now A,: the
intensity of illumination I, of A, is Q/A,. Hence:—

L_ Q[ Q _A _Acosd

L= A TE TR, st
& L=1 cos b,




HEATING EFFECTS, LIGHTING, AND LAMPS. 257

i.e. the intensity of illumination when the light is incident at an angle 0
18 equal to the intensity of tllumination when the light falls mormally
multiplied by cos 6. s

Both laws (2) and (3) are true for * point sources,” and are applic-
able in practice if the dimensions of the source are small compared
with the distances from the source. The inverse square law does not
hold for a parallel beam.

The British unit of intensity of illumination is the candle foot,
defined as the intensity of illumination, produced by a source of one
candle-power at a distance of one foot, the light falling normally.
Another unit is the candle metre, defined as the intensity of illumina-
tion, produced by a standard candle at a distance of one metre: from
the preceding laws it follows that, since a foot is '305 metre, the
candle foot is 1/(*305)?, ¢.e. 10'75 candle metres, and a candle metre is
‘093 candle foot. Still another unit is the lux, defined as the intensity
of illumination at a distance of one metre from a Hefner lamp: since
the %candle ” is 1'11 hefner units and the foot is *305 metre, it follows
that the candle foot is 111/(*305)% 4.e. 1193 or 12 luxes approxi-
mately, and the lux is ‘08 candle foot approximately. (The lux is
given by some writers as identical with the candle metre.)

The following are approximate intensities of illumination in candle
feet :—Lecture rooms, theatres, etc. 1 to 3, living rooms 1 to 2, writ-
ing tables and general reading 3 to 5, drawing offices, etc. 5 to 8,
main streets ‘05, and side streets *‘03. In indoor lighting a good deal
of light comes by reflection from the walls, ceiling, ete.: in fact this
may be from 2 to 4 times the light received direct depending on
whether the wall papers, ete., are light or dark.

190. Illuminating Power or Intensity of a Source of Light.—
The illuminating power of a source of light 18 measured by the intensity
of illumination which it produces on a screen at unit distance, the light
Jalling normally. The unit is an arbitrary one, viz. the ¢ candle” or
“candle-power” (Art. 175). The illuminating power of the Har-
court pentane lamp is 10 standard candles and in fact an international
candle-power is now defined as an illuminating power equal to one-
tenth of that of the Harcourt pentane lamp. The Hefner lamp is about
‘9 gtandard candle and the French Carcel lamp is about 9:62 standard
candles. The student should note that ¢ candle-power ” refers to the
illuminating ?ower of a source, whilst “ candle foot ” refers to the
intensity of illumination of a surface.

Two important results follow from the definition given above :—

(a) Let c.p. be the illuminating power (candle-power) of a source
of light, then c.p. is the intensity of illumination it produces at unit
distance (light falling normally). Hence to develop an expression for
the intensity of illumination produced by this source on a surface at
distance d, the angle of incidence being 6, we have :—

T. E. 17
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Tllumination at distance d (light normal) 1
c.p., i.e. illumination at unit distance (light normal) ~ & '

& Xllumination at distance d (light normal) = %l% .

Hence if I be the intensity of illumination produced by this source at
distance d when the angle of incidence is ¢:—

I= %12)—‘-008 0 (candle feet).

(b) Imagine a source A at distance a from a screen, the light falling
normally : the intensity of illumination of the screen is given by
I = (c.p. of A)/a’. Suppose A is now removed and another source B
substituted, and let its distance b from the screen be adjusted until it

produces the same intensity of illumination as above: then I =
(c.p. of B)/b>. Hence:—

cp.ofA __cp.ofB . cp.ofA _a® _ (Distance of A)*
@ B 7 " Tep.of BT B (Distance of B)?’

i.e. the illuminating powers (candle powers) of two sources of light are
directly proportional to the squares of the distances they must be placed
from a screen in order to produce the same intensity of illumination.
This is the principle used in photometry (measurement of the candle-
powers of various lamps), for clearly if B above is a standard of known
c.p., the c.p. of A is determined.

The student must not confuse the above with the inverse square
law in connection with the illumination of a surface at different dis-
tances from a source.

The mean horizontal candle-power (M.H.C.P.) of a lamp is the
mean of the candle-powers in all directions in a horizontal plane
passing through the centre of the light.

The mean spherical candle-power (M.S.C.P.) is the mean of the
candle-powers in all directions from the centre of the light: it is
therefore that c.p. uniform in all directions, which would give the
same total illumination as the particular lamp in question.

The mean hemispherical candle-power (M.H.S.C.P.) is the mean
of the candle-powers in all directions below the horizontal plane
through the centre of the light (this is the lower M.H.S8.C.P. ; sometimes
the upper M.H.S.C.P. is referred to).

The spherical reduction factor of a lamp is the ratio (M.S.C.P.)
(M.H.C.P.), i.e. it is the number which the M.H.C.P. must be multipli
by in order to obtain the M.S.C.P. The reduction factor for a carbon
filament lamp is about ‘82 and for a metallic filament lamp about -75.
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191. Photometers.—An instrument for comparing and measuring
the illuminating powers of different sources of light is called a_photo-
meter. One type—the Bungen photometer—is described in Chapter
XXI., and the student should read this before proceeding further.

FROM STANDARD FROM LAMP
LAMP bs UNDER TEST

© ©

(a) (b)

(@) Left side of S brighter.
(b) Right side of S brighter.

. ®
Fig. 199.

The Lummer-Brodhun photometer consists of a milk-white screen
S, Fig. 199(a), two totally reflecting prisms PP and two prisms DD
placed base to base, the one on the left being ground down round the
edge so that the two are really in contact only over a cireular area
round about the centre.

Any light from the left, which, after reflection at S and P falls on
the central parts of D D in contact, passes through to the telescope M
(e-g. @) whilst any light from the left which falls on the outer ground
parts of D D is reflected again and does not enter M (e.g. b). Again,
any light from the right which after reflection at 8 and P (on the
right) falls on the central parts of DD in contact passes straight on
and does not enter M (e.g. c), whilst light from the right which falls
on the other part of D is again reflected and enters M (e.g. d).

Thus, on looking through M the central part of the field of vision is
illuminated by light from the left of S and the outer part by light
from the right of S and the appearance may be as indicated in Fig.
199(b). The distances of the two lights from S are adjusted until the
two parts appear the same, in which case the two lights are producing
equal intensities of illumination at 8 and

cp.oflamp __  (distance of lamp from S)?
c.p. of standard — {distance of standard from S)3

50 that the c.p. of the lamp is determined.
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For other photometers—the Rumford, Joly, Flicker, Trotter, etc.—
and for descriptions of the standard lamps the student must refer to
some advanced text-book on Light.

192. Determination of the M.H.C.P., the M.S.C.P., and the
M.H.S.C.P. of Lamps. Polar Curves or Light Distribution
Curves.—Imagine a glow-lamp at the centre of a table and let its c.p.
be determined in vartous horizontal directions on all sides of it: the
mean of all these candle-powers gives the mean horizontal candle-power
(M.H.C.P.). This statement requires a little modification if the candle-
powers are vastly different in different horizontal directions. Another
method of finding the M.H.C.P. is to use a *“spinner” : this rotates
the lamp about a vertical axis at about 150 revolutions per minute
and the c.p. horizontally of this rotating lamp, measured in the ordinary
way is really the M.H.C.P.

In determining the M.S.C.P. of a glow-lamp in the laboratory, it is

customary to select, say, 8iX ver-
_____ X P tical planes passing through the
. lamp, and to measure in each
plane the candle-power in the
various directions L. A, L B, etec.
(Fig. 200). Taking now the
divection I A, the mean of the
candle-powers in this direction
is estimated ; thisis repeated for
each of the other directions, and
these mean values are used in
v plotting the curve L. A’ B’ C', etc.,
Fig. 200. which is termed the “ mean ver-
tical polar curve” (Fig. 200).
In this I, A’ represents the mean of the candle-powers in the direction
I, A for the six vertical planes, L B’ the mean candle-power in the
direction LB, etc. Selecting now the right-hand side, say, of this
polar curve, a circle is drawn touching it, and the vectors are produced
to meet the circle in @, b, ¢, ete. These latter points are next projected
on the tangent XY, and distances are marked off along the dotted
perpendiculars equal to the candle-powers along the corresponding
radii; thus TT' =LA’', etc. On joining these points the curve
XT'T"H is obtained ; in it ¢T” is (say) the M.H.C.P., and it is matter
of simple proof that—
M.S.C.P. _ Area of figure XT'T"H'Y
M.HC.P. Area of rectangle X PQY’
. M.S.C.P. _ Area of figure XT'T"HY
ve. P2 1" x XY
__ Area of figure XT'T"HY

o MSCP. = T Tength XY s
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i.e. the M.S.C.P. is given by the keight of the rectangle on the base
XY which has an area equal to the figure X T'T"H'Y.
Similarly the mean hemispherical candle-power (lower) is given by :—

__Area HT"c¢Y
MQH.S~C'P. — Wc

In the case of an arc lamp, it is usual to carry out the tests in one
vertical plane only. Fig. 201 shows the polar diagram for the arc,
and proceeding as in the case of the glow-lamp explained above it
follows that :—

M.S.C.P. _ Areaof figure XTY
Maximum candle-power (L L) ~ Area of rectangle XPQY

i.e. M.S.C.Pp. — Area of figure XTY

as indicated above. The
M.S.C.P. of an ordinary arc
is approximately equal to %
(horizontal c.p.) + 1 (maxi-
mum c.p.).

Fig. 202 gives the distri-
bution curves for (a) a flame
arc; (b) a Nernst lamp with
horizontal filament (full line
—in plane perpendicular to
the filament : innermost dot-
ted line—in plane of the fila-
ment: middle dotted line—
mean values) and (¢) a half-
watt tungsten lamp (G.E.C.)
fitted in lantern with special
reflector for outdoor lighting.
Reflectors do not of course
increase the total flux of light
but they modify the distribution.

Length XY

193. Other Terms used in Illumination.—The total light emitted
per second by a source is called the luminous flux. One unit—the
spherical candle-power—is the flux from a source giving one candle-
power in all directions. Another unit—the lumen—is the flux along
unit solid angle from the above source; hence a spherical candle is
equal to 4= lumens. Another unit—the spherical hefner—is used:
it is the flux from a source giving one hefner unit in all directions and
is equal to about ‘9 of a spherical candle. Again, the lumen is some-
times defined as the flux along unit solid angle from a source giving,
not one c.p., but one hefner unit in all directions: in this case the
spherical hefner is equal to 4« lumens. The total amount of light
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emitted in one hour by a source of one spherical candle-power is called
a candle hour: similarly a lumen hour is the light which passes in
one hour with a flux of one lumen. Intrinsic brightness is the
candle-power emitted per unit area of a source (or of a reflecting

anrfara) narmal ta its snrfaca
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194. Horizontal Illumination.—Let L be a lamp situated at a
height A (Fig. 203) and giving the same c.p. in all directions. The
intensity of illumination at O is ¢.p./A* and, at P it is given by :—

hﬁ

Intensity of illumination at P = CEI;— cos = %P cos b

cos®

= _CZP;_ cos® 0.

But c.p./h?is the intensity of illumination
at O so that cos® 0 is the factor which
the intensity of illumination at O must
be multiplied by to obtain the illumina-
tion at any other point: cos®d is called
the ¢ illumination reduction factor.”

The preceding indicates the method
of finding the illumination at various
points on a horizontal plane and of
plotting horizontal illumination curves.
Thus if L be a lamp giving 50 c.p.
in all directions and fixed 8 feet above
the point O, the illumination at O is
50/8¢, i.e. '78 candle foot. If P be 25
feet from O, then tan 0 is 2:5/8 = 3125
80 that 6 =17° 21’ (from tables) and

Fig. 203.

[ ) R e

R

ALAMP LAMP A
N
\

[
w
w
.
1
u
a \ Y,
z \$ 7
3} \ ./,

‘ NE<.C_-

B | A

0 5 10 15 2 2
DISTANCE FROM 0= FEET
Fig. 204.

cos 9is *9545 : hence the illumi-
nation at P =78 x (-9545)3,
t.e. ‘67 candle foot. If Q be
5 feet from O then tan ¢ is
5/8 =-625 so that & = 32°
(about) and cos ¢ is -848:
hence the illumination at Q is
78 x (*848)%, i.e. *47 candle foot.

This is repeated for other
points, R, ete., and finally a
curve is plotted with distances
as abscissae and candle feet as
ordinates. The general shape
of such a curve is shown in
Fig. 204 (curve A). Ifa similar
lamp be similarly placed some
distance from the first a similar
curve is obtained for it (curve

B)-and the total illumination at any point will be obtained by adding
the ordinates of the curves: the dotted curve C gives the total

illumination.
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Another method of solution is as follows :—the intensity of illumi
nation at P is (c.p. cos 0)/d®. Now d* is (82 + 2-5%) = 7025 and cos ¢
is 8/ v70-25. On substituting, the illumination at P is determined.

If the c.p. of the lamp is ditferent in different directions then the c.p
in the various directions L P, L. Q, etc. must be used in the calculation

195. Choice of a Lamp.—This depends on so many circumstances
that actual experience with various types under requisite conditions 4s
the best and truest guide.

Problems on comparative lamp costs may be worked from the point
of view of lamp hours or candle hours. Thus as a simple example
take the case, say, of a 16 c.p. lamp taking 30 watts lasting 450 hours
and costing 1/6 (evidently pre-war). The cost of energy is, say, 4d. per
unit: then:—

Cost of energy per hour = (—3& X 4)&. = 12 pence.

1000
Cost of renewals per hour = 11385(1' = 04 pence.
~. Total cost per lamp hour = ‘16 pence.
Now the c.p. is 16
. Total cost per candle hour = %ﬁﬁ = 01 pence.

By working out these costs for various types of lamps the reader
will be able to decide (?) what is best to do under given circumstances.
In a general way if a definite number of lamps are to be purchased
the *lamp hour ” decision is better, but if a contractor is dealing with
a big room where the number of lamps depends on the candle-power
required, the “ candle hour” is better.

196. The Establishment of an E.M.F. Thermally.—This branch
of our subject—known as Thermo-Electricity—is not of vital im-
portance to the electrical engineer, but a brief outline of the essential
points is advisable.

(1) Fig. 205 represents pieces of copper and iron wire joined
together at their ends A and B, and G is

COPPER a low resistance mirror galvanometer included

< in the circuit. If both junctions be initially

. @ ® at 0°C, and the junction B be then gradually
TRON heate@, a current will flow in the circuit in the

SEEBECK direction indicated, viz. copper to iron through

Fig. 205. the hot junction, and iron to copper through

the cold junction. This current will increase
in strength until the hot junction is at a temperature of about 270°C.
(different for different specimens of iron and copper), at which st?a,ge
the maximum current will be flowing.
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If heating be continued, the current will decrease in strength, and
will be zero when the hot junction is at 540°C. On heating still
further the junction B, the current will increase again, but i will be
reversed in direction, i.e. it will flow from'iron to copper through the
junction B, and from copper to iron through the junction A. Currents
produced in this way by heating junctions of different metals are
known as thermo-electric-currents, and were discovered by Seebeck in
1821. The phenomenon of inversion of the E.M.F. was discovered
later by Cumming.

If both junctions of the copper-iron couple be initially at 10° C., say
instead of at 0° C., there will again be maximum current when the hot
junction is at 270° C., but there will be zero current and reversal in this
case when the hot junction is at 530°C. The temperature of the hot
junction at which maximum current flows is a constant for a given
couple, and is known as the neutral temperature for that couple.
The temperature of the hot junction at which there is zero current
and reversal is a variable one, being always as much above the neutral
temperature as the cold junction is below it; thus, if the cold junction
be at T° C. and the neutral temperature be 6° C., there will be inversion
of current when the hot junction is at a temperature {6 + (6 — T)}°C.

Let the two junctions of a couple be at T°C. initially, and then let
one of them be raised in temperature by a very small amount dT; if
dE be the corresponding small E.M.F. generated, the ratio %% is
known as the Thermo-Electric Power of the two metals at the tem-
perature T. If one junction of a couple be at T,°C. and the other at
Ty° C., then, provided that one of these is not above and the other below the
neutral temperature ¢, the total E M.F. is given by the product of
the thermo-electric power at the mean temperature £ (T, + T,) and the
difference in temperature (T, — T,). If T, be below and T, above the
neutral temperature 6, the actual E.M.F. in the circuit is found
thus :—

Total EM.F. = (E.M.F. with junctions at T, and 6) — (E.M.F. with
junctions at # and T,).

(2) Consider now the arrangement

° ~——» COPPER —p °
indicated in Fig. 206. Delicate experi- & _s>tow = [
ments show that with thecurrent passing E HIGH HIGH =
in the direction of the arrow, heat is *— 4lRON+=— R
absorbed at the junction B and generated PELTIER
at the junction A, and by comparing Fig. 206.

Figs. 205 and 206 it will be seen that

that particular junction is cooled, which must be heated in order to give
a- thermo-electric current in the same direction as the battery current.
This discovery was made by Peltier in 1834, and it is known as the
Peltier Effect.
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The explanation of the Peltier Effect lies in the fact that contacts of
dissimilar metals give rise to potential differences. At B (Fig. 206)
the current traverses a junction where there is a rise in potential ; it
therefore gains energy, which is absorbed as heat, and a cooling effect
results. At A it traverses a fall of potential, gives out energy as heat, *
and a heating effect results.

(3) In 1856 Professor Thomson discovered a phenomenon in un-
equally heated conductors somewhat similar to the Peltier Effect, and
the name Thomson Effect has been given to it. In an unequally
heated copper wire the hotter parts are at a higher potential than the
colder parts; hence if a current passes along such a copper wire from
“cold to hot,” heat is absorbed, but if it passes from *hot to cold”
heat is evolved. Of course on the whole the Joule heating effect pre-
dominates.

In the case of iron, the colder parts are at the higher potential, and
the result is opposite to that in copper. In lead the Thomson Effect
is nil.

EXERCISES XV,

1. Of what material should fuses for 200-volt circuits be made, and what
length of break should be allowed for a 5-ampere fuse? State in what way the
current at which the fuse will melt depends on (a) the length, (b) the diameter of
the fuse wire.

2. Describe shortly the construction of a glow-lamp. Why does the filament
become hotter than the platinum leading-in wires? Why does the globe of a bad
lamp get very hot? (P.)

3. In what way does the construction of & 200-volt lamp differ from that of &
100-volt lamp? What are the relative advantages of the two kinds? (P.)

4. What are the advantages and disadvantages of running incandescent lamps
at high efficiency? (0.) State the circumstances under which it is economical to
work glow-lamps above their normal voltage. (O.)

B. State the conditions under which the electric are can be formed and main-
tained between two carbon electrodes, and describe carefully the difference in
shape, temperature, and rate of consumption of the two electrodes. (B.)

6. Disounss the nature of the relation between the current passing through an
aro lamp, and the difference of potential between the carbons. (B.)

¥%. Asingle aro lamp is supplied with current from a pair of mains at a pressure
of 100 volts. What other apparatus is necessary in addition to the lamp itself
(a) when the current is direct, (b) when it is alternating? (P.)
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8. Why are glow-lamps generally arranged in parallel, while arc lamps ate
frequently joined in series? (P.)

9, Describe with sketches any form of clutchior brake mechanism for an arc
lamp. (P.)

10. Whatis an enclosed arc lamp ? What are its advantages and disadvantages
as compared with the open type? (P.)

11. Describe the construction and action of the Nernst lamp, and state its
advantages and disadvantages, (B.)

12. A 90-volt 8 c.p. glow-lamp in series with a resistance is placed across
100-volt constant pressure mains. On applying a voltmeter across the lamp
terminals to ascertain whether the pressure is correct the light diminishes, Ex-
plain exactly how this occurs. (P.)

18.°A wire of resistance » connects A and B, two points in a circuit, the
resistance of the remainder of which is R, If, without any other change being
made, A and B are also connected by (n ~ 1) other wires, the resistance of each
of which is , show that the heat produced in the n wires will be greater or less
than that produced originally in the first wire according as  is greater or less
than Rpy/n. (B.)

14. The E.M.F. of a battery is 18 volts and its resistance 3 ohms. The P.D.
between its poles when they are joined by a wire A is 15 volts, and falls to 12
volts when A is replaced by another wire B. Compare the resistances of A and B,
and the amounts of heat developed in them in equal times. (B.)

15. If electric energy for heating purposes be supplied at 2d. per unit, find the
cost of boiling a quart of water in 5 minutes, and the mean power required.
Initial temperature of water 15°C. ; efficiency of kettle 90 per cent. (P.)

16. Describe some good type of photometer, and explain how you would deter-
mine the c.p. of a lamp by it.

17. Define intensity of illumination, slluminating power or intensity of a source,
luminous flux, intringic brightness of a surface, spherical candle-power, and the
spherical reduction factor for a lamp. Explain how you would determine the
M.S.C.P. of an arc lamp, and show how the curve of illumination on the surface
of the ground below the lamp may be determined.

18. Explain the action of the three types of arc lamps, viz. series wound, shunt
wound, and differentially wound, saying for what purpose each is specially suited.



CITAPTER XVIL

GENERAL PRINCIPLES OF ELECTROMAGNETISM.

197. Magnetic Field due to a Current: Action of a Current
on a Magnet.—Although some of the more elementary properties of
electre-magnetism have been already mentioned in connection with
their application, these properties will be again included in their
proper order on account of their great importance when investigating
electrical effects from first principles.

The history of that part of electrical science which is known as
electro-magnetism dates from 1820, when Arago discovered that iron
filings in the neighbourhood of a current-bearing conductor were
influenced by it in such a way as to suggest that the conductor was
surrounded by a magnetic field. The magnetic effects of a current may
easily be shown by a series of simple experiments :—

(1) Bore a hole in a piece of cardboard, fix in a horizontal position, pass a wire
vertically through it, and let a strong current flow in the wire. Sprinkle iron
filings on the cardboard and gently tap the latter. The filings arrange them-
selves in concentric circles round the wire as their common centre ; these indicate
the lines of force in the magnetic field due to the current.

(2) Arrange that the current is flowing down the wire. Move a small compass
needle round the wire and note in
which direction the north pole
points. In this case it will be
found that the north pole points
as indicated by the arrows in Fig.
207 (a), 7.e. the positive direction
(@ ® of the lines of force is clockwise.
Fig. 207. Repeat with the current flowing
. up the wire: the north pole will

move in the opposite direction, i.e. the positive direction of
the lines is counter-clockwise (Fig. 207 (b)). ——

(3) Place a compass needle on the table and hold a wire N | S
above and parallel to it, as shown in Fig. 208. Pass a Fig. 208
current through the wire (@) from south to north, (b) from & :
north to south, and note in which direction the north pole of the needle is de-
flected; it will be found that in (@) the north pole of the needle moves towards the

268
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west, and in (b) towards the east. Hold the wire below the needle and again pass
a current (¢) from south to north, (d) from north to south ; it will be found that
in (c) the north pole of the needle is deflected tow:ards the east and in (d) towards

the west.

The first experiment above was originally due to Arago and the last
to Oersted. The results may be obtained from the following rules
which the reader should verify from the experiments : —

(1) Ampire’s RuLe.—Imagine a man swimming in the circuit in
the direction of the current and with his face towards the needle; the
north pole of the needle will be deflected towards his left hand.

(2) Rieur-Hanp Rune.—Hold the thumb of the right hand at right
angles to the fingers. Place the hand on the wire with the palm facing
the needle and turn the fingers in the direction of the current; the thumb
will point in the direction in which the north pole will be deflected.

From (a) and (d), or (b) and (c¢), of experiment (8) above, it
follows that if a compass needle be placed at the centre of a coil of
several turns of wire, the plane of the coil being set in the meridian,
and a current be passed, the currents in all the wires above and below
the needle will tend to deflect it in the same direction and thus a weak
current is enabled to produce a deflection: this is utilised in galvano-
meters, etc. (Arts. 134, 135, etc.).

(4) Bend a copper wire into a circle of about 10 inches diameter and fix to a
horizontal sheet of cardboard as shown in
Fig. 209. Pass a strong current and obtain
the lines of force by filings as before. Set
the coil with its plane in the magnetic
meridian, place a compass needle at the
centre of the coil and note the direction in
which the north pole 1s deflected. This
gives the direction of the magnetic ficld at
the centre of the coil ; in Fig. 209 the posi-
tive direction is away from the observer.

5) .Reverse the cu.rrent; and repeat the Fig. 209,
experiment. The lines of force will be
as before, but the direction of the field will be reversed.

The direction of the field at the centre of a circular coil carrying a
current may be obtained from the rules given above, but the following
is also convenient:—ZLooking at the face of the cotl, if the current 18
clockwise, the positive direction of the lines inside the coil is away from
the observer ; if the current is counter-clockwise, the positive direction
18 towards the observer.

(6) Make a solenoid by winding insulated copper wire on a glass or cardboard
tube and fix in a horizontal sheet of cardboard as shown in Fig, 210. Pass a
current and obtain the lines of force by filings and the direction of the field inside
and outside by a compass. Reverse the current and repeat.




270 GENERAL PRINCIPLES OF ELECTROMAGNETISM.

An examination of Fig. 210 (a) will show that the magnetic field in
the case of a solenoid carrying a current resembles the magnetic field
of a bar magnet. The magnetic lines leave one end of the solenoid,

’ pass through the out-
side field and enter
the other end, com-
pleting their circuit
through the solenoid
0 itself. In fact, Fig.
Z NS 210 (a), for example,

(@) ) corresponds to a bar

Fig. 210. magnet, the near end,

at which the current

18 circulating clockwise, corresponding to the south pole, and the remote

end, wherethe current is circulating counter-clockwise, corresponding to
the north pole. Fig. 210 (b) will serve to emphasise these facts.

(7) Ampére constructed an apparatus in which a single coil of wire, the ends of
which made contact in cups of mercury, was suspended so as to be free to rotate
about a vertical diameter. When a current passed in the coil it was affected by
the earth’s magnetic field, and set itself at right angles to the magnetic meridian,
the face at which the current flowed counter-clockwise being towards the mnorth.
Again, if a solenoid be suitably suspended, and a current be passed, it will tend
to set itself in the meridian, the end where the current flows counter-clockwise being
towards the north, and the end where it  flows clockwise towards the south : by
bringing a magnet near it can be verified that the former is a north end and the
latter a south end.

From the results of the above experiments the following rules for
the polarity of a current-carrying solenoid are deduced :—

(1) Amrire’'s RurE.—Imagine a man swimming in the circuit in
the direction of the current and with his face towards the inside of the
solenoid ; his left hand will be fowards the north end of the solenoid.

(2) Ricar-Hanp Rure.—Hold the thumb of the right hand at right
angles to the fingers. Place the hand on the solenoid with the palm
Sacing the inside and turn the fingers in the direction of the current; the
thumb will be towards the north end of the solenoid.

(3) Exp Rures.—Look at the
end of the solenoid; if the current
e counter-clockwise that end is a
north, if it is clockwise that end
18 a south.

The last rule is important, and Fig. 211
the drawing of Fig. 211 will assist ’
the student to remember it. If a bar of iron be placed inside a solenoid
it is converted into a magnet when the current passes, the polarity of
the iron being the same as that of the solenoid: such magnets are
termed electro-magnets.
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198. Effect of a Magnet on a Current-bearing Conductor.—
Just as a conductor carrying a current exerts a very definite influence
on neighbouring magnets, so also does a magnet exert a reciprocal
influence on neighbouring current-carrying conductors. In fact the
phenomena are connected in much the same way as the action and
reation of mechanical forces.

When our coil surrounded the needle, the latter moved simply
because the resistance offered to its motion at the point of support was
very small compared to that offered by the coil, which would usually
be fixed in a wooden framework. If, however, the needle had in-
tentionally been made heavy, or had been artificially restricted in its
motion, and if also the coil had been suspended so that rotation of it
could easily have been effected, then the coil would
have moved and the needle remained atrest; for any
couple action which is called into play by the electrical
forces tending to cause rotation of the needle in any
one direction, will invariably and necessarily be ac-
companied by an equal couple action tending to JoRenT &7
cause rotation of the coil in the opposite direction. gown
Tig. 212 gives the direction in which a north pole
N tends to move round the current-carrying wire
A, and the direction in which A tends to move Fig. 212.
round N.

This motion of a conductor in a magnetic field may be examined a
little more in detail. In Fig. 213, A is the cross-section of a straight
wire placed at right angles to the magnetic field
due to the poles N and S, i.e. at right angles to the
plane of the paper; the lines at B and C indicate
the general direction of the lines of force of
the field.

Imagine now that a current passes wpwards

Fig. 231. in the wire; the circle about the wire indicates

the general direction of the lines of force of the

field due to the current. It will be seen that on the side C the two
sets of lines are in the same direction and therefore repel each other,
whilst on the side B the two sets are in opposite directions and there-
fore cancel each other. The result is that the wire is acted on by a
force in the direction indicated, 1.e. towards the right; the tendency is,
therefore, either for the conductor to move towards the right, or for
the field to move in the opposite direction. Of course the actual field
between N and 8 is the resultant of the two component fields above,
and is indicated in Fig. 214. .

An examination of Figs. 212-214 will show that the direction in
which a conductor carrying a current, and placed as indicated in a
magnetic field, tends to move is given by the Left-Hand Rule due to
Fleming stated in Art. 136 (see also Fig. 214). For convenience we
repeat it here:—Hold the thumb and the first two fingers of the
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left hand mutually at right angles; place the forefinger in the
direction of the lines of force of the field in which the con-
ductor is sitmnated (N to S8), and turn the hand so that the
! middle finger points in the
N direction of the current;
------ =  the thumb will indicate the
direction of motion of the

conductor.

in the same straight line, and
S pass currents round them, then
Fig. 214. (provided they have suitable
freedom of movement) they
are found to approach or recede from one another, thus indicating
respectively attraction or repulsion, according as the currents circulate
round them in the same or in opposite directions. Bearing in mind
that the current renders each spiral practically a magnet, and also the
fundamental law of electromagnetic polarity, it is easy to see that
these actions are in accordance with the laws of attraction and repul-

sion between two magnets.

Ampére demonstrated in the case of straight circuits the following
laws (see Art. 140) :—

(1) Two PARALLEL currents attract or repel one another according as
they flow in the same or in opposite directions.

(2) Two NON-PARALLEL currents attract one another if both approach
or both recede from the point of meeting of their directions, while they
toiehoone another if one approaches and the other recedes from that

199. Action of One Cur-
rent-bearing Conductor on
Another.—If we place two
flat spirals of wire a short
distance apart, with their axes

CURREP{;I‘ UP WIRE
FIELD <~
?
Y
MOTION

2) L
"e8 b IM‘
A | D
ad B
|
|
C
B {M,
\ Fig. 215. Fig. 216.

Thus'.if A C and BD are two conductors carrying currents which
are flowilag in the directions indicated, in Fig. 215 from A to C and B
to D, and iy Fig. 216 from A to C and D to B, then the conductors
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will be urged to move so that the currents in both of them will tend to
flow in the same direction. Thus in Fig. 215 the conductors will be
attracted to some mean position M,M,, and in Fig. 216 to some mean
direction M,M,. )

The experiments whereby Ampére’s laws c
are established merely consist in having two
circuits, one fixed and the other movable, C
placing them in various relative positions,
and passing currents in sundry directions.
One form is indicated in Fig. 217; the
movable coil is bent in the form of two T
rectangles in such a way that the current
flows through them in opposite directions
(thus nullifying the effect of the earth on
the ,apparatus), and the coil is suspended
from the mercury cups C, C; on bringing Fig. 217.
the second current-carrying circuit into
various positions the laws may be verified.

f—

Fig. 218 gives the field in the case of two parallel wires carrying
equal currents in the same direction (downwards), and Fig. 219 the
field about two parallel wires carrying equal currents in opposite
directions. It is evident from these lines of force that there will be
attraction in the first case and repulsion in the second case, for
“lines” tend to contract, and “ lines proceeding in the same direction ”
tend to repel.

Same directions (down) Opposite directions

Fig. 218. Fig. 219.

. A further consequence of this association of a magnetic field and a
current is the phenomena known under the name of induction.

200. Induced E.M.F.’s and Currents.—In 1831 Faraday showed
that whenever the magnetic flux through a circuit is changed
an E.M.F. is developed in the circuit, such E.M.F. lasting only
while the change is taking place ; E.M.F.’s and currents produced

-in this way are spoken of as induced E.M.F.’s and currents respec-
tively. The more rapid the change the bigger is the induced E M.F.
and current.

- 1R
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201. Induction of Currents by Magnets.—If a magnet be
moved in the neighbourhood of a coil in such a way that the num-
ber of magnetic lines pagsing through the coil is altered, then a
current is produced or induced in the coil so long as the alteration
lasts. If the magnet be fixed and the coil be moved the same thing
occurs, A simple experiment will illustrate this :—

Fig. 220 shows a coil connected to a galvanometer. On quickly inserting the
N pole of a magnet the galvanometer is momentarily de-

?: flected, showing that a current is induced in the coil, and
from the direction of the deflection it can be deduced that
the current is counter-clockwise looked at from the side

approached. On withdrawing the N pole the induced
current is in the opposite direction, viz. clockwise. On
inserting the S pole the induced current is clockwise :
Magnet approackmgCoil it is counter-clockwise when the S pole is withdrawn. It
Fig. 220. can also be shown that the more quickly the magnet is
moved the greater is the deflection and, therefore, the

induced current.

From the preceding we learn that when the north pole is inserted
the induced current has such a direction that the face of the coil
approached is a north face, which, therefore, tends to oppose the motion
of the magnet. When the north pole is withdrawn the induced
current has such a direction that this face is a south face, which,
therefore, tends to draw the magnet back again, and so on. Hence we
have the important law known as Lenz’s Law, viz. the direction of
the induced current (and E.M.F.) is such that it tends to
oppose the motion or change which produces it.

202. Induction of Currents by Currents (Mutual Induction).
—This also can be illustrated by a simple experiment :—

In Fig. 221 A B diagrammatically represents a coil of wire joined to a
galvanometer ; it is referred to as the secondary circuit. CD represents a coil
in series with a battery and key ; it is referred to as the
primary circuit, 6

Now start a current in the primary in the direction C to ’

D and a momentary deflection of the galvanometer will
ensue, showing that a current is induced in the secondary A
in the direction B to A, i.e. opposite or inverse to the

. A C
primary current ; it should be noted that starting a current PRIMARY P
in the primary means increasing the flux in the secondary,
for the flux in the primary naturally reaches over to the &

secondary circuit. Fig. 221.
Switch off the primary current, and a momentary deflec-

tion of the galvanometer will follow, indicating a secondary current in the

direction A to B, f.e. in the same direction as, or direct to, the primarv current.
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and it should be noted that stopping the primary current means decreasing
the flux in the secondary.

Similarly, increasing the primary current or moving «t nearer to the secondary
circuit results in an snverse current ; decreasing the'primary current or moving i
away from the secondary circuit results in a direct current.

From the preceding we arrive at another important law, viz. an
increase in the flux results in an induced inverse current,
whilst a decrease in the flux resultsin an induced direct current
(Increase — Inverse: Decrease — Direct). This is quite in agreement
with Lenz’s Law, e.g. if the primary current flows from C to D and
the primary is moved nearer the secondary, the induced secondary
current flows from B to A; these two parallel currents, being in
opposite directions, repel each other, so that the tendency is to drive
the primary back again. Further, by considering the flux, it will be
clear that the flux due to the induced current 1s always such as to
oppose the change in the flux due to the primary. It should also be
noted that not only does the primary act upon the secondary, but that
the secondary reacts upon the primary ; hence these effects are known
as mutual induction.

203. Self-induction.—We have already seen that the growth of a
current means the growth of a magnetic tield, also that an altering
magnetic field near a conductor produces a current in the conductor ;
hence it is not surprising to find that this magnetic field which grows
with the current acts upon the current itself; that is, it induces an
E.M.F. in the original conductor acting in such a way as to oppose
the growth of the current. Hence, when we start a current in a wire,
the current produces a field, this reacts upon the current by setting up
an opposing E M.F. which delays its growth, the result being that it
takes time to cause a current to reach its full value in the circuit.
Similarly, when the current in a circuit is broken, the field is
destroyed, and an induced current in the same direction as the one
cut off is established. These effects are known as Self-induction.

It should be noted that the same rules apply here as in Art. 202.
Thus, when we start or increase the current in a circuit (flux increas-
ing) the induced E.M.F. is inverse: when we stop or decrease the
current (flux decreasing) the induced current is direct.

From the preceding it will be clear that self-induction behaves in a
circuit like inertia, e.g. when we try to produce a current in a circuit
this self-induction or inertia tends to choke the current back, and
1\;vhen we try to stop the current this self-induction tries to make it

eep on.

Es a consequence of these facts, it is found that when we complete
an electrical circuit containing a battery, an electromagnet, and the
necessary connecting wires, the growth of the current is opposed and
there i8 no spark on make; but when the circuit is opened by separat-
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ing two conductors as usual, a heavy spark may be obtained, this
being due to the storage of energy in the magnetic field, which on
release forms the so-called extra current in the same direction as the
one cut off, and this in turn gives rise to the spark at break. In the
case of a big magnet, such as the field magnet of a shunt dynamo,
this discharge at break may be most dangerous, and any circuit con-
taining large magnets should not be suddenly opened unless abso-
lutely necessary, and then only with suitable switches.
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204. Fleming’s Right-hand Rule.—If a wire A B, forming par
of a closed circuit be moved, say, upwards in front of the north pol
of a magnet, as shown in Fig. 222, the induced current will by Lenz’
law be in the direction B to A (clockwise, i.e. 8 face opposite N). In
such a case as this, where the wire is moving at right angles to itsel
and the field, Fleming’s Right-hand Rule is a convenient one fo
finding the direction of the induced current in the wire, viz. :—

Place the thumb and the first two fingers of the right han
mutunally at right anlges: let the forefinger point in the direc
tion of the lines of force (N to 8) and the thumb in the directio
of motion of the wire: the second finger will point in the direc
tion of the induced current. It is clear that this rule is quite i
accordance with Lenz’s law.

205. Properties of an Electric Circuit.—It will now be clear that it i
necessary to know three things about an electric circuit in order to make calcu
lations about current production in it, viz.—resistance, capacity, and induc
tance (this being the general name for self and mutual induction). The first ¢
these, as has already been explained, depends merely upon the area and lengt
of the wire, the material of which it is made, and its temperature. The othe
two, however, are not constants for any particular circuit, but depend upon it
circumstances. Those which affect the capacity have been already dealt with
and the treatment of those which affect the inductance will be given in the nex
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chapter. For the present we may note that capacity and inductance are only of
any importance when the current is varying. With a constant current circuit we
need only bother about the resistance.

EXERCISES XVI.

1. A bar magnet is caused to oscillate, and a thick sheet of copper is then
placed beneath it. Describe and explain the effect.

2. A wire is coiled on a glass tube with a right-handed twist from one end to
the middle, and a left-handed twist from the middle to the other end. A
current is passed through the wire. How will a compass needle behave if moved
inside the coil from one end to the other?

3. A coil of wire carrying a current is placed in a strong field between the N
and Spoles of a horse-shoe magnet. What will happen when (a) the coil is so
placed that its clockwise circulating side is next the N pole; (b) when the anti-
clockwise aspeot is nearest the N pole ?

4. A flat coil of wire, the ends of which are connected to a sensitive galvan-
ometer, is (1) moved up towards the north end of a long bar magnet ; (2) threaded
on the bar; (3) moved along it to the south end; (4) removed to a distance.
What indications does the galvanometer give during these operations? (B.)



CHAPTER XVIIL

ELECTROMAGNETIC UNITS AND THEORY.

206. Magnetic Field of a Current.—Let A B (Fig. 223) repre-
sent a wire carrying a current ; then, considering a very small element,
ab, the 1ntenS1ty of the field at ¢ due to the

B current in that element is—

1. Directly proportional to the strength of the
current in A B.

2. Directly proportional to the distance ab,
that is to the apparent length of the element ab
as seen from ¢. (The line ab’ is drawn at right
angles to the line co, which joins ¢ to o, the
middle point of ab.)

8. Inwersely proportional to the square of the
distance of the element ab from ¢, that is to co?.

4 Hence, if H denote the intensity of the field
Fig. 223. at ¢ due to the element ab, and I the strength
of the current in absolute units in AB, we have
I.ad I.absina I.abcos 6
L absile L oo s 20C08 U
(o0)® or Hax (0o 07 o O

where o denotes the angle Poc, and 6 the angle Pco. As a matter of
fact the absolute electromagnetic unit current is so chosen that with
I in these units the above expressions become equalities (Art. 211).

207. Magnetic Field due to a Long Straight Wire carrying
a Current.—To obtain this we must divide the wire into elements as
above and sum up the effects due to each element: the result of this
summation for any point gives the total intensity, at that point, due
to the current in the conductor taken as a whole.

Iu the case of a finite conductor (Fig. 224) it can be shown that ‘the
field at P due to a current I absolute units in AB is given by :—

278
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H= 7:5_ (sin 6, 4+ sin 6)). In the case of an infinitely long con-

ductor, 6, = 0, = =/2, and therefore sin §, = sin §, = 1: hence:—

H= % units or H= -1% units,
the current in the first case being in absolute
units and in the second case in amperes. ,/

Illustration.—A unit pole 5 cm. from a very long 4
wire carrying 20 amperes would be acted on by a force /
12——());2:? = '8 dyne, t.c. the field at this distance from //
the wire is ‘8 unit (gauss). //

If this unit pole were carried once round the wire /6y
the work done would be force x distance, i.e. '8 x 2r5, F<<T_g D
s.e. 8m ergs. But 87 =4r X 2, i.e it equals 47 X ~<
current in absolute units, and what is true in this
numerical case is true in all such, i.e. the work done in
carrying unit pole once round a long straight wire carry- Fig. 224.
ing a current I absolute units is 4w times the current, i.e.

Work = 4rl.

This is merely mentioned here ; it will be dealt with later.

208. Magnetic Field at the Centre of a Circular Current.—
Consider the conductor A B to be looped into
a circle as shown in Fig. 225, and let us
determine the intensity of the magnetic field

B 3 at ¢, the centre of the circle.
Considering the action of the element ab,
the intensity of the field is 1% %, where T
is the current in absolute units in A B and r
Fig. 225. the radius of the circle. Now, since each
element of the conductor is similarly placed
relatively to ¢, the intensity of the field at ¢ due to the conductor

A B taken as a whole isl%-]g’ , that is Lﬁ’lerf or g:—I- If the

coil consists of n turns, sufficiently thin to be regarded as coincident

this must be multiplied by » and we get:—

2rnl 2rnl
T 107

the current in the first case being in absolute units and in the second

case in amperes,

H= units or H =

units,
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EXAMPLE.

Find the current in amperes which must flow in a ring 20 centimetres in diameter
in order that the field at the centre shall be just equal to the horizontal component
of the earth’s field—i.e. 0°18 unit.

H= 2rnl - 1= 10H~»

107 ” 21

i

. _10x18x10_,.
i.e. = o BIEXT © 2-86 amperes,

209. Magnetic Field at any Point on the Axis of a Circular
Current.—If we extend the preceding result to the case where the
point is not at the centre of the coil but anywhere on the line through
the centre at right angles to its plane, it is readily shown that:—

2
Field at the point = H = 2=nl "'_j‘—'?; units,
(r + 2*)2
where n = number of turns, I = current in absolute units, » = radiug
of ring in cm. and 2= distance in em. of the point along the axis
from the plane of the coil; when z = 0 this of course reduces to
2rnI/r as in Art. 208.

EXAMPLE, -

If 5 amperes pass through a ring 3 cm. in radius, find the force on unit pole on
the axis of the ring, but 4 cm. away from its plane.
f=2rx T56 x—3 = -23dyne
(9 + 16)2
and H = -23 unit (gauss) s also the strength of the field at the point in question.

210. Magnetic Field in the Case of a 8olenoid.—A further
extension of the results of Art. 209 shows that the intensity of the
field at the centre of a long thin closely wound solenoid is given by :—

H = 451 4nST

10t
the current in the first case being in absolute units and in the second
case 1n amperes : S = total number of turns and I = length of solenoid
in cm. The field is practically uniform except near the ends and is
half the above value at the ends. Taking the second expression, since
4w/10 = 1-257 and S/l = turns per cm. = n, say, we have:—
H =1257n1 = 1257 (ampere turns per cm.).

A more complete formula for the solenoid is as follows :—The field
at P (Fig, 226) is really :—
H= 27rlSI

units or H = units,

(cos 6, — cos 6,)
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where I 18 in absolute units. If the solenoid be very long and thin
and P be well removed from
either end, practically 6, =0 A
and 6,=w, so that (cos

0,—cos 0)=2and:— = ~T===—-—= i
H= —— (as above,. £ CPB = 6, and £ CPA = 0,
TFig 226.

At the extreme end (say at
C) of a very long solenoid 6, = =/2 and cos §, = 0, whilst 6, is practically

27281 , t.e. half the intensity at points

well inside. Fig. 227 gives approximately the variation of the field in
the case of the solenoid.

. H \

m and cos 6, = — 1, so that H =

2

r——

Fig. 227.

A complete proof of the formula for the field of a solenoid demands an applica-
tion of the calculus (see Advanced Text-Book of Magnetism and Electricity), but
an approximate proof may be given 1f we assume a result given in Art. 216 (see
also Art. 207), viz. that the work done in carrying unit pole once round a wire
carrying a current I absolute units is 4x1 ergs.

Let Fig. 228 represent a portion of the solenoid. Imagine unit pole moved

along the path ABCDA (Fig. 228): the work done is 41 for
_EE_D_ each turn of wire. If there are n turns per unit length, the

PBORTI oON %F total turns in the part considered are nA B and the work done
SOLENOID is 471 X nAB.
Fig. 298. The work in going along BC and DA is nil, since these

paths are at right angles to the lines of force. The work in
going along CD is negligibly small compared with that in going along A B, for
the lines of force which are crowded into a small space inside are spread out
throughout the whole field outside, so that the force along CD, and therefore
the work, is negligible. The work in going along AB is H x A B, where H is
the intensity inside ; hence
H x AB =4rl x nA—BT

H = dmal.
But n = /I, where S is the total turns in the solenoid, and / the length : hence :—
_ 4nSI . _ 4=SI .
H= - units or H= 1ol units,

I being in absolute units in the first case and in amperes in the second case.
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EXAMPLE.,

A solenotd has 1,500 turns, carries a current of 10 amperes, and its length is
1 metre. Calculate the magnetic field at the centre and the total *‘ flux” if the

cross-gection be 3 square cm.
47SI _ 4 x 3'1416 x 1500 x 10 _ 188°5 units

282

H==tor = 10 x 100
2~ No. of lines per sq. em. = 1885 (gausses),
i.e. Total flux = 1885 X 3 = 565°5 lines (maxwells).

211. Absolute Electromagnetic Unit of Current Strength.—
From the preceding we see that, considering a single turn of wire of
radius » cm. carrying a current of I absolute units, the force on unit
pole at the centre is given by the expression—

f= z—irldynes.

If I and r be each unity, f = 2r; hence:—The absolute unit
current is that which flowing in a coil of unit radius exerts a
force of 2= dynes on unit pole at the centre.

Again, since 27 cm. is the circumference of a circle of radius 1 em.,
if we consider the force due to unit length of the coil we find that it is

one dyne. Hence—

The C.G.S. electromagnetic
unit current is that which in
a wire one centimetre long
bent into an arc of one centi-
metre radius acts on unit pole
at the centre with a force of
one dyne.

The practical unit of current
strength is the ampere (Art. 105),
which is equal to 5% of the C.G.S,
electromagnetic unit. One milli-
ampere = 1555 of an ampere.

Since “ quantity ” is equal to the product of ‘“ current strength” and
“time in seconds,” unit current flowing for unit time will result in the

transfer of unit quantity.

The C.G.S. electromagnetic
unit of quantity is the quantity
conveyed by the electromag-
netic unit current in ome
second.

Hence—

The practical unit is the cou-
lomb ; the coulomb is the quan-
tity conveyed by one ampere
in one second. It equals %
e.m. unit,

212. Force exerted on a Conductor carrying a Current in a
Magnetic Field.—In the last chapter we called attention to the fact
that since’action and reaction are equal and opposite, if a current acts
upon a magnet with a certain force, the magnet reacts upon the current
with the same force.

An exoression for the maanitude of the force actine on the conduector
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may be obtained asfollows. The intensity & of the field at ¢ (Fig. 223)
due to the element ab is:—

h=Ixabxsinax i
r

where oc = r (Art. 206).

This expression for the intensity of the magnetic field at ¢ gives the
force which a unit north pole would experience if placed at that point.
It therefore gives the force which a unit north pole at ¢ would exert on
the element ab. But the strength of the magnetic field at o, due to a
unit north pole at ¢, is 1/7%.  Hence the force exerted on the element
ab (length lsay) in a magnetic field of intensity 1/7*is 1.1 sin a . 1/r¢;
that is, in a field of intensity H the force exerted on the element ab of
the conductor A B carrying a current I is

Force = I HIsin «.

If the conductor is straight and the field uniform, then this result
may be applied to a conductor of finite length. Further, in the case
of a conductor of length I, placed at right angles to a uniform field of
strength H, we have (since sin a = 1)—

Force =1H17dynes or Force= I—l}_(I)l dynes
the current being in absolute units in the first case and in amperes in the
second case. 'The direction in which the conductor tends to move under
this force is of course given by the left-hand rule of Arts. 198, 136.

Tllustration.—If a straight wire 20 cm. long, carrying a current of 15am peres, be
placed at right angles to the earth’s horizontal field *18 unit, the force tending to
move the wire at right angles to the current and to the field (left-hand rule) is
15 x 18 x 20 = 5°4 dynes.

213. Work Done in Displacing in a Magnetic Field a Circuit
carrying a Current.—For simplicity consider a
straight conductor of length I cm. placed at right

angles to a uniform field of strength H units and | MOTION
carrying a current of I e.m. units; the force on the €A T

conductor is IH ! dynes. If the conductor moves | | upwaros
as indicated in Fig. 229 through a distance 2 cm., the

work done is I H 12 ergs; but I X 2 is the area swept X

out, and Hlz is, therefore, the total number of Fig. 229,

magnetic lines (¢) cut by the conductor during the
displacement ; hence—
Work = I$ ergs or Work = % ergs
the current being in absolule units in the first case and in amperes in the
second case.

Hlustration.—If a wire carrying 30 amperes moves in a field so as to cut 10,000
lines, the work done is $§ x 10,000 = 30,000 ergs.
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214. Magnitude of the Induced E.M.F. in a Circuit.—In the
preceding chapter it is indicated that the induced E.M.F. (and current)
when the flux through a circuit is changed, depends upon the “ rate of
change,” i.c. it is bigger the’ faster the ““change”: the actual “law”
may be developed mathematically as follows :—

Let PQ (Fig. 230) be a copper bar capable of sliding along the
parallel copper rails SP and RQ, and let B
V4 be a battery joined to S and R. ILet the
arrangement be in air, and let H denote the
intensity of the vertical field, supposed uni-
form. An application of Fleming’s Left-Hand
Rule to P Q will show that P Q will tend to
Fig. 230 move in the direction indicated; let it move
through a small distance dz in a small time dt
(the student must not be alarmed at this—dz merely means a small
distance and dt a small time).

Then since H is the number of lines per sq. cm., and I. dz is the area
swept out, I being the distance between the rails, /.de.H is the
number of lines cut during the motion, and if I be the current in the
circuit in absolute units the work done is—current X lines cut—i.e.
I.l.dz.H, te. I.d$, where dp denotes the small change in the number
of lines through the circuit BSPQRB (Art. 218). The energy
equivalent to this is derived from the battery. The total energy
supplied by the battery in time dt is EIdf, and the energy spent in
heat is I* R d¢: hence:—

Eldt=1Rdt + 1do
dé
dE
R ’
and the EM.F. (E) of the circuit is therefore opposed by an induced
E.M.F. equal to d¢/dt, i.e.if e be the induced E M.F. :—

dé

6= — —

dt’

B'!‘ FIELD
}_DOWNWARDS

L I=

Thus the induced E.M.F. in absolute units is measured by
the rate of change of the number of lines threading the circuit :
in other words the induced E.M.F. in absolute units is measnred
by the number of lines changed per second: hence, if the flux
varies at the rate of 10° lines per second, an induced E.M.F. of
1 volt will be produced.

The above result has been derived from the very special case shown
in Fig. 230 in which there is an original current in the circuit, but even
in a circuit with no original current an E.M.F., is induced if the flux
be changed in any way, and the above law applies.
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(I XAMPLE.

Through a single coil of wire of resistance 2 ohns magnetic lines are varying at
the rate of one million per second. What is the current flowing in the circuit during
the variation ?

e = %%g volts = 01 volt, .. I= -g—l- = *005 ampere.

For calculation purposes it is well to remember that since ¢ =
— d¢/dt we may, neglecting sign, write—

Induced E.MF. = Changeinflux o i)
Time in seconds

_ Change in flux It
T T10° x Time in seconds (volts).

Further, if there are n turns in a coil and the flux through the coil
is changing, each acquires the above E.M.F., and since the several
turns are in series the total E.M.F. is » (Change in flux)/Time in
seconds. The product of the flux through a coil and the number of
turns is called the effective fluz or the linkages; hence—

Induced E.M.F. = Cha,n:ge irf effective flux
Time in seconds

o — Change in linkages

i.e. g
Time in seconds

(e.m. units)

Change in linkages It
T 10° X Time in seconds (volts).

EXAMPLE,

A cotl of wire s connected to a galvanometer, the resistance of the coil and galvano-
meter being 200 and 400 ohms respectively. The coil i3 moved in the field, and at a
given, instant there are 20,000 lines through it, whilst 2 of @ second later the number
18 2,000. If there are 100 turns in the coil, find the average E.M.F. and current
during this period.

Effective flux or linkages at the beginning of the time in question = 100 x
20,000 = 2,000,000, and at the end of the time = 100 x 2,000 = 200,000 ; hence
change in effective flux = 1,800,000, and
18 x 10°

Average induced E.M.F, = SIS = 024 volt,
and Induced current = _ 0 00004 ampere,
. 200 + 400

A useful expression for the induced E.M.F. in a straight conductor
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when cutting across lines in a magnetic field may be developed. Con-
sidering the straight wire P Q (Fig. 230) :—

¢ =o_l<1>=l.da:.H:Hl dz

br T i= Hlv (e.m. units),

where v is the velocity of the moving conductor, for it is the distance
travelled (dz) divided by the time (dt). Hence the E.M.F. induced in
a stroight wire l cm. long moving sideways at a velocity of v cm. per
second across a magnetic field of intensity H 1s :—

H v

e =HIv (e.m. units) = Tor volts.

EXAMPLE.

A railuay carriage i3 travelling at the rate of 75 kilometres per hour. If the
azxle 18 150 cm. long and the vertical component of the earth’s field 13 41 unit, find
the B. M. F. between the wheels at opposite ends of the axle.

— - s, _ . _ 75 x 1000 x 100
H = ‘4] unit; ! =150 cm. ; L I

e = ‘41 x 150 x 75 x 1000 x 100 = 0013 volt.
10° x 60 x 60

cm. per sec.

215. Magnetic Circuit.—It is convenient here to deal with the
modern treatment of magnetic effects due to permanent and electro-
magnets. This treatment arises from a recognition of the fact that
magnetic flux proceeds in a closed path just as does the electric current.
Thus the flux from a bar magnet, as we have seen earlier, passes out
of the N pole, and, returning through the air, enters the S pole, finally
reaching the point from which it started.

The flux (¢) when produced by an electromagnet, needs an agent to
produce it, just as current needs E.M.F., and the name given to the
exciting agent is magnetomotive force (M.M.F.). The amount of
flux produced by a certain magnetomotive force depends upon a
property of the magnetic circuit analogous to resistance in the electric
circuit, and the name given to this property is reluctance (R). The
law used for magnetic circuits, analogous to Ohm’s Law, is due origi-
nally to Rowland, and may be stated thus:—

Magnetomotive force
Reluctance '

corresponding to I = EMF.

R

Magnetic flux =

M.M.F.

t.e. ¢=
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216. Ma.gnetomotive Foxrce. The magnetomotive force in
any magnetic circuit is measured by the work (ergs) done on
unit magnetic pole moved once round the circuit.—Consider
first a long straight wire carrying a current I absolute units: the
force on unit pole at distance d cm. from the wire is 2I/d dynes. If
the unit pole be moved once round the wire at this distance in the
direction against this force, the work done will be force X distance, 4.e.
%-I X 27d or 4rX ergs. In words—the work done in carrying unit pole
once round a long straight wire carrying a current is equal to 4w times
the strength of the current in absolute units: this work is a measure of
the power to magnetise, 7.e. it is a measure of the magnetomotive
force (see Illustration, Art. 207).

Consider the next simple case used in practice, viz. that of a solenoid

bent round to form a closed ring. The field intensity inside is 4rS I

where I = current in absolute units, S = total number of turns and
! = mean circumference in cm., and this is the force on unit pole in-
side in dynes. Ifa unit pole be moved once round this mean circum-
ference thus looping through all the coils once, the work done will be

481 X I, i.e. 4vS I ergs, and this workis a measure of the magneto-

motive force. (Note that it is simply the 4xL above multiplied by
the number of turns looped (S).)

The next case used in practice is that of the long thin straight solenoid. Here
the field inside is 271

, and, if we agssume this uniform for the whole length, the

47r§ I

work done in moving unit pole inside from one end to the other is === x [, i.e.

47ST ergs. This really measures the magnetic potential difference bemeen the ends
of thesolenoid. To move the pole round the whole circuit we have to encounter
the return air path, but, as indicated in Art. 210 (small type), the work for this
part is negligible in comparison. Hence for the cases used in practice the state-
ment which follows may be made :—

The work done in carrying unit pole once round the magnetic
circuit, thus looping all the coils once, is equal to 478 I, where
I is the current in absolute units, and 8 the number of turns
on the coil, and this measures the ma.gnetomotive force, t.c.

ST
10

the current in the first case bein% in absolute units, and in the second
case in amperes: the latter can be written :—

M.M.F.=1257 81 = 1'257 (fotal ampere turns),

Magnetomotive force = 4«S I units, or units,
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The reader must not confuse ‘‘ magnetic force” and ‘‘magnetomotive force.”
The former is measured by * force on unit pole,” the latter by “ work done on
unit pole, in moving it once round the whole magnetic corcuit.” In fact, M.M.F. is
numerically equal to magnetic force multiplied by &4

EXAMPLE.

A solenoid consists of 1,000 turns, t3 50 cm. long, and carries 10 amperes.
Determine (1) the magnetomotive force ; (2) the magnetic force at the centre ; (3) the
total flux if the area of cross-section 18 4 8g. cm.

Magnetomotive force = 1:257 x total amp. turns
= 1257 x 10 x 1,000
= 12,5%70 units (gilberts—Art. 218) ;
Magnetic force = 1257 x amp. turns per cm.
ox 10 x 1000
= 1257 x %
= 2514 dynes.

Now 251°4 = hines per sq. cm. (gausses—Art. 218);

». Total flux = 2514 x 4 = 100586 lines (maxwells—Art. 218),

217. Reluctance.—The reluctance (or magnetic resistance, as it is
sometimes called) of a piece of material depends upon its length, the
area of cross-section, and the permeability (). Thus it is very much

like the resistance of a conductor, but whereas we have R = pt for the
a

electrical resistance, p being the specific resistance of the material, we
have in this case B = ;zlﬁ’ land a in both formulae being the length

and area of section of the piece considered ; thus p corresponds to 1

Just as in the electric circuit the total resistance depends upon the
gum of a series of different resistances, so in the magnetic circuit the
total reluctance consists of a series of separate reluctances. Thus in
the case of the field-magnet circuit of a two-pole dynamo the total
reluctance consists of the reluctance of the armature plus the reluctance
of the double air gap (one each side), plus the reluctance of the two
pole-pieces, plus the reluctance of the limbs, plus that of the yoke.
Each of these separate pieces has usually to be separately calculated,
hence the total reluctance of a circuit is generally written—

R=_4 4 L + 5 ete.,
A\ Gty A,
there being as many terms as there are separate portions of the mag-
netic circuit.

It remains only to point out that the flux ¢ has the same meaning
as we have given it in magnetic calculations; that is, it is the total
lines passing through the circuit, and thus ¢ = Ba, where B is the flux
density, and a the area of the circuit in square centimetres.



ELECTROMAGNETIC UNITS AND THEORY. 289

218. Formula for Magnetic Circuit Calculations.—For the

solenoid the magnetomotive force is given by é’;g I,

current in amperes, and S the number of turns on the solenoid ; hence
Flux — Magnetomotive force
Reluctance

478 Iap
=——"""=125
¢ 102 7
And from this— ST = 10 ¢,
T Ant oy
1.e. Ampere turnsg = 8ﬂ
ap
If the magnetic circuit consists, as usual, of more than one piece,
that is, «f all parts have not equal permeability, we may write the
complete expressions—

where I is the

>

SIap
—

_ 4781
¢ = l, L, T
10 (__ 4l g
Gy Oyfre
and Ampere turns = ‘8¢ (lL + - )
Gy Gl
EXAMPLES.

1. Calculate the ampere turns needed to send a flux of 40,000 lines through a closed
tron 1 ing formed of square tron of 2 cm. side, bent into a curcle of outside diameter
22 cm.

Here— a=2x2=4sq.cm.,

{ = 7 X mean diameter = r X 20 cm.,
p = Total flux _ 40900 _ 10,000,

Turning up permeability tables for soft iron, when B = 10,000 we find x =

1,900 nearly.

Hence— Amp. turns = 08 X

= 264.

Further, suppose we cut the ring across with a saw and separate the two
halves by 1 mm., thus causing an air gap of that amount in two places diametri-
cally opposite.

‘We have now— a=4,!, =rx20,10,="2

¢ = 40,000 as before ;

- _ . [[40000 (207) , 40000 x -2
Then: Amp. turns = 8[ 4% 1900 + Ex1 N

40000 x 7 x 20
4 x 1900

w for the air gap being 1.
This gives, Amp. turns = 1,864.
T. E. 19
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It is important to notice these figures. To cause the flux in the iron alone 264
ampere turns only will suffice, but when we make an air gap even so small as
2 mm., then the additional ampere turns to cause the flux to pass it equal 1,600,
making a new total of 1,864. "This effect of air gaps must be carefully remem-
bered. The tollowing example will further illustrate this and bring in an
additional point in practice, viz. the question of leakage of lines.

2. An iron ring, 20 cm. mean circumference and 4 8q. em. cross-section, has an air
gap cut in it *5 cm. wide. The flux for the gap is required to be 25,000. If the
permeability of the iron be 100, find the ampere turns required if the leakage
coefficient be 1-3.

Owing to leakage of lines in practice, the maximum flux to be generated
must be bigger than the flux necessary for the gap. For the present we may
simply say that the maximum flux to be generated in the ron must be 25000 x 13,
i.e. 32,500, since the definition of the coeflicient of leakage (u) is :—

__ Maximum flux generated

o 3
Usetul flux

i.e. maximum flux = » (useful flux), and useful flux in practice means the flux in
the gap. All this will be understood later : the point is that in this problem we
want a maximum flux of 32,500 in the iron to get a flux of 25,000 in thé gap. Of
course this leikage occurs all along the iron (Fig. 231), but to simplify the
problem we assume that the flux for the whole iron circuit is the maximum, viz.
32,500. Now :—

(1) Aompere turns for the iron.

Ampere turns = ‘8¢ 4

LT

= - 20 _

= 8x32500x4x100—1300.

(2) Ampere turns for the air gap.
Ampere turns = ‘8 ¢-—-ZZ—

ofer

= §X25000 = -9 _ = 2500.

4 x1

.~ Total ampere turns = 3,800.

There is still another point we have neglected,
viz. “fringing,” i.e. the spreading out of the
lines at the air gap so that the cross-section of the
gap is really more than 4 sq. em. A method of
dealing with this is to add to the pole face area a
strip all round of width equal to half the length of
the gap, and to take this bigger area as the effective

Fig. 231 area (a,) of the gap. The electromagnet shown
in Fig. 231 will help the student to grasp the
preceding : Ul = leakage lines, f = fringing.

The following magnetic circuit units have been suggested, but
they are not extensively used :—
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Magnetic Field ............... . ... coeiiiiiin v, Gauss
Magnetic Induction or Flux (¢) ... ................. Maxwell
(formerly the Weber)
Magnetomotive Force (M.M.F.) ..o Gilbert
Reluctance (B) ......ccoovevviiiiiiiiiiiineaniiiiiee i, Oersted
Gilberts
Maxwells = Oorsteds’

219. Further Treatment of the Magnetic Circuit.—Owing to
the importance of the matter dealt with in the last four sections, the
following additional simple treatment may be
added. Consider the simplest case of an iron ring
wound closely round with wire carrying a current
(Fig. 232). The intensity H of the field inside is
478 I/l, where I is in absolute units, and 7 is the
mean circumference, 7.e. the total length of the
magnetic circuit. The flux density B 1s pH, <.
47wuS1/l, where p is the permeability of the iron,
and the total magnetic flux ¢ is Ba, i.e. 4rauS I/,
where a is the sectional area of the iron. Hence:—

Flux ((f)) = 401'&21,8 I = @;} (as before)‘ Fig. 232.
ap
o 4rST - e .
. Now 478 Lis evidently multiplied by 1, 4.e. it is ““ force on unit

[
pole ” multiplied by “ the length of the complete magnetic circuit,” Z.e.
it 18 the work done tn moving unit pole once round the complete magnetic
circutt, and this measures the magnetomotive force. The quantity
lfap is the magnetic resistance or reluctance, and just as in the
electric circuit, we have :—
Electromotive force ie. T = E.M.F.
Resistance ~* =~ R’
so for this magnetic circuit we have :—
__ Magnetomotive force | _MMF.
Flux = Reluctance " ¢ ¢ = R

Current =

.

220. Coefficient of Self-Induction (L) of a Circuit.—When a
current flows| through a coil it produces a flow of magnetic induction
through the coil. This flow of induction is proportional to the current
when the permeability of the surrounding medium is constant. In
this case if ¢ denotes the flow of induction through the coil, and I the
absolute current in the coil, then

where L is a constant. This constant is the coefficient of self-induction
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of the coil. If I be unmity, ¢ is numerically equal to L; thus the
coefficient of self-induction of a circuit is numerically equal to
the flow of induction when absolute unit current passes.

Clearly a circuit has a coefficient of self-induction of one C.G.S. unit
if the flow of induction be unity when the unit electromagnetic current
passes. The practical unit is the henry, which is equal to 10° C.G.8.
units; thus a circuit has a coefficient of self-induction of one henry if
the flow of induction be 10° when the unit electromagnetic current passes,
and therefore 1/10 of 10° i.e. 108, when a current of one ampere passes.

From the preceding sections it will be clear that ¢ above really
refers to “ linkages ” in practice. As already indicated we obtain the
number of linkages by multiplying the flux through a coil by the
number of turns upon the coil: thus if a solenoid has 200 turns and
the flux through it 1s 40,000 lines then the linkages are 40,000 x 200
= 8,000,000. Thus a more convenient definition of L for practical
purposes is as follows :—the coefficient of self-induction of a
circuit is numerically equal to the linkages of the circnit when
absolute unit current is flowing through it. This divided by 10°
will give the coefficient of self-induction in henrys.

If the flow of induction or flux is changing owing to the current
changing then the rate of change of flux depends upon the rate of

change of current. In fact from (1) above we can write%‘f = Lﬁ'(%,

where ‘fiit)-is rate of change of flux, and—gzl rate of change of current.

But the induced E.M.F. (¢) is given by — 2 (Art. 214): hence:— -
YT W

_ _rdl
e=—1L T 2
or ¢ = — L (Rate of change of Current).

The negative sign merely means that it is an opposing E.M.F. when
the current is growing, that is, when the rate of change of current is
positive, and is a direct E.M.F. when the current is decreasing.

Clearly if %is unity, L is numerically equal to ¢: thus the coeffi-

cient of self-induction of a circuit is numerically equal to the
induced E.M.F. round the circuit due to unit rate of change of
the current in it. Hence:—

A circuit has a coefficient of A circuit has a coeficient of
self-induction of one C.G.8. | self-induction of one henry
unit when current increasing | when current increasing at the
at the rate of one e.m. unit per | rate of one ampere per second
second brings on an opposing | brings on an opposing E.M.F.
E.M.F. of one e.m. unit. of one volt.

One henry = 10° C.G.8. units.
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221. Coeficient of Self-Induction of a Solenoid.—Let the
solenoid have S turns, its length be ! ¢m., and its sectional area a
8q. cm., and let the current flowing be unity (absolute).

M.M.F.'___ 4r ST

‘We have— Flux =
R R

47 S . . .
= _= I ty;
R since I is unity

s Number of linkages = Flux x Number of turns

:éz—s x S
R

_ 4r $2,

=R
, _Ar$ U 4
i.e. L = = bsolute units = 'R henrys,
or since R = ljap

2
L= P41rlS ¢ absolute units = p 4—%0—%;9 henrys.

Tilustration.—If a solenoid has 200 turns and is 20 em. long and its area is 4 sq.
em., we have—
_ 47 (200) X 4 _ .
L e T v 0°001 henry,
# being 1 for air core.

222. A few Practical Effects of Self-Induction.—As has been noted in
Art. 205, the property of inductance of a circuit is only of importance when the
current is changing its value. This occurs in a continuous current system only
when the pressure is first applicd or when it is removed.

We have seen that when a current is started in a circuit an induced inverse
E.M.F. is set up which delays its growth. The way in which a current grows in
a oircuit with resistance and inductance is indicated by the following Law of

Helmholtz:—
_R,
_E(_ L)
' I, = i 1—¢

where I, is the current at the end of time ¢ from the instant of closing the circuit
R the resistance, L the coefficient of self-induction, E the E.M.F. in the circuit,
and e the base of the Napierian logs (2:71828). On plotting this relation as a
curve connecting I and ¢, it is easily seen that the current rises at first quickly
and then more slowly, taking some time to reach its final value. The time
actually taken depends fundamentally upon L, and in the case of large electro-
magnets may be several minutes, In the formuls, E/R is, of course, the maximum
ourrent,
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The law for the decay of a current when a circuit is broken is expressed thus :—

, -k

'Ig = —é' [ e

This assumes that the circuit is broken instantaneously, but in practice this is
not the case: we cannot, however, enter
further into detail here. TFig. 233 gives
the general shapes of the rise and fall
curves in a circuit containing resistance

and inductance.

The quantity % is known as the time

constant: it is, from the first equation,
the time that 1t takes the current to

CURRENT
-

grow to (l - %) of its maximum value

(e = base of Napierian logs = 2:71828).
Some idea of the magnitude of the

self-inductance effects may be gathered

from applications of formula (2) of Art.

M 221, vis.—

0 = R - Induced E.M.F. (e)
SECONDS = - L (Rate of change of Current).
R =2 hms. Tllustrations.—(1) Using practical units,
L = ‘02 henry. in a circuit for which L = 05 henry and in
Fig. 233. which current is growing uniformly at
the rate of 2 amperes per second, then
e= ~ 05 x 2= ~1volt. If the rate of growth of current were quicker, as,

for example, if the current were growing at the rate of 2 amperes in 135 ot a
second, then—

_ _o5 2 _ _
e = 057(_)_[ = -~ 100 volts.

(2) If the rate of dying away of current be taken, and if it be very rapid, then
the forward E.M.F. will be very large. Yor example, if the current were dying
away at the rate of 2 amperes in 155 second, then—

- _ 05w 2
e= - 0% x o1 = 1,000 volts.

Hence the necessity—as mentioned earlier—for exercising great care when
interrupting the current-in the case of circuits possessing much inductance—for
example, powerful electromagnets.

223, Coefficient of Mutual Induction (M) of Two Circuits.—
The mathematics of mutual induction are very similar to those of self-
induction, so that it may be very briefly dealt with here.

The coefficient of mutual induction of two circuits is numeri-
cally equal to the linkages of one circuit when absolute unit
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current flows in the other. This divided by 10° will give the coeffi-
cient of mutual induction in henrys.

Again this coefficient M also appears in the E.M.F. relation similar
to that for the self-induction, i.e. e (in either coil) = — M (Rate
of change of current in other coil), and if the rate of change of
current be unity e = — M: thus:—the coefficient of mutual
induction of two circuits is numerically equal to the induced
E.M.F. round one circuit dué to unit rate of change of the
current in the other. Hence:—

Two circuits have a coeffi- Two circuits have a coeffi-
cient of mutumal induction of | cient of mutual induction of
one C.G.S. unit when current | one henry when current chang-
changing in one at the rate of | ing in one at the rate of ome
one e.m.unit per second results | ampere per second results in
in an induced E.M.F, of one | an induced E.M.F. of one volt
e.m. unit in the other. in the other.

One henry = 10° C.G.S. units.

Coeflicient of Mutual Induction of two Solenoids.—We shall only
deal with two solenoids so associated that there is no magnetic leakage,
i.e. all the lines pass through both coils.

If S, and S, be the turns respectively, and if the first be the primary
and the second the secondary, then :—

Flux = ST — 4”;31 if T be unity,
. Link = = 48
;. Linkages for secondary = Flux x Turns = ._R_'! X 8,
. _ 478,8, . 4xS,S,
1.e. M= —R absolute units = 1R henrys,

l
where, of course, R = reluctance = o
ll:

A few Practical Effects of Mutual Induction.—A simple illustration will
suffice : —Suppose, for example, in an induction coil M is 4 henrys, and the
primary ctirrent changes at the rate of one ampere in gy of & second, then the
induced E.M.F. in the secondary circuit is given by—

e = — M (rate of change of primary current)

e= - 4_1_ = _ 20,000 volts.
Evidently very high voltages are obtainable from such a device.
The two oases in which this is of practioal use, viz, induction coils and trans-
formers, are discussed in Chapter XX.
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The curves depicted below will be of service to the students in work-

ing out problems on the ‘“ magnetic circuit” in practice. Frequently

a problem does not give all the necessary data: these can invariably
be obtained from the curves.
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EXERCISES XVII
L

1. You have to make a long coil of wire such that when 10 amperes flow
through 1t the maguetio field at the centre shall be 1,000 times as strong as the
earth’s horizontal field. (H.) How many turns per em. must be put on the coil ?
H =18 (0.,

2. You are required to wind over a brass tube, 500 cm. long and 9 cm. ex-
ternal diameter, with one layer of covered wire 1 mm. diameter over the covering.
What length of wire will you require? What will be the strength of the magnetic
field at the centre of the axis of such a helix when a current of 1 ampere flows
through the wire? (0O.)

8. A solenoid consists of 1,500 turns, has a length of 1 metre, and carries 10
amperes. Determine (1) the magnetomotive force; (2) the magnetic force; (3)
the total fluf if the cross-section be 3 square cm.

4. A circular coil traversed by a current is placed horizontally in the earth’s
field. What is the nature of the force acting upon the coil, and how does it vary
with (1) the strength of the current ; (2) the strength of the field ; (3) the number
of turns of wire on the coil ; (4) the size of the wire ; (5) the radius of the co1l? (B.)

5. A wire, 20 cm. long, carrying a current of 5 amperes, is placed in the
earth’s field at right angles to the lines. If the earth’s field be ‘18-unit, find the

force tending to move the wire.

6. What is the inductance of a coil of 200 turns wound on a paper tube 25 em.
long and 5 cm. radius?

7. A primary coil of 100 turns and then a secondary coil of 50 turns are wound
on an iron ring of mean diameter 30 cm. and radius of cross-section 1 em. If

4 = 800, find the inductance of each.

8. If 250 volts are impressed on a circuit of resistance 10 ohms and inductance
4 henrys, what is the final current, and what is 1t at the end of ;35 second, and

1 second ?

9. Why is it dangerous to lift the brushes of a shunt-wound dynamo when
shutting down? State what would occur 1f you were to lift the brushes (a) while
a fair load of lamps is being supplied ; (b)) when no current is being supplied to
the external circuit. (0.)

10. Calculate the ampere turns needed to send a flux of 65,000 lines through
an iron ring of outside diameter 20 cm. and sectional area 3 sq. em. (4 = 1,120).
What would be the ampere turns if the ring were cut into two halves, and the two
halves separated to a distance of 2 mm. ?



CHAPTER XVIIL

DYNAMOS,

224, Introduction.—The discovery that currents could be induced
in circuits by altering the magnetic flux through them led in time to
the introduction of the dynamo and the commercial applications of
electricity. Faraday commenced the construction of such machines in
1831, and following him were Pixii, Sturgeon, Werner Siemens,
Pacinotti, Gramme, and others.

To produce useful currents in this way we must have a powerful
magnetic field, coils arranged so as to cut the field, and suitable
collecting arrangements to convey the current to the place where it is
needed.

The machine as a whole is called a dynamo. The magnet producing
the field is termed the field magnet, and the coils cutting the field
are grouped in what is called the armature. In the early days the
field magnets consisted of permanent magnets, but now they are always
electromagnets, and the current used to excite them is often obtained
from the machine itself. 'We have noted that the relation concerned is:

EMF (volts) = Rate of a,ltera.tioiloin magnetic lines

Thus we can obtain an E.M.F. by steadily increasing the flux, or by
steadily decreasing it; but since we can neither increase nor decrease
the flux indefinitely, all machines work by first increasing, then
decreasing, and so on alternately. Such an oscillation of fluxes is
conveniently obtained by using a rotating coil, and in practice this is
the form always adopted. Hence, the E.M.F. is proportional to the
speed of rotation of the armature, to the number of turns of wire upon
it, and to the magnetic fluz in the space where the armature rotates.

In this chapter the Fleming right-hand rule is most suitable for determining the
direction of the induced current; in certain diagrams current flowing towards the
reader is indicated by a “dot,” current flowing away from the reader by a
¢«¢cross.”

Some writers use * dynamo” as a general term including.motors, using the
term “ gemerator” for a ‘‘dynamo” which converts mechanical energy into
electrical energy, and, of course, * motor '’ for a *“dynamo” which converts electrical
energy into mechanical energy.

Dynamos (i.e. generators) may deliver continuous (direot) current to the
external cireuit (D.C. or C.C.) or alternating current (A.C.): thelatter are termed
‘“alternators.’”’

208
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225. Principle of the Dynamo.—Suppose a rectangular coil of
wire, as ABCD in Fig. 284, to be capable of rotation about an axis
X X between the poles N and S of a powerful magnet. Imagine the
rotation is such that .

A Bisrising, and CDis ' N
falling. Using the Fle-
ming right-hand rule A
we see that current will

tend to lowin ABin ____ ___ | ___ ____ . TT
the direction of the X
arrow, and in CD in <
the reverse direction, D _

but such that, taking | S |

the circuit as a whole, Fig. 234.

the currents help each

other. In such a case the end P of the coil will be the positive pole,
and Q the negative pole, and the outside current will flow from P to Q.

As the rotation proceeds the coil will presently be vertical, and at

that instant the number of lines of force embraced by it will be a
maximum, but the rate of cutting
l N | will be zero, and so also will be the
C induced FE.M.F.

D A little later the side A B will be
Q descending past S, and C D will be
¥ ascending past N; thus the cur-
P rents will be reversed, and will now
A . B be as in Fig. 235; hence the end P,
- which was formerly the positive
I S | pole, is now the negative pole, and
Tig. 235. Q is now the positive pole, and the

outside current is from Q to P.

Thus carrying the coil right round through a complete revolution
we see that the current
reverses every time the
coil passes through the
vertical position, that is,
twice in each revolution,

and the current produced p \
Q—
a

Y

is an altérnating oue

(A.C.)). To make con-

tact with the coil, and

still allow it to rotate, an

arrangement is used as Fig. 236.
shown in Fig. 236a, and

known as slip rings. A metal brush rests upon each ring and serves
to lead the current, which is still alternating, to and from the external
circuit,
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If we wish to collect the current in such a way that reversal never
occurs in the outside circuit we may modify our collecting arrangement,
as shown in Fig. 236 b, introducing the split-ring commutator. In
this case one ring is used split into two halves, and the brushes are
diametrically opposite instead of being side by side. If the brushes are
8o placed that the gap in the ring passes under them when the coil itself
18 wvertical, the current in the external circuit will go up and down
in value but will not reverse; it will be wnidirectional, i.e. a con-
tinuous or direct current (D.C.). This device automatically arranges
that the positive end of the coil is always connected to the same
end of the external circuit, but it must be remembered that no
contrivance prevents the current in the coil or armature itself from
reversing.

Thus the essential point in practice is, that alternating current
dynamos or alternators are fitted with slip rings and deliver alternating
currents to the outside circuit, whilst continuous or direct current
dynamos are provided with commutators, and deliver, to the external
circuit, currents always flowing in one direction.

In practice the coil (or coils) is wound upon an iron core, and Fig.

237 shows a direct application of the

preceding. The core consists of an iron

cylinder with two slots cut along it at

SN opposite ends of a diameter. A wire is

N F® ; .§ 010 s wound round and round in the slots, the
®

two ends being joined to a two-part com-
mutator (for D.C ), or to two slip rings

~_ (for A.C.). Such simple machines may
still be met with in the form of magneto
Thg. 237. generators for ringing up on telephone

circuits, in magneto systems of igni-
tion for petrol engines, and in small dynamos used for exploding
mines.

In this “shuttle ” armature of Fig. 237 the coil ends are joined to a
two-part commutator, so that the external current flows in one direction;
it is, however, not of uniform strength, but is intermittent, rising
and falling in magnitude. If now the armature be modified by cutting
two additional slots in the core midway between the existing ones and
placing therein a coil similar to the other, it is evident that the E.M.F.
1n one coil will be'a maximum when it is zero in the other, so that, by
suitably connecting the coils, as will be explained later, and using a
four-part commutator, the external current will become more constant in
magnitude. It is evident, too, that this condition will be even better
realised by having a largs number of coils uniformly distributed round
the core, suitably connecting them as described later, and using a
commutator divided into a corresponding large number of parts,
bars, or segments; this is the method adopted in modern (b.c.)
armatures,
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226. Preliminary Ideas on General Construction.—A number
of armature types have been introduced from time to time, which may
all be included in four general classes. These are (1) Ring Armatures,
(2) Drum Armatures, (3) Disc Armatures, and (4) Pole Armatures.
Disc and Pole armatures are, however, no longer used.

In the ring pattern the core is a ring or hollow cylinder of soft iron,
and each turn of wire passes along the outside and then returns through
the inside of the ring. Any wires thus returning through the central
hole cut practically no lines of force, do not produce E M.F., and are
therefore idle wires. Ring armatures are, in consequence, now rarel
employed ; but since the action is easy to follow, the working of suc
an armature is given first (Art. 227), as it helps to an understanding of
general armature behaviour.

The drum is the pattern usually employed. The core is an iron
cylinder or drum, and each wire passes along the outside of the drum
in a divection parallel to the shaft, crosses the end of the drum to a
certain position and returns from that position along the outside of
the drum: thus each conductor on the outside is joined across the end
to a return conductor on the outside, and there are no idle wires
returning through the interior.

The introduction of iron into the core or central portion of the
armature is designed to cause the total flux due to the field magnets
to be concentrated where it is cut by the coils wound on the core, and
it is to be again noted that when the core is partly hollowed to allow
for the driving shaft, ventilation, etc., practically none of the flux goes
through the holes: it keeps within the material of the iron.

The introduction of the iron leads, however, to a result of importance,
which has to be carefully allowed for, viz. the production of eddy
currents. The fact that we are rotating a large conductor (iron) in
the magnetic field necessarily tends to produce current in the tron as
well as in the wires surrounding it. Such internal currents circulating
locally in a mass of metal are termed eddy currents. From the laws
we have already investigated, such currents will tend to flow at right
angles to the field and at right angles to the motion; that is, parallel
to the shafé. 'To reduce this effect us much as possible armatures are
now made up, not of solid iron, but of thin charcoal iron plates, or
discs, or * stampings,” which are all punched out to the same shape and
size and threaded upon the shaft or otherwise arranged to rotate with
it. The surfaces of separation, often increased by varnish, oxidisation
of the surface, or thin paper attached to one side, offer considerable
resistance to a current tending to move parallel to the axis, but offer
no appreciable resistance to the magnetic flnx which is passing through
at right angles to the axis. Such lamination has been referred to in
the section on magnetism.

As indicated above the core discs (in smaller machines) are threaded
upon the shaft: each disc has holes cut in it, and these are arranged
in line forming horizontal channels through the core for ventilation
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gurposes. In big machines the core discs really become rings, the
riving power being communicated from the shaft through a non-
magnetic three- or four-armed hub or spider, which suitably grips
all the plates and compels them to turn with the shaft. Larger and
stronger spiders are used for very large machines.

With regard to the field magnets, dynamos are either fwo-pole or
multipolar machines. In the case of the former one pole-piece is of
N polarity and the other of S polarity, but the actual shape of the
magnet itself is very different in different cases: all such differences
in detail are unimportant at this stage however. The constituent parts
of a two-pole electromagnet causing the field can be seen from Fig. 238,
in which, p, are the pole-pieces, C the limbs, which carry the mag-
netising or field coils, B the yoke, and F the tunnel or space in
which the armature revolves. The armature itself always consists, as
we have seen, of a mass of soft iron which when wound with wire only
just clears the surface of the pole-pieces, the small clearance left
between the two surfaces being called the air-gap, and since even a
small gap means many extra magnetising coils, this gap must be kept
as small as is mechanically convenient. As the magnet is frequently
built up of separate pieces of iron, great care must be taken that all
joints are good, as even a fair joint between two pieces introduces
considerable extra magnetic reluctance.

In the case of multipolar machines there may be any even number

of poles, and these are spaced alter-

nately N and 8 round the field. In

modern machines there are frequently,

F in addition, interpoles (Art. 238) for

P V4 purposes of better regulation. Stamp-
ings of sheet-iron known as pole shoes

are often used on the poles so as to
reduce the eddy currents which tend
to flow when toothed armatures are
C C employed ; in some machines the entire
field poles are laminated for this
purpose. Pole shoes also spread the
flux over a bigger area, lessen the re-
B ~ B luctance and give improved wave-form
of ELM.F. Fig. 239 shows a typical
Fig. 238, four-pole field magnet. The four poles
(or field cores) project inwards from
the circular yoke: each carries a magnetising coil (or field coil), one
of which is shown in the figure, and each terminates in a pole shoe as
indicated.

The materials used in the construction of the field magnets are
wrought iron, cast iron, cast steel, ingot iron, and stampings. Wrought
iron has a large permeability, but the small amount of residual mag-
netism it retains prohibits its exclusive use for self-excited machines;
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it is often, however, used for the limbs (or field cores) which should
be as small as is convenient so as to economise copper in the field
windings. Cast iron is of low cost but .

small permeability and is not extensively
used except for small machines. Cast
steel, although of fairly high cost, is now
frequently employed in large machines;
it has a large permeability resulting in
decreased weight of limbs, less copper in
the coils, and neater machines generally,
and 1t retains a large amount of residual
magnetism.

The commutator is a rigid, self-
contained, cylindrical structure which
rotates with the armature. It isbuilt up Fig. 239.
of wedge-shaped bars of copper—drawn
or drop forged—insulated from each other and surrounding parts by
mica: the bars are connected to the armature coils. Slip rings for
alternators are mainly of copper, brass, or steel. Brushes are chiefly
of copper gauze or carbon. Bearings and pedestals for supporting
the shaft, and the necessary oiling arrangements, are practically the
same as those employed in other machinery.

227. The Bi-polar Ring Armature,—The armature core consists
of an iron ring (or cylinder)
built up of sheet iron stamp-
ings and wound uniformly
with insulated copper wire
the beginning and end of the
coil being soldered together
so that the coil is endless as
shown in Fig. 240. This
armature is capable of rota-
tion between the pole-pieces
N and 8 of a powerful mag-
net. To make contact between
the coils and the external
circuit we will imagine at
present that each outside
wire has a small piece of in-
sulation removed from it and
that two brushes A and B
are so fixed as to graze the
bare parts of the wires as the armature rotates. It will be re-
membered that in Fig. 234 we had zero E.M.F. and reversal when
the coil was vertical, <.e. its plane at right angles to the field from N
to 8 and it will be noted that here 'the brushes are so vlaced as to
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touch a coil when it is vertical : the line XY at right angles to the
line joining the poles N and S is called the geometrical neutral awis.

- Imagine now that the armature is rotating counter-clockwise. An
application of the Fleming right-hand rule to the outer or active wires
under the S pole on the left will show that these wires have currents
induced in them flowing from front to back, whilst the active wires
under the N pole on the right have currents induced in them flowing
from back to front (the inside wires are idle wires, i.e. are merely
“returns”’). An examination of the figure will now reveal the follow-

ing facts:—(1) the induced currents in
A the coils on both sides flow upwards from
B to A, and therefore (2) in the external
circuit the current flows continuously
from A (positive brush) to B (negative
brush). The two halves of the ring

s N therefore form two equal sources of
E.M.F. each in parallel with the other,
the currents from each half uniting at A,
flowing through the external circuit from
A to B and dividing into the two halves
again on reaching B. Fig. 241 will

Fig. 241. diagrammatically represent this,

In practice of course the brushes do not
make contact with the coils themselves but with the bars of a com-
mutator to which bars the coils are joined (Fig. 243). The separate
copper bars of the commutator are assembled together so as to con-
stitute a cylinder which is fixed to the shaft and rotates with the
armature. The construction is diagrammatically represented in Fig.
242 which shows a portion of the commutator with a brush resting

on a bar. These commutator bars are thoroughly insulated from each
other and from the shaft, and, as stated, the coils of the armature are
connected to them : clearly when a brush touches a bar it is electrically
the same as touching the coil joined to that bar. Every coil turn
(i.e. the active conductor and its return) may be joined to a bar
in which case the number of bars on the commutator would be equal
to the number of conductors (Z) on the armature. On the other hand,
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every second or every third or every fourth, etc., complete turn may be
joined to a bar so that we may say the necessary number of bars is
Z/n, where n is a whole number which is a factor of Z. In Fig. 243
there are 16 conductors, the winding is bunched into 8 coilseach of  turns
and therefore 2 active conductors, and the junctions of the coils are

joined to commutator bars,
so that thereare8 barson  __________| Im
the commutator (» = 2). 4:' 3 g

ll
\
Incidentally it may be men- / g gf?% Y
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tioned that in practice the
armature current distorts the
field and moves the reversal
positions from the geometrical
neutral axis in the direction ot
rotation and the brushes must
be set fofward accordingly:
this is dealt with later.

228. The Multipolar
Ring Armature.— Fig.
244 shows a ring armature
wound in the same wa,
as that of Art. 227 but 'T(__b
rotating in a six-pole field.
An application of Flem- Fig. 244
ing’s right-hand rule to the
outside active conductors under the various poles will indicate that
there are not two paths in
parallel in the armature as in
the previous case but that there
are siz. Fig. 245 shows the
paths of the currents inside.
Current flows from two paths to
the point X,, from two paths to
X,, and from two paths to X,
whilst current flows from Y, ¢o
two paths, from Y, to two paths,
and from Y, o two paths. Hence
brushes must be placed at
X, X, X, and joined to one ter-
minal of the machine which will
constitute the positive terminal,
and brushes must be placed at
Y, Y, Y, and joined to another
terminal of the machine which
will constitute the negative terminal. In an armature of this type if
there are p poles there are p paths in parallel in the armature and p

T, B 20
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brush sets are necessary: it corresponds to the (simplex or single)
“lap” method of winding of a multipolar drum armature as will be
seen later.

The windings of a multipolar ring armature may be so arranged,
however, as to give two paths in parallel through the armature
(and therefore render two brush sets only necessary) whatever the
number of field poles: this corresponds to the (simplex or single)

Paths:

| 18157,14613, 5]
9,210, 3,11, 4, 12

Fig. 246.

“ wave ” method of winding of a multipolar drum armature as will be
seen later. In this case instead of joining one coil to the next adjacent
coil, a coil under a north pole is put in series with a coil similarly
placed under the next north pole and then this is joined to a coil
similarly placed under the next north pole and so on until we have
been once round the armature and come to the coil next to that
from which we started and so on. Such a winding is shown in
Fig. 246. An application of the Fleming right-hand rule will reveal
the fact that there are two paths through the armature and that
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two brush sets only are necessary and these 90° apart for a four-pole
machine.

The first type of multipolar ring is somgtimes called a parallel or
multiple circuit ring armature, and the second a series or two-circuit
ring armature.

229. The Bi-polar Drum Armature.—The drum or core consists,
as usual, of thin soft iron stampings. The circuit of any one con-
ductor is now starting from a bar of the commutator, passing along
the surface of the drum, crossing the back end, and thence along the
surface of the drum again back to another bar of the commutator.
There are various methods of winding drum armatures: but the fol-
lowing are simple illustra-
tions which will answer our
present purpose :—

Fig. 247 will serve to ex-
plain in brief one method
of winding a bi-polar drum
armature carrying 16 con-
ductors. The 16 wires are
spaced uniformly along the
outside of the iron drum,
and cross connections are
made as indicated, the con-
tinuous lines denoting the
connections at the front, and
the dotted lines those at the
back of the armature.

From the front end of
conductor 1 a connection is
led via a commutator seg-
ment to the front end of conductor 8. Between 1 and 8 there
are giz conductors; adding one to this we get what is called the
pitch (seven in this case), and this pitch will be adhered to for the
whole winding. Thus the back end of conductor 8 is connected to the
back end of conductor 8 + 7 = 15, and the front end of 15 is joined
via the adjacent segment to the front end of a conductor which is
seven ahead of it—rvis. to the front end of conductor 6. The back
end of 6 is joined to that of 6 4+ 7 = 18, and the front of 13 to the
front of 4 via the next commutator segment. This is repeated, and
finally the back end of 10 is joined to the back of 1, and a closed
winding is obtained.

The brushes make contact as indicated with the commutator bars to
which conductors 1 and 8 and conductors 9 and 16 are connected. An
application of the right-hand rule will show that, with the armature
revolving as indicated, the currents in the conductors on the left are
flowing from back to front, whilst those in the conductors on the right
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are flowing from front to back. Thus in the armature circuit the
current has two paths, viz.:

(1)B—alongl—10—83—-12—-5—-14—7—-16 —B +
(2)B—along8—-15-6-13—-4—-11—-2-9—-B 4,
whilst in the external circuit the current flows from B + to B —.
As in the case of the bi-polar ring, so here there are two paths in
parallel in the armature. In all cases the pitch must be such that

no two connected conductors come under the same pole at the same
time.

The student should note that in the above the pitch is always taken
in the same direction (say forward) both at the back and at the front
of the armature ; thus in Fig. 247 each conductor at the back and at the
front is connected to a conductor which is seven ahead of i. In the
example chosen there are an even number of commutator bars (eight),
and the pitch (seven) is the same at both ends of the armature. If
the construction involves an odd number of bars, the pitches at the
back and front differ from each other by two, but both pitches are
taken forward as above. Thus, with eighteen conductors and nine bars,
the back pitch would be nine forward and the front pitch seven for-
ward.

Fig. 248 depicts the armature of Fig. 247 wound on another method
in which the pitch is in one direction at the front and in the opposite
direction at the back so that if one pitch be called positive the other
would be called negative. Using, however, the expressions “ forward »
(direction of rotation) and *backward,” it will be seen in Fig. 248
that the pitch is taken forward at the back of the armature and back-
ward at the front. The pitches differ by two, the back pitch being
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7 forward and the front pitch 5 backward. With eighteen conductors
and nine bars the back pitch would be 9 forward and the front pitch
7 backward. There are two parallel paths in the armature as in the
previous case. '

The first winding above, viz. Fig. 247, is sometimes called the wave
method, and the second (Fig. 248) the lap method. There is really,
however, no essential difference, electrically, between lap winding and
wave winding in the case of a bi-polar machine, but the difference 18 im-
portant in the case of multipolar machines. Further, a little considera-
tion will indicate that the greatest number of commutator bars for a
drum is 7,2, where Z is the number of conductors: the number may be
7/2n, where n is a whole number and 2z a factor of Z.

Fig. 249,

One drawback to both of the above is that the full pressure of the
machine exists between adjacent conductors in turn. This is eliminated
by arranging the conductors in two layers, as shown in Fig. 249, which
is a repetition of the winding of Fig. 248. In this, it should be noted
that a loop is made by an outer conductor in one layer joined to an
inner conductor in another layer, and so on right round.

Bar Winding and Former Winding.—The conductors may be either compo:ed
of a number of wires laid up together, or, when large currents are to be generated,
they may be made of stout strips of copper, which form a bar winding.

In practically all cases now former winding is resorted to. That is, the coils
are wound on a frame beforehand, all to an exact shape, they are taped, dipped,
and baked for insulation, and then can be assembled together on the surface of the
iron core in such a way that the ends of the coils all come out correctly placed for
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connection by soldering to the ends of the commutator bars. The whole is
balanced both electrically and mechanically, and minimum waste of material has
been incurred.

Ventilation, etc.—The core is usually not solidly built together, but at intervals
a gap is left which is maintained by radial corrugated pieces of brass permitting
free passage of air from the central openings in the core to the coils outside on the
surface. This ventilates the armature, and higher current densities can be em-
ployed with such devices than without.

In all cases where conductors are fixed upon the surface of the drum consider-
able mechanical force is exerted between the conductor and the magnetic field in
which it is revolving, and the attachment between the conductor and the drum
must be sufficiently strong to resist this. This attachment is provided by means
of pegs which fit into the surface of the drum, and act as drivers to the conductors.
Further, binding wire is wrapped tightly round the armature (over mica) at
various parts and soldered, thus securely holding the coils.

Slotted Cores.—Instead of constructing the drum of plain circular stampings,
each dise may have a number of slots cut out of its periphery, and the plates are
all assembled so that the slots are in line. Thus the complete drum has its
surface out up into alternate slots and teeth running in the direction of its length.
The windings are then placed in the slots and are frequently kept in place by
a strip of wood fitting into a dovetail near the top of the slot. Hence there can
be no slip between the conductors and the drum, and, further, the air-gap may be
made much smaller, since nothing protrudes beyond the surface of the drum.

In such an arrangement as this the flux does not pass down into the slot carrying
the conductor. An obvious question then arises as to the production of E.M.F. by
the conductor which is in the slot. The answer is that, as the drum turns, the
flux snaps across the slots from tooth to tooth, in so doing causing E.M.F. in the
conductor. '

A disadvantage of the toothed armature is that the teeth tend to set up eddy
currents in the pole pieces, but this can be practically avoided by making the
distance between the teeth at their ends not more than 2 to 2% times the air gap.

Fig. 250 gives a case in which this

A condition holds, and it will be seen

that the lines spreading from the teeth

are uniform over the pole face. In

Fig. 251 the distance between the

Fig. 250. Fig. 251. teeth is greater than the value given

above j this results in areas A where

there are few lines, and as these move across the pole face, the field varia-

tion causes eddy currents in the pole pieces, which must in consequence be
laminated.

End Connections,—In modern armatures the ends of the coils are not carried
across the actual ends of the armature as shown in the preceding figures, but the
connections are invariably made on a oylindrical extension of the armature
surface.

The end connections are well insulated from the supporting extension, and
special devices are employed to protect them against the action of centrifugal force,
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230. Multipolar Drum Armatures.—There are two general
methods of winding these, viz. lap winding and wave winding. In
lap winding the front pitch and the back pitch are in opposite direc-
tions so that if the back pitch be called poditive, the front pitch must
be called negative: in wave winding the front and back pitches are of
the same sign. In (simplex or single) lap winding there are as many
paths in parallel in the armature as there are field poles: in (simplex
or single) wave winding there are two paths in parallel whatever the
number of field poles may be. In lap winding the number of brush
sets required is equal to the number of poles: in wave winding two brush
sets only are necessary, although a number equal to the number of
poles may be used.

Fig. 252.

Four pole drum (simplex) wave wound. Z =22, Front pitch = + 5. Back
pitch = + 5. Average pitch =5. Commutator pitch = 5. Number of paths
= 2.. Single re-entrant.

Fig. 252 shows a four-pole drum (simplex or single) wave winding
with 22 conductors. The back pitchis + 5 (or 5 forward say) and the
front pitch is + 5 so that the average pitch is 5. Starting, say, at the
cqmmutator bar B in the figure, a front connection goes to conductor
18 : this conductor passes along to the back of the armature and is con-



312 DYNAMOS.

nected to conductor 18 which is 5 steps ahead of it : this conductor passes
along to the front and is connected (via a commutator bar on the opposite
side of the commutator, in this case, to the starting bar) to conductor 8
which is 5 steps ahead of it. this conductor passes along to the back and
is connected to conductor 3: this conductor passes along to the front
and is first connected to the commutator bar next to the one at which we
started and then to conductor 20. The winding is repeated, until finally
we arrive at conductor 1 which brings us down to the bar at which we
started, and a closed winding is the result.

By applying the right-hand rule it will be found that conductors
under the N poles have upward currents, whilst those under the S poles
have downward currents, that the current paths in the armature are :—

£2 1 9-14-19-2-7-12-17-22-5-10-15-20 E,E
2%

4-21-16-11-6-1-18-13-8-3 &a
and that two brush sets only are necessary. (p sets may be used.)

Fig. 253,
Four pole drum (simplex) lap wound. Z =32. Front pitch = = §. Back
pitch = + 7. Average pitch =6. Commutator pitch = 1. Number of paths
=4, Single re-entrant.
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That portion of a winding which terminates on two commutator
bars is called a winding element. It will be seen from Fig. 252 that
in the case of a four-pole drum (simplex or single) wave winding two
winding elements must be passed through to bring us back to the
commutator bar next to the one at which we started. In the case of
a six-pole drum (simplex or single) wave winding, the number will be
three, and in general p/2, where p is the number of field poles.

Fig. 253 shows a four-pole drum (simplex or single) lap winding
with 32 conductors. The back pitch is + 7 (or 7 forward) and the
front pitch is — 5 (or 5 backward), so that the average pitch is 6.
Starting, say, at the top commutator bar a front connection goes to
conductor 4, this at the back is joined to conductor 29 (pitch + 7) and
at the front conductor 29 laps back first to the commutator bar next to
the one at which we started and then to conductor 2 (pitch — 5). This
ig repeated until finally we arrive at conductor 31 which brings us down

. WAVE WINDING
st e W (L5 0 | N\ 5
% % 5 %
/*// Z%Z 2s%‘ / /v/(
IS5 /7/ E//f /
7 Z% 7
16 4 z%/‘% 6 F/8 o 4///1';*

Fig 254.

to the bar at which we started, and a closed winding is the result. By
applying the right-hand rule it will be found that four brush sets are
necessary and that the current paths in the armature are:—

o8 12- 5§-10- 3- 8- 1- 6-31
B 7-14- 9-16-11-18—-13 - 20

ggg 28-21-26-19-24-17-22—15
35"@ 23-30-25-32-27T— 2-29 - 4
as

to Positive Brushes

i,e. there are as many paths in parallel as there are poles.

kL



314 DYNAMOS.

If we imagine the drum to be cut into two halves by a plane passing
along the axis and the surface to be spread out flat, the appearance
gives us another method of showing armature windings, and is known
as the developed diagram. The student should draw the following
in the way already indicated (Figs. 252, 253) and then compare them
with the developed diagrams given in Figs. 254 and 255.

Case 1 (Fig. 254): Four pole (single or simplex) wave, wound
drum. No. of conductors = 18. No. of commutator bars = 9. Back
pitch = + 5. Front pitch = + 5. No. of parallel paths = 2.

LAP WINDING

lll_l_gla_'§45’_67 8,_’_910

Fig. 255.

Case 2 (Fig. 255): Four-pole (single or simplex) lap wound drum.
No. of conductors = 24. No. of commutator bars = 12. Back pitch
= 4 7. Front pitch = — 5. No. of parallel paths = 4.

In these diagrams the poles are sometimes assumed to be above
sometimes below the conductors (examine Figs. 254, 255, 256).

Yet a third method of showing armature windings is given in Fig.
257 : it is called the radial diagram, the short radial lines denoting
the conductors.

For wave winding if y = average pitch, then y = Z4 2, where Z =

number of conductors, and p = number of poles. Both pitches must be
odd numbers, so that if ¢, worked out from the above, is itself odd,
then both the front pitch yy and the back pitch y, are made equal to
the average pitch y. If y beeven, then ye =y +1,and yo =y F 1.
For lap winding both pitches must be odd and differ by 2 so that ¥ is

even, and is made nearly equal to %: thus gy, =yt 1and y» =y F1.
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If a winding element starts at commutator bar a and ends on bar b
then the number of steps from a to b is called the commutator pitch :
in Fig. 252 the commutator pitch is 5 and in Fig. 258 it is 4 1.

The usual arrangement with slotted armatures has been indicated
in Fig. 249, and the number of slots stepped over by a coil is similarly
called the slot pitch. The commutator and slot pitches are now the
main points required by the armature winder.

Lap winding is sometimes called parallel or multiple circuit winding
and wave winding series or fwo-circuit winding. The former is suitable
for large current output and the latter for large pressure.

231. Multiple and Multiplex Windings: Re-entrancy.—We
would warn the student that authors differ considerably in the terms
used in connection with the matter dealt with in thissection. Further,
only a brief and very elementary treatment is possible here.

Ina wave winding, if we start at a commutator bar and trace through
p/2 wihding elements (p = number of poles), and if we find that this
brings us to the bar next to the one at which we started, the winding
is called a single or simplex wave winding: this is the case in Figs. 252,
254. If we come to the next bar but one the winding is called a
double wave winding: if we come to the next bar but two the winding
is called a triple wave winding.

In alap winding, if we start at a commutator bar and trace through
a winding element, and if we find that this brings us to the bar next
to the one at which we started, the winding is called a single or sim-
plex lap winding: this is the case in Figs. 253, 255. If we come to
the next bar but one we have what is called a double lap winding: if
we come to the next bar but two we have what is called a triple lap
winding.

In all the above we are taking the winding as a whole to form still a
single closed winding as in preceding cases.

By these multiple windings the number of paths in parallel in the
armature is increased. Thus a single wave winding gives two paths in
parallel (Art. 230), but a double wave winding gives four, and a triple
wave gives siz: a single lap winding gives p parallel paths (p = number
of poles), but a double lap gives 2p and a triple lap gives 3p.

Some writers refer to double and triple windings as above as duplex
and triplex windings respectively.

Consider now, say, two single or simplex wave windings like Fig. 252
and call them W, and W,. Picture the conductors of W, to be spaced
between the conductors of W, on the same armature core (z.e. conductor
1 is W, conductor 2 is W, conductor 3 is W,, and so on), and the com-
mutator bars of W, to be spaced between the commutator bars of W,.
‘We have now an armature with 44 conductors and a commutator with
22 bars, bar 1 belonging to W, say, bar 2 to W, bar 3 to W,, and so
on. Picture the brushes to overlap at least 2'3 bars: then the wind-
ings of W, and W, will be in parallel between the brushes, and the
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number of paths in parallel will be doubled. Such a winding, com-
posed of two separate and independent wave windings sandwiched
together, is called a duplex wave winding. Similarly, two independent
lap windings arranged incthis way is called a duplex lap winding.
Three independent wave or lap windings thus combined is called a
triplex wave or triplex lap: here the brushes must overlap at least
8:3 bars and the arrangement gives three times the number of paths
in parallel.

Further, in for example, duplex wave, p/2 winding elements brings
us to the next bar but one just as in double wave, and in duplex lap a
winding element brings us to the next bar but one just as in double
lap, and so on; but in duplex, the winding as a whole does not form a
single closed winding, although each component winding does so.

Some writers refer to duplex and triplex windings as above (i.e.
independent single or simplex windings sandwiched together) as double
and triple windings. Other writers use the terms duplex, triplex, etc.
(multiplex) for any winding which is not single or simplex.

The formulae for all these windings are somewhat more complex than
the formulae for single or simplex windings, and cannot be dealt with
here.
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Fig. 256.

Six pole drum {double (or duplex)} wave wound. Z = 46. Front pitch = 7.
Back pitch = 7. Average pitch = 7.  Commutator pitch = 7. Number of paths
= 4. Single re-entrant.

Fig. 256 gives a six-pole double wave winding, and it will be seen
that there are four parallel paths in the armature (a single wave gives
two), viz. two paths from each of the two bars touched by the broad
brushes. In thisthereare 46 conductors and the front and back pitches
are each 7.

Fig. 257 gives a six-pole duplex lap winding (i.e. two independent
simplex lap windings on the same core), and there are twelve paralle]
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Faths (a simplex lap gives siz in a six-pole machine). The radial
ines in Fig. 257 are the 60 conductors: back pitch (outside lines are
the back connections) =+ 7, front pitch = ~ 11.

If westart at conductor 1 on an armature and trace the winding, and
if we find that all the winding is
passed through before we get
back and “re-enter” conductor
1, the winding is said to be
single re-entrant: if we find
that when we reach conductor 1
again only half the winding has
been traced, the winding is
double re-entrant : if only one-
third of the winding has been
passed through, the winding is
triple re-entrant. According
to thesé definitions, Figs 252-255
are single re-entrant, the double
wave of Fig. 256 is single re-
entrant, and the duplex lap of
Fig. 257 is double re-entrant.

Here again different writers use ] Fig. 257.
different classifications. Six pole drum (duplex) lap wound.
Z =60. Front pitch = - 1l. Back

In lap-wound armatures of pitch = +7. Average pitch = 9. Com-

large output small P.D.’s may pytator piteh = 2. Number of paths=12.
exist between circuits in parallel Double re-entrant.

so that current does not divide

equally between them. To remedy this low resistance equalising
connections or rings of copper are fitted so as to form connections
between parts of the armature windings which should be at the same
potential.

232. Armature Reaction.—Unless the brushes be correctly
placed vicious sparking will ensue between the brushes and commu-
tator, doing damage to both, and considerably interfering with the
working of the machine. The circumstances on which this depends
are dealt with in this and the following section.

“ Armature reaction’ is due to the magnetising effect of the
currents in the armature, and such may be classified into:—(a) The
cross-magnetising or distorting effect, and (b) the demagnetis-
ing or weakening effect. If the brushes touch the coils when they
are in the geometrical neutral axis (i.e. have no “lead,” as we have
assumed in Fig. 240), then only (a) is present: if the brushes have
“lead” (and they have in practice), both (a) and (b) are present.
The designer must reduce both as much as possible.

Since an armature is a mass of iron carrying coils upon it, and the
coils are delivering current—through the brushes—to the outside
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circuit, the iron of the armature is subjected to a magnetising force
which is greater as the current increases. If the brushes are at right
angles to the axis of the field magnets (i.e. on the geometrical neutral
‘*  axis), the core will be magnetised along
the line joining the brushes, and there-
fore at right angles to the magnetisation
produced in it by the field magnets (Fig.
258). Hence the resultant magnetisation
is oblique and becomes the more inclined
the larger the current; and since the
brushes must (approximately) be on the
diameter at right angles to the lines of
force through the armature (i.e. on the
magnetic neutral axis), it is therefore
found necessary to shift the brushes
forwards (i.e. give them “lead”) to
Fig. 258. obtain no sparking at the brush con-
tacts. These facts will be apparent on

examining a few simple diagrams.

Fig. 259.

Consider first Fig. 258, in which the brushes have no lead: current
will flow as indicated. Each of the conductors on the right may be
imagined as paired with a conductor on the left. An application of
the simple right-hand rule (Art. 197) will show that these currents
tend to magnetise the core in the direction of the dotted arrows (i.e.
at right angles to the magnetisation of the core produced by the
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field magnets), N towards the top, and S towards the bottom.
Taking now the joint effect of the field magnets and the armature
current, it will be seen that the resultant
magnetisation is in the general direction
X Y, and the brushes should: be .plaJced on
the line at right angles to this, viz. on AB
(magnetic neutral awmis): in other words,

the brushes

must be
MS moved for-
RN ward in the
Y direction
' i of rotation. Fig. 260.
S'L e N The angle
g’l T through which they are moved is called
R the angle of lead. All this is referred
°€ L to as the cross-magnetisation or distort-
v ing effect.
The above can also be seen from a

consideration of (a) the lines due to
magnetisation by the armature cur-
rents alone, (b) the lines due to the
fields alone, and (¢) the resultant of
(a) and (b). Thus in Fig. 259, the
lines A give the direction of the flux
due to the armature currents alone,
and the lines M give the direction of
the flux due to the fields alone. It
will be noted that at the pole tips;T'T,
where the armature passes out of the
poles, the lines A and M are in the
same direction, and help each other;
whilst at the pole tips L L, where the
armature passes into the poles, the
lines A and M are in opposite direc-
tions, and partly cancel each other.
The pole tips T T are called the trail-
ing pole tips, and LL the leading
pole tips: hence we may say that
cross-magnetising action (in dy-
namos) strengthens the field under
the trailing pole tips, and weakens
the fleld under the leading pole tips. Fig. 260 shows the direc-
tion of the resultant flux: the magnetic neutral axis is at right
angles to this, and is the same as A B in Fig. 258, i.e. moved round
in the direction of rotation. )
Fig. 262 further illustrates the above in a slightly different ways,
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Consider now Fig. 261, where the brushes have been given an angle
of lead 6, and it will be found that we have still some cross-magnetising
and, in addition, a demagnetising effect. It is convenient in this
case, to conceive the whnle winding divided into two groups—a
vertically-wound belt V V, consisting of the top conductors, which sub-
tend the angle 26 joined to the corresponding bottom conductors, and
a horizontally-wound belt H H, consisting of the conductors under N,
which subtend the angle (180° — 26) joined to the corresponding
conductors on the left.

The belt H H produces a cross-magnetising or distorting effect as
already explained. An application of the simple right-hand rule to
the vertical belt will show that it produces a flux in the core from left
to right, i.e. in the opposite direction to the flux due to the fields; in
other words, it produces a demagnetising or weakening effect, and is
termed the demagnetising belt or back turns. The bigger the armature
current and the bigger the lead the bigger this weakening effect.
Further, the bigger the armature current the more marked will be the
weakening of the field in the vicinity of the leading pole tips due to
the cross-magnetisation effect. Now it is in the vicinity of these tips
that the coils come under the brushes, and if the field be too weak
due jointly to strong cross-magnetisation and demagnetisation, spark:
less commutation is difficult to obtain. The designer must keep both
cross-magnetisation and demagnetisation small. Methods of dealing
with these in practice will appear later.

For simplicity we have assumed the actual brushes to be in the magnetic
neutral axis: of course, this really means the coils which come under the
brushes : owing to the shape of the end connections the actual brushes may be
opposite the centres of the poles.

The ‘‘ampere turns ™ to which the demagnetising effect is due, is called the
“ back ampere turns,” and this must be allowed for in working out dynamo
magnetic circuif calculations. Simularly, the ‘“‘ampere turns® to which the
cross-magnetisation is due, is called the ‘“cross ampere turns” : for simplicity we
have taken all the conductors in the angle (180° — 26) as contributing, but strictly
it is only those under the poles.

The back ampere turns per magnetic circuit (B.A.T'.) is given by :—

BAT =271

180Z a’
where § = lead, Z = total armature conductors, I = total armature current, ¢ =
number of armature paths. ’

233. Commutation : Lead and 8parkless Collection.—We have
seen that, owing to the cross-magnetising or distorting effect of arma-
ture reaction, the magnetic neutral axis is moved forwards from the
geometrical neutral axis in the direction of rotation, and the brushes
must be given “lead” accordingly: this is again shown (for a ring
armature) by a slightly different method in Fig. 262,
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The brushes must not, however, be even in the magnetic neutral
axis: they have, we find, to be shifted further on still for sparkless
collection, and the reason for this extra (small) shift may be briefly
explained as follows:— A

‘We have seen that while two adjoining bars of a commutator are
passing under a brush the section of the armature winding included
between the two bars, whether ring or drum is immaterial, is short-
circuited. This is seen by reference to Figs. 262, 264. Now the coil,
while ascending, has had a
certain current circulating in
it, and when it is free from
the brush again it will have
another current in it equal
to the first, but in the opposite
direction; thus the short-
circuiting position is a transi-
tion ohe between reversal of
current. Further, the self-
induction of the coil tends to
oppose this reversal, .. it
tends to prolong the current Tig. 262
in the first direction and
oppose the growth in the new direction. Now the occurrence or not
of a spark at the edge of b, when leaving the brush, depends entirely
upon the current flowing in the coil p at that particular instant. If
the current in the short-circuited coil is exactly equal to the current it
has to carry afterwards, there will obviously be no spark. Hence, if
we so arrange the position of the brushes that the coil p is not in the
position of no E.M.F. production when short-circuited, but is just
beginning to feel the effect of the mext pole, then it is possible to
arrange that this field which 1t is just entering shall have destroyed
the current which was flowing before, and formed a new one, which
is exactly equal to the current it will have to carry when clear of the
brush, in which case there will be no spark. It is, then, for this
double reason that the brushes are given lead. Since any one section
of an armature winding is of very low resistance, when it is short-
circuited a very small field may cause quite large currents; hence
this secondary shift need not be large. The resistance of the section,
however, at the instant considered, includes the contact between the
brush and the commutator, and this is found to have a great effect on
sparking( see below).

Such shifting of the brushes to avoid sparking as the current varies,
needs attention, and it is desirable to arrange matters, if possible, so
that the collection shall be sparkless at all loads, and this condition is
commonly introduced now into the specification of a machine. This
result is accomplished by using carbon brushes, and is much facilitated
by remembering that when a magnet is,near saturation point a small

T, E. 21

A4 RESULTANT
FIELD
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alteration in the ampere turns produces a negligible change in the
magnetic flux. Hence, if the field be very stiff and near saturation, the
demagnetising effect of the back armature turns may be so small as not
to cause any appreciable “aveakening,” and the “ shift of the resultant
field ” may be small, and thus the brushes may be fixed in position.

Amongst the various methods devised for reducing armature reactior
and assisting commutation brief reference may be made to the
following :—

By introducing an air gap in the pole-pieces as indicated in Fig. 263
the reluctance in the path of the lines A duc
to cross magnetisation is increased whilst the
lines M due to the fields are not appreciably
interfered with: thus the effect of armature
reaction is reduced.

A similar effect can be obtained by in.
creasing the length of the air gaps under the
pole tips using shorter air gaps under the
poles: this increases the reluctance in the
path of the cross flux A as above. It i

‘ done by suitably shaping the pole-pieces o1
Fig. 263. pole shoes, e.g. by cutting off the ends of alter.
nate laminations and by other methods.

Narrow pole faces and strong field excitation (as indicated above)
lessen the effect of armature reaction.

The use of a high resistance carbon brush in assisting commutatior
will be understood from Fig. 264. The coil X is short-circuited by
the brush B. Now the current it
has been carrying (in the direction
of the current in Z) must first be
reduced to zero and this will be
done all the easier if the contact
resistance of B and bb' is big. Again
a current must be started in X in
the direction of that in Y. Now
the contact resistance between B and
b is large, and as b moves gradually
away from B the area of contact
becomes less and the resistance still
bigger so that the current from ¥
tends to turn away from b and into
X and b, in the direction required
as previously indicated.

The use of interpoles or com- Fig.1264.
mutating poles and of compen-
sating or neutralising windings are two of the best methods fo
avercamine armatura reaction and ara dealt. with in Art 923R
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234. Calculation of E.M.F, produced in a Two-pole Machine:
Extension to Multipolar Machines.—Referring to Fig. 240—

Let ¢ = total magnetic flux passing thropgh the armature,
7 = total number of external wires connected in series on the
armature,
N = number of revolutions per second.

Each external wire cuts ¢ lines fwice in one revolution, i.e. each con-
ductor cuts 2¢ lines per revolation, and therefore 2 ¢N lines per
second ; hence—

E.M.F for each conductor = 24N

108
Again, since the brushes are placed diametrically opposite each

other, the current has obviously two paths through the armature from
brush_ to brush, viz. one path up one side, and the second path up the

volts.

other. Further, each path contains 5 conductors in series forming

E.M.F., the two paths being arranged in parallel, and just as the
combined E.M.F. of two equal batteries in parallel is the same as
that of one battery, so the total E.M.F. in this case is that due to

é conductors ; hence—

Average EMLF. of dynamo = 22N x 2,
= 9512_ 1t
10° volts,
— Flux X Rev.persec. X No. of conductors

10®

For multipolar machines the E.M.F. is calculated by an extension
of the fundamental relation above. Thus, it can readily be shown
that the general formula for bi-polar or multipolar machines is:—

_pr, ¢NZ
E= P X 108 volts,

where p = number of poles, @ = number of paths in parallel between
brushes, and ¢ = flux from each north pole.

The truth of the above for multipolar machines may be readily established.
Cousider a four-pole machine wave or series wound. The conductors are divided
into two groups each of Z/2 conductors. Since ¢ is the total lines entering the
core from one pole, the number of lines cut by a conductor in one revolution ig
4¢, and therefore 4¢N in one second. The average E.M.F. in a conductor ig

4N o Z 49N _ Z . 2¢NZ 4¢NZ
therefore SR volts, and mTz-oonduotors S X gk = o volts, or 10
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volts, where 4 = number of poles (p) and 2 = number of paths in parallel (a).
Consider now a four-pole machine lap or parallel wound. The Z conductor
are joined in four parallel groups each of Z/4 conductors. As before the average
. . 49N S/ 4¢N Z . oNZ .
E.M.F. in a conductor is l—wV()ll:.ss and in Iconductors 0 x e T
:T(Nl;f)’ volts and this is the E.M.F. of the machine : here 4 = number of poles

p) and 4 = number of paths in parallel (a).

235. Excitation and Winding of Field Magnets.—The methods
may be classified as follows :—

(1) Permanent magnets, used on magneto-electric machines, but
not for practical electrical engineering.

(2) Electro-magnets used on direct current machines excited by the
machine itself, the residual magnetism of the soft iron being sufficient
to start the action.

(3) Electro-magnets which are separately excited, used on alternating
current machines, the excitation being by means of an auxiliary direct
current dynamo or by accumulators. The auxiliary dynamo may be
either quite separate or attached to the shaft of the alternator itself.

Class (2) is divided into three types, differing from each other in
the way in which the machine is made to excite itself.

—— ;
"] | —
"]
Fig. 265. Fig. 266.

(a) Series Wound Machines (Fig. 265).—This is the name given to
the arrangement when the coils of the armature, the field magnets,
and the external circuit are all arranged in series. Thus the total
resistance is given by R = Rn + R. + Re, using m, a, and e to denote
the resistance of the series or magnet coils, armature resistance, and
external resistance respectively. Series machines were formerly much
used for arc lighting, but have now largely given place to the next type.

(b) Shunt Wound Machines (Fig. 266).—In this form the coils of
the field magnet are placed as a shunt across the brushes, so that the

........ 4 fLunvn tha awvmatnra mavw o1thow nace thransh +ha avénwnal aloaal
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or through the field coils, the current naturally dividing according to
the usual laws for divided circuits when it leaves the + brush. In
this case we have three resistances in parallel, the centre one R, con-
taining the E.M.F., the other branches being Rs;and R, respectively
where s indicates the shunt coil. These machines are extensively used
for lighting purposes, and always for charging batteries (Art. 239).
Running at constant speed they give a fairly (but not quite) constant
voltage in practice.

(¢) Compound Wound Machines (Fig. 267).—The compound machine,
as used, consists of a shunt machine with a few series turns in addition.
In dealing with the resistances of such a machine, we have in all R.,
Ra, R,, and R, these having the same significance as before. Thus
in Fig. 267 (short shunt compound) we have three resistances in
parallel between the brushes, viz. Rq, Rs, and (Rm + Re).

The advantage arising from compounding, which is better seen
from a study of the characteristic curves in Art. 236, is that the
pressure at the terminals can be made to be practically constant,
whatever the current being taken. With the series machine the pressure
rises with the current, whereas with the shunt machine the pressure
Jalls : hence a combination, if of suitable proportion, will obviously
give practically constant pressure at all loads.

——0 (:: R
= Rm
(R <
L__r—o

Series. Short-shunt Long-shunt
Compound Compound.

Fig. 268.

Fig. 268 diagrammatically represents the three types, the third being
known as a short shunt compound (Fig. 267) and the fourth as a long
shunt compound. In the latter the shunt winding is connected across
both the armature and series coils: thus there are three resistances in
parallel between the terminals, viz. (Ra + Rn), R,, and Re.

If still more series turns be added to a compound wound machine
the volts may be made to rise with increase of current, and this may
be used to neutralise the effect of drop in the mains when desiring
a constant pressure at a disfant point instead of at the machine
terminals ; this is termed “over-compounding.”

The whole principle of self-excitation is briefly that, owing to
residual magnetism in the fields, the armature, on starting, has a
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small EM.F. and current developed in it, and the current passing
round the fields strengthens them, so that a larger E.M.F. and current
are developed, and so on; thus the machine quickly builds up.

Theory indicates that for a series dynamo the resistance of the field
magnets should be a little less than that of the armature, both being
small compared with the external circuit. For a shunt dynamo the
external resistance should be a geometrical mean between that of the
shunt coils and that of the armature.

Field magnet coils are usually wound on formers, which, when
wound, can be slipped over the magnet limb, this being more convenient
than winding upon the limbs direct. The windings in a shunt machine
must be of high resistance, and are composed of thin wire: in the case
of the series machine the wire must be thick. In compound machines
the suhnt winding is underneath, and the series coils are placed out-
side or on top of the shunt coils. Still more modern practice puts
them side by side.

236. Characteristic Curves.—To facilitate the study of dynamos
Hopkinson proposed the characteristic curve, which shows for any
particular speed the relation between the varying quantities “ current ”
and “ pressure.”

To plot the characteristic curve for a given machine we run it for
about 15 minutes, until it has reached a steady state, and then, keep-
ing the speed constant, we take with an ammeter and voltmeter, the

amperes in the external circuit and the volts

P o+  at the dynamo terminals. The load is then

Y altered and the speed adjusted to what it
N  was before, and readings are again taken.
On plotting the volts as ordinates, and the
amperes as abscissae, we get what we call

the external characteristic curve, i.c. the
curve showing the relation between the varia-

tion of current in the external circuit and the
variation of P.D. at the dynamo terminals.

B Fig. 269 depicts the external characteristic
lo (O'N) for a series machine. In the series
(o) A X Wachine it will be observed that the volts

Fig. 269. increase with the amperes up to a certain

) maximum, after which they fall.

Referring to Fig. 269, in which O’ N is the external characteristic for
a series machine, we see that when the amperes are equal numerically
to O A the external volts are represented by Q A ; hence by Ohm’s law
the resistance in the external circuit is %, that is, it is measured by
tan QO A. If now we draw a line O B, such that tan B O A measures
the internal resistance of the machine to the same scale as tan QO A
meaanres the external resistance. we have. when the amveres are reore.
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sented by O A, the line A B representing the lost volts in the machine;
thus O B may be referred to as the internal characteristic curve.
Again, since when the amperes are represented by O A the volts in the
outside circuit are measured by Q A, and the volts lost in the machine
by A B, the total E.M.F. of the machine will be represented by Q A 4-
A B. Making PQ = A B we have the total E.M.F. (when the amperes
are represented by O A) represented by P A, and the locus, namely
O'T, gives what is called the total characteristic curve of the series
machine, i.e. the curve showing the relation between the total E.M.F. and
the current supplied.

The curves for a shunt machine are similarly obtained. The curve
APB (Fig. 270) gives the ex-
ternal characteristic, i.e. the ,
curve connecting terminal P.D.
and current in the external cir-
cuit: this is obtained as indi-
cated- for the series machine.
In the shunt machine it will be
observed that the volts decrease
as the amperes increase. Now
OC is drawn so that tan COM
represents the resistance of the
shunt coil so that KL, for
example, gives the current in
the shunt coil when the P.D. at
the terminals is O K. Drawing
K Q parallel to OM and

n

VOLTS AT CONST. SPEED

]
making PQ equal to KL we _] ]
get, when the terminal P.D.is ©O AMPERES M
OK (or MQ), KP giving the Fig. 270.

current outside and P Q the

current in the shunt, 7.e. K Q gives the fofal current when the terminal
P.D.isMQ. Nowdrawing N O so thattan N O M gives the armature
resistance we have, when the total current is O M, the terminal P. D.
given by M Q and the volts used in the armature given by M N.
Making Q R = M N we have when the total current is O M, the fotal
volts given by M R, and the locus of R, viz. C D, is the total character-
istic curve of the shunt machine, i.e. the curve connecting total E.M.F.
and total current.

For many practical purposes, such as the feeding of glow-lamps, it
is desirable that the pressure produced by the dynamo, either at its
terminals or at some distant point of the circuit, shall be constant
whatever the current. Since a series machine shows increase of pres-
sure with current and a shunt machine decrease of pressure with
current, it is obvious that a suitable combination of the two windings
will give us either a practically level characteristic or a characteristic
which is practically a slowly rising straight line. The former is said



328 DYNAMOS.

to be a compound wound machine, and the latter is said to be over-
compounded. Fig. 271 shows roughly the combination of the two

characteristics, from which the level
cngPouno , e characteristic of the compound ma-
chine can be at once deduced.

237. Voltage Regulation of
Dynamos.—We have seen that the
compound dynamo is a constant pres-
sure machine (compound winding
does not of course compensate for
drop of voltage due to heating).
Constant pressure can be approxi-
mately obtained from a shunt dynamo
by either altering the speed suitably
or altering the field resistance suit-
ably; but either means a watchful
attendant, while the compounding method is automatie.

In order to regulate the pressure of a shunt dynamo effectively by
means of the field, a rheostat, termed the field-winding rheostat, is
placed in series with the field winding (Fig. 272); the more resistance
there is inserted in this rheostat, the less the pressure produced,
because the current and the ampere turns round the field magnet are
lessened, and therefore so also is the magnetic field. The regulation
is effected by the attendant with his eye on the voltmeter joined to the
dynamo terminals.

D
E

s(CC

Fig. 272.

To regulate the pressure of a series machine by means of the field, a
variable resistance is joined as a shunt to the series coil on the fields
(Fig. 278); it is sometimes called a ‘diverter.” The bigger this
resistance, the less current is diverted, the more current goes through
the series windings and therefore the higher the voltage: the voltage
will be a maximum if the diverter be disconnected (infinite resistance).

Compound dynamos are fitted with field rheostats (in series with the
shunt coils) and sometimes also with diverters (across the series coils)
for further regulation, )
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238. Interpole (or Commutating Pole) Machines, and Neu-
tralising Windings.—We have seen that one of the two effects of
the armature current is to magnetise the core approximately at right
angles to the main field, giving rise to the oklique resultant field which
necessitates lead for the brushes, and that this lead should vary with
the current (cross magnetising or distorting effect).

Interpoles are small extra poles, series wound, which are placed half-
way between the main poles, as in Fig. 274, and have (for dyna-
mos) the polarity shown. These
added poles have a strength
which 1s thus proportional to
the current delivered, and are
so designed as to annul the cross-
magnetisation of the armature—
in simple language, they tend to
produce a N pole in the core,
whereihe armature current tends
to produce a S pole, and wvice
versa. Thus by considering the
conductors under the top main
N pole and those under the left-
hand side main 8 pole and
imagining them paired, it will be
found on applying the simple Fig. 274.
right-hand rule to the currents
in them that they tend to produce a N pole in the core in the vicinity
opposite the intermediate small N interpole (this is the *cross-
magnetising” of armature reaction). But this N interpole tends to
produce a S pole in the core in its vicinity: thus interpoles counteract
cross magnetisation due to armature reaction.

Again 1w the case of a dynamo an interpole is of the same polarity as
the next main pole in the direction of rotation. Now we have seen that
a coil undergoing commutation should be feeling the reversing effect of
the next pole : hence these
commutating poles being
of the necessary polarity,
provide the requisite re-
versing fields, i.e. they as-
sist commutation by help-
ing to reverse the EM.F.’s
as the coils are undergoing
commutation. Interpoles
th 13 enable dynamos to de-
liver widely varying cur-
rents, with fixed brushes, quite sparklessly. The same principle applied
to lﬁ.}l)‘lge motors enables them to run at very varying speeds without
trouble.
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Another method of neutralising armature reaction and assisting
commutation is the employment of neutralising windings which
are conductors in series with the armature and placed in slots widely
distributed in the material of the main pole-pieces (Fig. 275). Con-
sidering the current directions shown in Fig. 275, and applying the
simple right-hand rule to the armature coils and the neutralising
coils on N and 8, it will be seen that the two have opposite effects on
the armature core: thus the neutralising windings counteract armature
reaction just as interpoles do, but the balancing flux is more distributed.
Some machines have both interpoles and neutralising windings.

239. Dynamo for Charging Accumulators.—Special considera-
tion has to be given to the choice of a dynamo when it is required to
supply a circuit which contains an E.M.F. in addition to that of the
dynamo considered. A particularly important case is that arising
when accumulators have to be charged. The positive pole of the
dynamo must be coupled to the positive pole of the battery, and thus
the E.M.F. of the dynamo is opposed by that of the battery, and the
charging current is thus due to the difference of the E.M.F.’s, since
I=(E — ¢)/R. Now, should by any chance the E.M.F'. of the dynamo
fall below that of the battery, the current will obviously reverse mn
direction. Referring to Fig. 268, it will be seen that if we send current
into a series dynamo in the reverse direction, the fields will le reversed
in polarity. (The armature current will also be reversel, and the
machine will tend to run as a motor in the reverse direction.) Apply-
ing the same reversed current to the shunt dynamo (Fig. 268) we see
that the fields will not be reversed in polarity. (The armature will
be reversed and the machine will tend to run as a motor in the same
direction.) The important point is, however, that in a series machine
the field is reversed in such a case, while in a shunt machine it is not.

Now the field remains to some extent after the machine is stopped.
Hence after such an accident if the series machine were started up as
a dynamo, it would send current in the same direction as the cells;
and thus at the moment of closing the circuit, serious burning would
happen, due to excess of current, while the shunt machine, when started
up again as a dynamo, would behave as it did formerly, and no harm
would ensue on joining to the battery circuit.

Hence, in practice, shunt machines are always used for cell charging.
The machine is speeded up until the volts shown across the terminals
are slightly in excess of the battery volts, and then the connecting
switch 1s closed, the engine speed or the field being regulated until the
charging current has the proper value.

In order to prevent such reversals as those indicated, which are never
desirable, it is usual to fit an automatic cut-out on the switchboard,
which will disconnect the battery from the dynamo when the charging
current becomes too small and there is danger of reversal (Art. 166).
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240. Efficiency of Dynamos.—In every machine there are always
certain causes which lead to waste of enmergy. With dynamos and
motors we have mechanical losses due to friction of the shaft in its
bearings, to brush friction and resistance due to parts rotating in air.
‘We have also losses represented by heating of the armature and field
coils, arising from their resistance, and other losses in the iron due
to eddy currents and hysteresis, It is not possible to get as much
energy out of a machine as we put into it. Note the following defini-
tions:

Watts in the external circuit
Total watts generated

Watts in the external circuit
Total power supplied mechanically to

the machine.

Total watts generated
Mechanical power supplied’

From the definitions it follows that:
Commercial efficiency
Electrical efficiency

The commercial efficiency will always be less than the electrical
efficiency, because energy is wasted by friction, etc., in the machine.
The commercial efficiency of a good large dynamo should be from 92
to 95 per cent.

The combined efficiency of a generating set (say, steam engine and
dynamo) is given by :—

Electrical efficiency =

Commercial efficiency =

Mechanical efficiency =

Mechanical efficiency =

. . _ Dynamo output in watts
Combined effi = .
mbined eTelency Indicated H.P. of steam engine X 746

TABLE OF EFFICIENCIES.

Let W be the loss in watts in any dynamo due to mechanical friction,
hysteresis loss, and eddy currents. Let also e be the terminal P.D. produced by
the machine, L the current supplied to the external circuit, R, Rm, and R,
respectively the resistances of the armature, the series winding, and the shunt
winding. Then we can write the efficiency of each as follows :

Machine. Eleotrical Efficiency. Commercial Efficiency.
. el el
Series. ATT(R. TR AT, + BT W
Shunt. v L PRY Py 4 €\?
- — — — —) Ra + W
d+ 4+ (I+5) Re eI+R‘+(I+R‘) +
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In the case of the short shunt compound, as shown in Fig. 268, the results are—
el
2 (E+IRm)2 6+IR,» * '
el + IR, + (5 LTl (r+ - >R¢.
Commercial efficiency = The above with W added to denominator.

Exercise.—Establish by the aid of the diagrams in Fig. 268 the above expres.
sions for the electrical efficiencies.

EXAMPLE,

Electrical efficiency =

A gas engine of 95 t.h.p. 18 used to drive a dynamo which maintains a P.D. of
110 volts at its terminals when the current generated is 35 amperes. If the mechani-
cal efficiency of the gas engine is 15 per cent., what is the commercial efficiency of the
dynamo ?

The B.H.P. of the gas engine is § X 94 =7}

= T3 X 746 watts = 5315°25 watts,

Now 35 amperes at 110 volts = 3853 watts ;
. Commercial efficiency of machine = 3850 x 100
531525

= T2'4 per cent.

Fig. 276.

241, Commutators, Brushes, etc.—Little further need be said
on these points in this book. The commutator is always made up in
the form of a rigid cylindrical structure. It is built up of wedge-
shaped pieces of copper, drawn or drop forged, and separated from
each other by mica strips: the mica should wear at the same rate as
the copper. The segments are also insulated from all surrounding
parts. Connections (“ risers’’) are brought down from the armature
conductors and sweated into saw cuts in the commutator bars. A
simple arrangement for mounting a small commutator is shown in
Fig. 276, where A = shaft, B = metal sleeve, E = commutator bars,
D = insulation, C = end rings, and f=adjusting nuts. It will be
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noted that each commutator bar dovetails into the projections at each
end. Another commutator with shaft and bearings is (through the
courtesy of Mr. Frank Broadbent, M.I.E.E., and Messrs. Rentell &
Co.*) shown in Fig. 277 : the index to parts makes the diagram self-
explanatory.

Fig. 277.

B.H.—Brush holder arm. B.R.—Brush rocker. C.S.—Copper segment.
I.—Mica insulation. C.—Com. centre. C.R.—Clamping ring.
S.—Shaft. B.—Bearing brass.  0.T.—Oil thrower.
0.—Overflow pipe. L.R.—Lubricating ring. V.—Ventilating duct.

Bearings and pedestals for supporting the shaft are practically
the same as for other machinery. Slots in B enable two lubricating
rings to rest upon the shaft. The lower parts of the rings dip into
oil and, as the shaft revolves, it carries the rings with it, thus ensur-
ing lubrication of the bearings. The oil thrower on the left causes
the oil to be thrown off the shaft, thus preventing it from getting
along to the commutator.

* Fig. 277 is from an excellent little practical hand-book ¢ Dynamo and Motor
Attendants and their Machines,” by Frank Broadbent, M.L E.E,
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Formerly copper gauze was always used for brushes, but now
carbon brushes are almost entirely in favour.

In many machines sparkless collection is insisted upon at all loads
with fized brushes, and it s found that this is attainable with carbon
brushes where impossible with copper (Art. 233).

Carbon is not so good a conductor as copper, and the current
density allowable in the two varies from about 170 amperes per square
inch for copper to about 40 amperes per square inch for carbon.
Also the contact resistance is much higher for carbon than for copper.
Hence carbon brushes must be larger than copper brushes, and as the
area of contact must be larger, the commutator must either be longer
or larger in diameter for the use of carbon. Whereas copper brushes
are always used inclined to the surface, carbon brushes are always
normal, and this in the case of motors permits of running indifferently
in either direction. Carbon brushes are usually coppered where they
are held by the brush holder, and now there are some varieties in
which the carbon is stratified into layers of different conductivity to
improve their collecting properties and
with some success. A point of im-
portance in connection with carbon

Fig 278.

brushes is that the contact resistance
is not constant, but decreases as the
current density increases.

There are numerous types of brush

holders, and Fig. 278 shows the /

R

“ hammer ” type, which is in common
use. The tapered carbon brush is
firmly held in the V-shaped jaw, and '
a copper ribbon assists in conducting '
the current from the brush to the Fig 279
holder. The pressure of the brush is
regulated by the steel spring. Fig. 279 shows one of the many “box ”
types: in this one the pressure applied is in a direct line over the
brush : this holder has many points in its favour.

Holders are carried by a brush rocker, which keeps them correctly
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spaced, and enables the lead to be readily adjusted. These rockers
are ring structures, which for medium machines are fixed on the
bearing concentric with the commutator, and next to the commutator.
They are fitted with horizontal arms projecting over the commutator,
and to these arms the brush holders are attached (Fig. 277). The
arms are insulated from the ring, and alternate arms are joined to the
two terminals of the machine. Each arm carries several brushes, i.e.
except for very small machines, brushes are in “sets.” The rocker
can, of course, be rotated, thus altering the brush positions on the
commutator. In larger machines the ring carrying the brush gear is
supported by brackets from the yoke. In still larger machines the
brush rocker is supported by an independent ring structure (Fig. 281).

242. Defects in Dynamos.—One of the commonest defects which arises in
the actual working of dynamos is that, although the main shaft is run at the
requirede speed, the dynamo partially or wholly fails to give the current for
which it was designed. This defect may be due to faults in the dynamo itself, or
to the unsuitable nature of the circuit which the dynamo has to feed. Thus,
with a shunt machine, failure to generate current may arise from the external
circuit having too low a resistance. In an efficient shunt machine the resistance
of the field coils is large compared with that of the external circuit, the latter
diminishing as the number of lamps switched on in parallel is increased. If the
external resistance be very much reduced, the current round the field magnets will
be too weak to excite, and the dynamo will fail to work. We may reinforce the
field magnets, if they be weak, by switching off the whole ot the external
circuit from the terminals, and running the machine for a minute or two, so that
the whole of the current is in the field magnet coils. The external circuit may
then be switched on.

Falure to excite may also be due to bad contacts at the terminals, arising
from the latter being dirty or not screwed tight ; also to bad contacts along the
line. If the counecting wires which couple the brush holders to the field magnet
coils, or to the terminals, be loose or broken, or if the brushes be incorrectly
placed on the commutator, the dynamo may also fail to excite.

In many cases, however, the ineflicient working of a dynamo is due to defec-
tive insulation and short-circuiting. Short-circuiting may occur in a dynamo
between the coils of the field magnets and the magnet cores, between the field
magnet coils themselves, between the armature coils and the armature, between
the armature coils, between the several commutator bars, and between the
brush holders and the rocker.

To detect a leak between the field magnet coils and the magnet core, we may
conneot one pole of a 50-volt battery to one terminal of the field coils, and the
other pole to a suitable galvanometer. Then, if a leak exists, a wire taken from
the other terminal of the galvanometer to any bare iron portion of the field mag-
nets will cause a deflection.

If we suspect a leak between individual coils of the field winding, we calculate
what the resistance of the known length of the wire in the coil ought to be, and
then determine what the resistance aotually is by means of a Wheatstone Bridge.
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If the results differ very much, it is a sign of leakage, and the magunets will have
to be rewound.

To detect a leak between the armature and its coils, we proceed as for the field
magnet coils, taking care that we first remove the brushes from the commutator.
If the wire led from the galvanometer to any bare iron part of the armature
causes a deflection, a leak exists.

The test for leakage between the individual coils of the armature consists in
disconnecting the coils from the commutator bars, and finding the resistance of
each coil separately. If the resistance of any one coil difiers much from the
average of the other coils, we may infer leakage.

A second test for leakage between the armature colls is to investigate the fall
of potential down each side of the armature as follows :—Remove the brushes
and clamp to one bar of the commutator a lead from the battery clamping the
other lead to the bar diametrically opposite. Thus current will low down both
sides of the winding. Take now a sensitive voltmeter and couple one of 1ts
leads to the top battery clamp, and with the other voltmeter lead touch each bar
in succession, noting the readings in each case; go down each half of the
armature in turn in this way, and 1if the resistances of the coilsare all equal, then
the increments of pressure should be equal. If abnormal in one of them, that
coil is defective.

A practical test is to hift the brushes and run the armature between the field
magnets excited as usual ; if a coil be short-circuited 1t will quickly be rendered
evident by local heating, since large local currents will circulate.

To detect leakage between the several commutator bars, we disconnect the
coils from them, and test each bar against its neighbours by means of a cell and
a galvanometer. Any deflection will indicate unsound insulation betwecen the
bars.

If a short circuit occurs in the mains, a series dynamo will run very stiflly and
require more power to drive it ; a shunt machine, on the other hand, will race.
With a compound wound machine the speed will be practically unaffected, but
excessive sparking will occur, and the machine will heat up. 1f defective work-
ing of the dynamo 18 noticed, the mains should first be cut out, and the dynamo
run on the pilot lamp. If the lamp glows properly, the fault must be in the
mains, and these must be examined 1n detail until the fault is localised.

243. Points in the Working and Care of Dynamos.—To start a dynamo
the prime mover is slowly run up to full speed, with the brushes on and the pilot
lamp in. When the latter glows brightly the mains may be switched on and the
steam stop-valve of the engine opened out to the full. If now excessive sparking
occurs, the brushes must be moved backwards and forwards until the correct lead
is obtained.

To stop a dynamo the mains are first switched off and the main steam stop-
valve slowly closed to reduce the speed. If the brushes are left on the commuta-
tor until the machine comes to rest, they may be injured by a back turn of the
dynamo after stopping ; on the other hand, if they are taken off too soon the pilot
lamp may be burnt out by the high E.M.F., generated on breaking circuit. The
brushes should not be taken off until the pilot lamp is a dull red, when the break-
ing of the circuit will cause it momentanly to glow.
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After several months’ running, or as a result of excessive sparking, the com-
mutator may become very rough, and it must be turned cylindrical by bolting the
slide of a lathe to the bed of the engine, which should be run at a suitably low
speed. For easy working the commutator must be kept clean and smooth. It is
best kept smooth by running the machine with the brushes off, and rubbing with
fine emery or glass paper or chalk. The commutator should then be lubricated
slightly. Commutators are often ground up in position by a portable emery wheel,
which can be bolted to the brush holder. The brushes must be kept making good
and light contact. Copper brushes should be inclined at from 45° to 60° and
should be unsupported for about 1 to 1§ in. from their tips in order that they
may be elastic. The points should also be filed to the shape of the commutator,
and should be of such a width as to have bearing surface on 1} strips (simplex).
The brushes should always be set to touch the correct commutator strips with the
machine at rest. If these points are not attended to, sparking at, and rapid wear
of, the commutator bars will result. If the sparking is continuous the brushes
are probably incorrectly assembled, and they should be moved backwards and for-
wards gn the rocker to see if there is any improvement. If the sparking continues,
the brushes must be taken out, filed, and reset. Intermittent sparking will
usually arise from a fault in the armature, and the bars affected are easily found
if the machine is run slowly ; the connections at the ends of the bars will generally
be found to require cleaning and resoldering. Carbon brushes are of course
radial.

Fig. 280.

244. Brief Description of a Modern Drum and of a Modern
Generator.—The drum armature shown partly in section in Fig. 280
is typical of practically all modern methods of construction for medium
and even large machines.

Core.—The armature is of the slotted core drum type, and is built up of best
charcoal iron stampings, each plate being carefully insulated from the adjacent
one. .

One speocial feature of the armature is the method of ventilation, air channels
being provided which run horizontally and radially through the core. Winding
barrels are provided at each end to support the windings, and are keyed direct to
the shaft.

Windings.—The armature is former wound, the coils dropping into the insula-

T.E. 22
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ted channels, and they are secured therein by wooden wedges and by bands of
steel wire wound tightly on and soldered.

The coils are all wound alike by the aid of a machine, and are interchangeable.

After winding, the armatpre is impregnated by the vacuum process which
draws the varnish through the windings to the core, and in this way renders it
practically damp-proof.

Commutator.—The commutator is of hard drawn copper, each segment being
insulated from the next by an annealed sheet of mica ; this wears down at the
same rate as the copper, and thus prevents sparking, which may occur if the mica
projects above the copper after wear, they being termed high micas in such a case.

The sections are insulated from the bushes by mica rings, which are tightened
down under hydraulic pressure, and finally secured by a nut as shown. It will
be noted that each commutator bar is so shaped that it dovetails into the projec-
tions at each end.

A dynamo may be driven by any convenient source of power—
water turbine, oil, gas, or steam engine, electric motor, steam turbine,
etc. The last-named has in recent years come largely to the front as
a most efficient prime mover, but owing to the high speed, it was, until
comparatively recently only used with alternators which, of course, use
slip rings and not commutators (it is with the latter that high speed
difficulties arise). When continuous current is required, direct driven
turbo-alternators may be used and the A.C. transformed to D.C. by
means of rotary convertors: this will be explained later. In recent
years, however, steam turbines have been employed for the direct
driving of large multipolar D.C. generators through a system of speed
reduction gear. Fig. 281 will give the reader some idea of the appear-
ance and construction of such a machine used in modern electrical
engineering practice. The machine shown is a 1000 k.w. generator,
turbine driven through gearing of 8: 1 ratio.

Field Poles.—The field poles are built up of laminations riveted
together and bolted to the circular yoke. The field coils are wound on
formers, thoroughly impregnated with varnish by the vacuum process
and mounted on the poles. Each coil is provided with two separate
terminals fixed to the body of the coil and fitted with two screws to
which the stout connections between different coils are attached. The
machine is compound wound, the series and shunt coils being on
separate bobbins. There are 16 field poles on the type indicated.
The machine is fitted with interpoles as shown, the windings of which
are bare copper on micanite spools. Compensating or neutralising
windings of insulated heavy copper bars are arranged in two layers in
slots in the pole faces.

Armature.—The armature is of the laminated slotted drum type lap
wound (simplex), the laminations being coated with an insulating com-
pound. The laminations are built up on the rim of a spider which is
cast in the form of a wheel. Ventilation ducts are provided in the core
and there are air spaces between the core and end plates, thus prevent-
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ing eddy currents in the cast-iron checks. The winding consists of
former wound bars thoroughly insulated before being inserted in the
slots, The slot insulation consists of micanite and impregnated
leatheroid, and wooden wedges in the top of the slots hold the winding
in position. The whole armature is sprayed with insulation when
complete. There are 560 active conductors in the armature shown.

Commutation.—The bars are hard drawn copper with mica insulation.
The commutator is mounted on a cast-iron ring which is keyed to an
extension of the armature spider, and thus differs from many types in
that it is independent of the shaft. Equalising connections are
provided to give equal distribution of current in the various parts of
the windings and of the commutator.

Brushes and Brush gear.—A large number of independent brushes is
used asis clearly indicated. Each brush carrying spindle is supported
at both ends by arms insulated from a large rocker ring. Each
alternate arm is connected to collecting rings of copper which are fixed
inside the rocker, and connections are made from these rings (by
copper ribbons) to the machine terminals placed at the bottom of the
yoke : from these terminals, connections go, of course, in channels to the
switchboard. The brush ring is adjusted by means of a hand wheel
and rocker spindle. In the type shown there are 16 brush sets,

General—The shaft is of mild steel, the bearing is of the pedestal
type, ring lubricated, and the bedplate is constructed to reduce deflec-
tion to a minimum. These details, however, are the same as in most
other types of machinery.

The machine depicted is manufactured by the General Electric Co.
of Birmingham.

EXERCISES XVIII.

1. What do you understand by a shunt dynamo? What is the difference
between it and a compound dynamo? What is the object of compo inding ?

2. Why is it generally necessary to adjust the position of the brushes accord-
ing to the current which the machine is producing? Explain the term lead.

8. In what combination of magnetic fields does the armature of a dynamo
revolve? Is the effect of the combination to cause a weaker or a stronger field
than that due to the ficld magnets alone? State one other effect of the com-
bination in determining the position of the brushes.

4. Explain what is meant by the external and the total characteristic curve of
a dynamo., How is the latter deduced from the former? Give the general shape
of both for a shunt and a series dynamo.

8. Describe the construction and aotion of the ring armature, and show hwo
the E.M.F. generated may be calculated. (B.)
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6. Assuming a curve for the external characteristic of a series machine which
gives its maximum P.D. of 80 volts at 100 amperes, deduce the total character-
istic, the resistance of the armature being *5 ohm, and that of the field magnets

‘15 ohm. R

7. What is Lenz’s Law? Three magnets pivoted like compass needles are
placed respectively in an ebonite box, a silver box, and an iron box. Investigate
all the causes which will bring the magnets to rest when oscillating, explaining
carefully what forces are at work in the metal in each case.

8. Find the electrical and commercial efficiencies of a series dynamo, a test of
which gave the following results—

P.D. at terminals, 130 volts.

Resistance of dynamo, 0°0514 ohm.
Current in external circuit, 103 amperes.
Power supplied, 207 h.p.

9. An engine of 150 h.p. drives a dynamo which sends a current of 25 amperes
through an external resistance of 112 ohms. What is the net (or commercial)
efficiency of the system?

10. Find the power required to maintain 80 amperes in each of the following
systems—

(1) 120 lamps, each needing 40 volts, connected each by leads of 1 ohm in
parallel with a dynamo.

(2) Same number of lamps in 10 rows of 12 each, the leads to each row having
a resistance of 10 ohms.

11. A generator has an E.M.F. of 69 volts, and a P.D. of 65 volts when the
current is 14 amperes. Assuming that the resistance of the generator is constant,
what current will be supplied when the E.M.F. is 113 and the P.D. is 102?

12. Describe the chief short circuits that may occur in the working of
dynamos. How may they be detected ?

13. A dynamo fails to excite. To what may this be due, and how is it
remedied ?

14. A gramme machine has resistance 0°0025 ohm, and is employed to send
current through 30 coils, the resistance of each being 03 ohm. Assuming the
E.M.F. to be proportional to the speed of the machine, and that the watts in
external oircuit are constant, find the number of revolutions made by the
armature when the coils are (1) in multiple aro, (2) in series of 5, if it makes 900
revolutions per minute when all the coils are in series.

18. What are the devices in dynamos to obtain (1) a constant ourrent in one
direction, (2) an alternating ourrent, (3) a constant current at varying voltage,
(4) & varying current at constant pressure ?

10. What points have to be attended to in starting and stopping an ordinary
dynamo?
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17. It is known that a fault exists in an eleotric circuit. How would you
ascertain whether the fault is in the mains or in the dynamo itself ?

18. How are brushes usually made, and what points have to be attended to in
fitting them? What arrangenient is made so that their position on the commu-
tator can be altered ?

19. If instead of taking current from the terminals of a continuous current
dynamo, current be supplied to the machine from some other source, what would
be the effect on the dynamo? Is this arrangement ever adopted in practice ; if
80, is it advisable to alter anything ?

20. State the differences between a series, a shunt, and a compound dynamo.
Why is it not advisable to use a series dynamo for charging storage cells? (B.)

21. A drum armature in a two-pole field contains 150 external conductors and
runs at 550 revolutions per minute., Find the total flux passing through the
armature which is required to produce an 1.M.F. of 115 volts on open circuit. (O.)

22. Calculate the resistance of a gramme armature wound with 144 turns of
rectangular wire ‘2 x ‘21 inch, length of armature core without insulation 12
inches, radial depth 25 inches. The resistance of 100 yards of copper rod
1 square inch in cross-section 1s “0025 ohm. (O)

23. A 20-unit (kilowatt) shunt dynamo has a terminal P.D. of 120 volts and
an electrical efficiency of 90 per cent. If the armature and shunt coil losses are
equal, determine : (a) the resistance of the armature ; (b) the resistance of the
shunt coils ; (¢) the current in the shunt coil ; (d) the current in the armature.

24. An armature revolves at 1,000 r.p m., the commutator has upon it 129
segments, and the brush is equal m thickness to two bars. During what
interval of time is the coil short-circuited ?

25. In the coil of Q. 24, during short circuit the total flux change is 200,000
lines. What voltage (reactance voltage) is induced in the coil by the change ?

26. The magnet of a bi-polar dynamo is composed of wrought iron cores and
yoke, and cast iron pole-pieces; the diameter of the cores is 14 inches; the
cross-section of the yoke is equal to that of the cores; the section of the pole-
pieces is 400 square inches, that of the armature core is 170 square inches, and
the gap area is 430 square inches; the length of the magnetic circuit in the
cores and yoke is 80 inches, in the pole pieces 26 inches, 1n the armature 12
inches, and in the air gaps 13 inches; the armature flux is 107 lines; the factor
of leakage is 1'36 ; the armature is wound with 50 turns; current output 470
amperes ; polar embrace 75 per cent. Find the number of ampere-turns

required.



CHAPTER XIX.

MOTORS, MOTOR GENERATORS AND BOOSTERS.

245, General Principles.—We have seen that when a wire of
length I centimetres carrying a current of I amperes is pliced at right
angles to a magnetic field of strength H units, the wire is acted upon
by a force HIL/10 dynes, the force acting at right angles both to the
field and the current, and the sense of the force depending upon the direc-
tion of the field and current. Under suitable conditions this force
produces motion of the conductor, the direction of motion being
determined by the Fleming left-hand rule.

Now the armature of a dynamo when supplied with current from
some outside source is a collection of current-carrying conductors, the
field magnets cause the necessary magnetic flux, and thus we should
expect that the continuous current dynamo would rotate when supplied
in this way ; this is so in practice, and the arrangement is termed a
motor. Any direct current dynamo may be used as a motor if de-
sired, so that we have separately excited, series, shunt and compound
wound machines.

Fig. 282 is a diagrammatic representation of a motor with a ring
armature, the field magnets being separately
excited. The current, say from a battery of
accumulators, enters at the < brush and
divides equally, half flowing down the coils
on the right and half down those on the left
to the — brush. An application of the left-
hand rule will show that the pulls on the
outside conductors on the left cause these
coils to move downwards whilst the con-
ductors on the right are urged upwards, so
that continuous rotation of the armature in a ¢ unter-clockwise
direction is the result.

Clearly, if the current entered at the lower brush, the armature would
rotate in a clockwise direction, and the same would result if, with the
current flowing as indicated, the polarty of the field magnets were
reversed. If both the polarity of the fields and the direction of the
current were reversed the direction of rotation would not be altered.
These statements should be verified by the left-hand rule.

343
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Now this motor, when running, will act as a dynamo, and generate
e volts in the opposite direction to E, the volts supplied, as will be
seen by applying the right-hand rule. The watts supplied = EI, the
internal watts wasted = (E — ¢) I, and therefore the watts transformed
by the motor = EI — (E — ) I = eI (compare Art. 156); .e.—

Mechanical power (in watts)) _
{ developed by the armature }._ (Back E.M.F.) x (Armaturecurrent).

The back E.M.F. of a motor (¢) is a very important factor in
practice as will be seen later.

246. Changing the Direction of Rotation of a Motor.— By the
aid of sketch diagrams and the Fleming left-hand rule, the reader should
verify the facts mentioned in (a) to (c) below.

(a) In the case of a separately excited motor, the direction of
rotation is altered by altering the direction of the armature current or
reversing the polarity of the fields; if both of these be reversed the
direction of rotation is unaltered.

(b) In the case of a series or shunt motor, if the direction of the
current be reversed, both the current in the armature and the field
polarity are reversed, and thus the direction of rotation is unaltered.
Hence to alter the direction of rotation of a series or shunt motor it is
necessary to change either the direction of the armature current, or
that of the current in the fields, but not both of these; in practice, it is
the custom to change the former by means of a reversing switch.

(¢) Compound motors are either “ Differential Compound,” i.e. those
in which the series winding opposes the shunt winding or “ Cumulative
Compound,” i.e. those in which the two help each other: the former
are rarely used and the name “compound” is frequently applied to
the latter only. To reverse the direction of rotation of a compound
motor in practice, we must either (a) reverse the armature current or
(b) reverse those of the series and shunt coils simultaneously.

To summarise:—to reverse the rotation we must reverse the arma-
ture current or reverse the field currents, but we must not reverse both
armature current and field. ,

247. Dynamo run as Motor—Direction of Rotation.—By the
aid of sketch diagrams such as Figs. 283-5 and the Fleming right-and
left-hand rules, the reader should verify the facts mentioned in (a) to (d)
below. Further, he must not confuse the statements in this section with
those of the preceding section.

(a) A series dynamo run as a motor turns in the opposite direction
to that in which it would have to be rotated as a dynamo to generate
a current in the same direction as the motor driving current : hence:—



MOTORS, MOTOR GENERATORS AND BOOSTERS.

345

(b) If a series dynamo be run as a motor without any change bei
made, the motor current will be 1n the same direction asybeforegin b(l:tlg
field and armature (Fig. 283 (a) and (b) ) or it will be in the opposite
direction in both field and armature (show,this on the diagram) and

SERIES.

Generator,

(2)

the motion of the motor will be opposite to that of the dynamo.

SERIES.

Motor—No change
of connections.
Motlon—Opposite.
©®)

Fig. 283,

SERIES.

Motor—Brush con-

nections changed ,

Motion —Same as
Generator,

(e

To

make the series dynamo run in the same direction when used as a motor
it is necessary to cross the brush leads (Fig. 283 (c) ): in this case
either the armature current will be opposite and the field the same as

in Fig. 283 (c), or the
field will be opposite and
the armature current the
same, and the motion will
be the same in the motor
as in the dynamo.

(¢) If a shunt dynamo
be run as a motor with-
out any change being
made, then either (1) the
armature current is the
same and the field altered
(Fig. 284 (a) and (b) )
or (2) the armature cur-
rent is altered and the
field the same (show
this on the diagram);
lence the motion is the

Generator,

(@)

same in the motor as in the dynamo.
(d) If a compound wound dynamo be run as a motor with no change

SHUNT.

Motor—No change
of connections.
Motion—Same as
Generator.

®)

Fig. 284.
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in the connections it is a differential motor, i.e. the series and shunt
coils will be opposing each other as is shown in Fig. 285 (b): in this
figure the armature current is reversed and (taking the shunt coil as
predominating), the field, is the same, so that the motion is the same.
Better starting qualities will obtain if the series coil connections are
reversed, thus making the motor cumulative (Fig. 285(c) ): in this
figure the armature current is reversed and both series and shunt
windings make the field the same, so that the motion is the same in the
motor a8 in the dynamo. If the motor current enters at the terminal
on the left in Fig. 285(c), the armature current will be the same in the
motor as in the dynamo, but the fields will be opposite and again the
motion will be the same.

GENERATOR MOTOR

DIFFEREN
—¢ —TiaL &+ —é CUMULATIVE ¢4

(b) ()
Fig. 285.

248. Series Motor run as Series Dynamo: Electric Brake.—Series
motors are used on electric trams (see later). By quickly disconnecting the
motors from the supply and joining the terminals through a resistance, they con-
tinue torotate in the same direction (owing to the moving car) as series dynamos,
and the kinetic energy of the car is converted into eleotric energy and dissipated
as heat in the resistance, so that the car is quickly ‘“pulled up” : this s the
electric brake.

One important point, however, must be noted. If the motor be merely discon-
nected from the supply and run 1n the same direction as a dynamo, then since the
dynamo E.M.F. (back E.M.F. of motor) is opposite to the previous motor current,
the current in the fields will be opposite to the current that has been flowing, so that
it will simply wipe out the magnetism and the machine will refuse to excite.
Hence, when the motor is disconnected from the supply and run as a dynamo,
the field connections must at the same time be reversed, so that the
polarity of the fields is the same as before, and a braking effect is the result.
Both operations are done by the controller. The student should make simple
diagrams to illustrate these facts.

Another tram brake, applied in addition, is the magnetic track brake, i.c.
an electromagnet on each side of the car is magnetised by the current generated,
pulled down on to the rails, and the friction between them and the rails helps to
pull up the car. Further in, for example, the Westinghouse type, the track
brake is mechanically connected to the ordinary brake blocks for the wheels
so that when the former is applied it causes the brake blocks to push against the
wheels at the same time, thus increasing the braking effects
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249. Preliminary Ideas on Torque and Back E.M.F. in Motors.—It is
lesirable to have a single word to express the moment of a force about an axis or
the product of the magnitude of the force into the perpendicular distance between
the axis and the line of action of the force, and the,single word used is torque.
The numbers may be expressed in any units, but the answer must specify the
units also, as there is no fixed conventional name for the unit of torque. Thus, if
» belt were hanging over a rough pulley with its plane vertical and having a
diameter of 3 ft., and if a mass of 40 lb. were hanging from one end of the belt
and 50 1b. hanging from the other end, the torque on the pulley shaft is obtained
thus :

Torque = effective pull in 1b. % radius of pulley in feet
= (50 - 40) x 1'5 = 15 pound-feet.

Or,

Torque = effective pull in dynes X radius of pulley in centimetres
= (50 - 40) x 454 x 981 x 15 X 305
= 204 x 10° dyne centimetres.

As already indicated, any machine running as a motor is also acting as a
dynamo, producing E.M.F. which opposes the applied E.M.F. (as is readily seen
by an application of the right- and left-hand rules), and the current flowing into
the machine is due to the effective pressure or difference of the two, and thus falls
off as the speed of the motor rises (for bigger speed means bigger back E.M.F.),
other things being the same.

Thus, if the back pressure of a series motor be e volts, and the applied pressure
E

E volts, the current flowing will be given by I = R- € when R is the resistance

of the machine ; this is less the bigger the value of e, s.e. the greater the speed.

If, then, a constant pressure, say that of a battery of accumulators, be applied
to the terminals of a motor at rest, the motor commences to rotate, producing
pressure e volts opposing the applied pressure E volts. If the motor has no work
to do it will increase in speed until the pressure e nearly equals E, and the
ourrent falls practically to nothing.

'The work done by a motor in a stated period is given by the product of the
armature current, the back E.M.F. and the time (Art. 245), and thus equals el¢

ore (EI; p) ¢ joules for a series motor. Hence, if the motor is clamped so that

it cannot rotate at all, the current will be very large, the back E.M.F. (¢) will be
nil and the useful work done will be zero ; if, on the other hand, the motor is
allowed to rotate so quickly that e nearly equals E, the current will drop nearly
to zero, and again no useful work will be done.

In practical running the motor has always some work to do, even if only against
friotion, and thus e never quite equals E. The more loaded the motor the greater
the ourrent taken, and since the power supplied is obviously EI, while the power
used in a motor of the series type is ¢ I, we have an expression for its electrical
efficiency the ratio ;TII or-;. Thus the efficiency is unity or 100 ¥ when the motor
is allowed to run away until e practically equals E; the motor is then doing
infinitely little work, but doing it at maximum efficiency., It is easy to show
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that the greatest rate of doing useful work is reached when the motor is allowed to
run until ¢ = 4 E, and the efficiency is then % or 50 1.

For simplicity we have considered the series motor, but the same principles
apply to all, only we must remember that in the shunt and compound motors the
current supplied from outside is nat all armature current. Thus, if E be the
pressure of supply at the terminals of, say, a shunt machine, the shunt current is
E/R,, and the armature current is I — E/R,, if I is the total current supplied ;
hence the work done in time ¢ is ¢ (I = E/R,) ¢ joules.

250. Motor Calculations: (1) Horse Power and Torque.—

Let I = armature current in amperes.
e = back E.M.F. of armature in volts,
n = revolutions per minute of armature.
T = torque in pound-feet.
¢ = flux per pole.

Z = number of armature conductors.

Since * work per minute” = * torque X angle turned through
in radians per minute,” we have:—
Work per minute = (T X 27n) foot-pounds,
T X 2mn
W L R R I I S IT RIS (1)

Again, since the horse-power = the mechanical power in watts
developed by the armature divided by 726, we have :—

el _ T x 2mn

746 — 733000 °

s T = 33000 X e x I
X746 X7TX 0

~. Horse-power =

Further, for a bi-polar machine running as a dynamo we have, with
the usual notation (Chapter XVIIL.) :—

e= I
60 x 10°
33000 X ¢nZ x I

volts.

Hence TEIX XX I X7 XA’
. _m_  $ZL
ie. Torque =T = m—)z-io—spound-feet P ()

If the.machine be multipolar then e =%’ . g(—;% , where p :=

\
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wmber of poles and a = number of armature paths (Chapter X VIIL.) :
ubstituting as above :—
YAl P

g 8—.—5—2710—8—x a—u-....u.-..--....-.-.. (3)

The expressions (2) and (3) give the fotal torque : the useful torque is really
388, being proportional to (I - I,) where I, is the no-load current.
Referring again to the expression for horse-power given in (1) above we have :—
_ 2mn  _ ¢ZI P 2mn

h.p. =T X 53000 — 852 X 10° X ;x 33000 (4)

The brake horse-power is less than this owing to various losses: in fact :—

b.h.p. = useful torque X angular veloocity < 33000
Z(I -1 2rn

2 St C) N I SR e 5)

T 852x10° T a

251 Motor Calculations : (2) Force on a Conductor.—In
1ddition to the symbols already used let » = radius of the armature in
‘eet and f = average pull on each conductor in pounds. From Art.
249 it follows that :—

T = Zfr,
ind substituting this for T in (2) (bi-polar machine) :—
— _ %41
Ur = g5sx 10

Hence for the average pull on a conductor we get : —

— = ¢
Force on conductor = f = 55 X IF %7 pounds ...... (6)
The student should make the necessary slight modification for
nultipolar machines.

In problems the current (i) per armature conductor is sometimes given, in which
1ase it must be remembered that 4 = I/a. In these problems the beginner will
sxperience a little difficulty at first with the various units (see Examples, Art. 253).

252. Motor Calculations : (3) Speed.—If E be the E.M.F,
ipplied to the motor, Rs the armature resistance and I, the armature
surrent (we are using Ia for convenience later) then : —

E=IaR¢+ev
= p __¢nZ
= LRe + - 50 x 10°*
) nd _
S xIe = B TR

he.

Soced = p — (E —IsRa) 60 x 108
peed = n ? 4z SSR— ()
a
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In, for example, a long shunt compound the resistance of the armature and th
series coil, viz. R4 + R,, should be used for R, : it is hardly necessary, howevel
to draw attention to all these very slight modifications,

253. Motor Calculations : (4) Examples:—The followin,
worked examples will help the student to grasp the details of th
preceding sections :—

EXAMPLES.

1. In a bi-polar series motor the total magnetic flux was 107 lines, totul con
ductors 140, radius of armature 6 in., current i armature 200 amperes, revolution
900 per minute. Find—

(1) The torque in pound-feet and dyne-centimetres ;
(2) The average pull in lb. on each conductor ;
(3) The power in watts and the h.p.
We have—
T= 1078?55—21%%00 pound-feet = 328°6 pound-feet ;
also T = 3286 x 454 x 981 x 30°5 dyne-cm. = 4,460 x 10° dyne-cm,
. 107 x 200

Again— Sf= FR I <5 = 47 1b. nearly.

This is assuming that the conductors are active all the time. If we take
account of the angular space taken by the pole-pieces only, however, and call this

angle 6, then only 9 _ 7 conductors are active, thus the average force exerted

180
on each is given by f (as above) x .#) .

Hence applying this to the case taken above we have, if the polar angle be
assumed 135°,

180
= 4 —_—= 1b.
Si= 4T % == 627
v _ Torque (Ib.-feet) x 2rn _ 328'6 x 2r x 900
Now h.p. = 33000 3 ,
= 56-3.
- Power in watts = 56'3 x 746 = 42,000.
2. In a 4-pole wave wound motor Z = 180, ¢ = 2'9 megalines per pole, current
in each armature conductor = 50 amperes. Find the torque in kilogram-metres,
= 941 »
T= 852 X 10° x = pound feet,
¢ZI 2 Lilog am. .
= o xIF X kilog' am-metres (prove this).
The motor being wave wound has 2 parallel paths and the total armature cur.
rent is therefore (50 x 2) amperes : hence :—
= 29X100%x180x50x 2 4
618 x 109 2’
= 16'95 kilogram-metres,
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We might also proceed as follows:—The field strength under a pole is
(29 x 10°) =+ (area) = (29 x 10%) + (3wdl) where d = armature diameter in cm.
and ! = length in cm. (it is a 4-pole machine, hence the 1) : thus:—

(@) Force on a conductor = I.l%{ dynes = 29 ~ 1:;[xx5{1)0>< Ix4

_ 29 % 10% x 4 x 50
X d x 10

() Torque = force on a conductor X radius X no. of conductors

= (2'9 X100 x 4 x50 4 l80)dyne.~cm.

dynes,

mxdxl10 2
_ (29 x10°%x 4 x 50 x 180 ]
—( rx 10 x 2 981x1000x100)
= 1695 kilogram-metres.

Nore.—Using the expression given in Art. 251 for the force on a conductor we
get :—

I ) S )
A R LT L

= (29 x10% x (2 x 50 2 x (454 x 981) dynes,
852 x 108 x

2 x 3048
since d above is in em., and .\, r feet = d'(2 x 30°48),

) /= 29 10° X2 x 50 x 4 x 454 x 981 X 2 x 3043
e = 852 X 10° x 2 x d

dynes,

and this will be found to give the same answer as the expression obtained in (a)
above.

254. The Shunt Motor.—When the circuit is closed the magnet
offers an independent path, and thus may be taken as producing a
constant magnetic flux, since, if the pressure of supply is constant, the
current through the field is constant, and thus the magnetic flux ¢ is
constant too. Hence the shunt motor supplied at constant pressure
behaves like a separately excited machine would behave.

If the algebraical expression connecting torque and speed be worked
out from the formulae given above, it is found that the following holds :

Speed = A — (B x Torque).

Where A and B are constants, and in practice B, which involves the
armature resistance, is much smaller than A, and thus it is usually
taken as sufficiently correct to say that Speed = A, or is constant, for
all londs. Hence the property that the shunt motor runs at fpractically
the same speed for all loads. In consequence this form of motor is
convenient for driving machine tools, etc., where such a property is
of service,
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The student will also realise the truth of the above by examinin,
the formula of Art. 252, viz. :—

Speed =_(B = LRa) 60 x 108

P g7
a

Since ¢ is constant the drop in speed (since E is constant) from ne
load to full load is proportional to IR,

= \ and since I,R. is always small it follow:
z that the speed is practically constant fron
& no load to full load.
r The same can be seea from the “me
29 chanical characteristic” of Fig. 286, viz
8 the curve showing the relation between speea
< at constant pressure and torque for s
8 shunt motor: the curve is only slightly
§ falling.
<P TORGUE It will be seen later that in motors the
1 6 ”
Fig. 286. brushes are given a ‘“ backward lead” o1

“lag”: the armature reaction weakent
the field, i.e. makes ¢ in the denominator above less as the load
increases, and this increases the speed: in other words armature
reaction reduces the drop in speed as the load increases.

255. The Series Motor.—Since the armature and the field are of
low resistance, when the circuit is first closed the current is large—as
the back E.M.F. is not produced until some rotation is caused—and
therefore the field is very strong, and the current in the armature is
also strong, therefore the torque is powerful. This will be clear from
the formula of Art. 250, for both ¢ and I are in the numerator, and,
therefore, the bigger they are the bigger the value of T. Hence series
motors are always used when a powerful starting torque is required, as,
for example, in electrical trains, trams, and cranes. On the other
hand, with a light load the back E.M.F. will be high, and, conse-
quently, the field magnets will weaken considerably, the whole tending
to make the motor run at an excessive speed, and do damage in conse-
quence. Hence, series motors, unless very small ones, should never be
used where the load may be altogether removed.

Again, for the speed of the motor, we may write the formula as

follows :—
Speed = {E — L(Ras + Rn)}60 x 108
Loz
where R,, = resistance of field coils.
If the load and, therefore, I, be increased, then, since I, is also the

jald enrrent. tha flux & in tha danaminatar ia oreatar and #homsfars
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the speed is less. At first the increase in ¢ is nearly proportional to
the current and, therefore, we have a rapid drop in speed. Later, as
the fields reach saturation, the increase
in ¢ is less in proportion, and the drop
in speed is not so rapid.

Further, if the load be suddenly re-
moved, ¢ drops considerably, the back
EMF, viz. E — I, (Ra + Rn), increases,
and the motor begins to race as indicated
above.

The large torque exerted at low speeds,
1.e. on starting, and the drop in speed
with increasing load, will also be seen
from the characteristic of a series motor TORQUE
shown in Fig. 287. Fig. 287.

SPEED AT CONST TERMINAL'
PD.

D
J

Wa

256. The Compound Motor.—The point in favour of the differ-
ential type is that even more constant speeds for all loads can be
obtained than with the shunt motor. Owing to difficulties in connec-
tion with starting and overloads, it is frequently arranged that the
series coil is short-circuited until full speed is reached, and then the
short circuit is removed. This type is, however, rarely used.

The cumnulative type has a characteristic somewhat intermediate
between that of a shunt and that of a series motor. It exerts a large
starting torque, but if the load be removed the motor will not race
like the simple series motor, for the action of the shunt keeps the no-
load speed within safe limits. The motor is adapted for machinery
where the work is thrown on and off suddenly, e.g. hoists in mining
work, rolling mills, ete.

Over-compounded machines may be made to give a higher speed
with increase of load.

257. Motor Starters.—The back E.M.F. in a motor does not
reach its full value until the motor has reached its final speed; hence
the current taken by a motor at starting would be excessive and
would damage the armature if the full line pressure were applied at
once to the machine. Thus, for motors of any size a starting resis-
tance should be employed, which is cut out by steps as the speed of
the motor increases. There should be sufficient contacts to ensure
easy acceleration, and to prevent the current rushes at each step being
excessive.

A series motor starter is a rheostat with a pivoted arm, placed in
series with the machine, and the arm cuts out sections as it 1s moved
over to the full speed position. A simple type is shown in Fig, 288,
which is self-explanatory.

Should the supply for any reason be cut off from a motor, it should
be impossible to start up again without having the starter in circuit,

T, B. 23
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For this reason starters are invariably fitted with a little electro-
magnet, which attracts and holds on the revolving arm in the *full
on ” position. Should the supply
cease, the electromagnet loses its
magnetism, and a spring attached
to the arm at once pulls it to
the “off ” position. The device
is known as a ‘“‘no-voltage re-
lease.” Frequently there is also
another device known as an
‘“ overload release,” which
causes the motor to be discon-

WoUND MOTOR. nected when the current supply
A, Movable arm. B, Contact strip GG, Cop.  JECOMES excessive. Both these
" “tact studs, ii‘, Field winding olf motor. M: devices are indicated in the next

Thg. 288.—SraRriR FOR SER1Es-

Am&tnéosofbmorﬁr. ) R, IStzu tm% 1e818t- ﬁgure
ance, , Double pole switch. T T, Main ) .
terminals. P ' A shunt motor starter is

shownin Fig. 289. It will be noted
that the rheostat is between the mains and the armature. When the
revolving arm is placed on the first contact C the full pressure is on
the fields, the field circuit
being as follows:—M (on
left) —E—field coill —D—A
— C —revolving arm —
sector—B—M (on right)
whilst the armature circuit
is:—M (on left)—E—ar-
nature—F—G—starting
resistance — C—revolving
irm — sector— B—M (on
-ight). As the arm moves
© the right, the resistance
roils are cut out of the
wmature circuit and put
nto the field circuit. When
he arm is on G all the M M

esistance is cut out of the Fig. 289.—STARTER ¥YOoR SHunT MOTOR.

wmature circuit, but it
ippears in the field circuit. A = No vlta &rilegz;pg Eg;gxowd release.

Che insertion of this re-
iistance into the fields does not matter so much as it is small compared
vith the field coils. By fixing a contact stud near G and joining it
g tCl; tflilelltli in the full on position the resistance will also be cut out
f the fields.

No-voltage release:—This is shown at A, The electromagnet is
nergised by the field current and holds on the arm in the *full on”
rosition. Should the field current stop or fall below a certain value.
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A loses its hold, the arm is pulled back by the spring, and the motor
is disconnected.

Overload release :—This is shown at B. The electromagnet is
energised by the main current supplied to* the motor. Should this
current exceed a certain value, the magnet draws up a small pivoted
arm, which makes contact with a stud and short circuits A: thus A
loses its hold in this case also, the arm is pulled back, and the motor
is disconnected.

A compound motor starter is identical with the above: in a
sketch of it, the series coil on the fields would be shown in the line
connecting the armature to G.

Liquid starters merely consist of an iron vessel containing salt
and water, or soda and water, above which is a pivoted iron plate (the
« dipper ), which can be gradually lowered into the solution. The
dipper is made the anode, and the iron vessel the kathode in the
motor, circuit. As the dipper is gradually lowered, the area immersed
increases and the resistance decreases, and when completely lowered
the two are short-circuited. They are not much used now except per-
haps for induction motors.

258. Speed Regulation of S8hunt Motors.—(1) An examination
of the formula of Art. 252 will again reveal the fact that in the
expression for ““ speed ” the flux ¢ appears in the denominator; hence
it follows that the speed may be increased by weakening the
field, and decreased by strengthening the field. For this pur-
pose, in the case of a shunt motor, a rheostat is inserted in the shunt
winding : the larger this resistance the less the exciting current, the
less the field and the greater the speed. By lessening this resistance

the field is stronger and the speed less. Fig. 272 shows the arrange-
ment.

(2) A further examination of the speed formula will show that if
a variable resistance 7 be put in the armature circuit, the
numerator becomes {E — Ia(Ra + 7)} 60 x 10°. The bigger the value
of r the bigger is the negative term and, therefore, the smaller is
E — L(R, + r) and the lower the speed. Similarly, a decrease in r
makes the speed higher.

(8) Another method known as the multiple voltage control may
be employed. Thus, for simplicity, imagine we have five mains, A, B,
C, D, B, the potential differences between A and B, B and C, C and
D, D and E being each ¢ volts. Then the shunt coil could be
connected to one pair of mains, and the armature to A and B, or A
and C, or A and D, or A and E, thus being supplied at pressures e,
2¢, 3¢, and 4e, and giving speeds approzimately n, 2n, 3n, and 4m,
intermediate speeds being obtained by means of the field rheostat.
This method can readily be applied to three- and five-wire systems of
supply, but we cannot enter into the many essential details here.
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(4) In the “ Ward Leonard ” system an auxiliary motor drives :
dynamo at a constant speed, and this dynamo supplies current fo th
armature of the main variable speed motor, the field of the latte
being excited from the mains. The voltage given out by the dynams
is varied by its field rheostat, and this, of course, is the variable volt
age supplied to the motor armature. Thus the speed of the moto
18 completely controlled by the shunt requlator of the dynamo.

259. Speed Regulation of Series and Compound Motors.—
The speed may be regulated by the field just as in the case of th
shunt motor, but with this difference:—In the series motor th
rheostat 1s put in parallel with the field (“diverter’—see Fig
273). The larger this resistance, the more curent passes througl
the series field coil, the stronger the firld and the less the speed. B:
lessening this resistance the field is weaker and the speed greater.

A resistance in series with the armature (and field) can also b
used for a series motor as indicated in the case of the shunt motor.

Speed regulation of a compound wound motor is effected by any o
the above methods, or a combination, depending on circumstances anc
the construction of the machine.

260. Series Parallel Control.—A brief reference only can be made to this

In electric trams (series motors), which are repeatedly starting and stopping
the speed of the motors is often low, and they would be frequently running witl
large resistances in series with them, resulting in considerable waste of energ:
(as heat in the resistances) and low efficiency (effic. = ¢/K, and e is small at lov
speeds).

In practice, however, two motors are used, and on starting these are in serie
together with, of course, a series resistance. 'The total current taken by the twi
on starting is only half the current which they would take if in parallel, the
torque being the same, and, further, as the back E.M.F. is doubled, the
efficiency is nearly doubled. As the speed increases the resistance 18 cut out by
steps as usual. When the resistance is all out the motors are quickly arrangec
in parallel, and the resistance re-inserted. As the speed rises the resistance it
again slowly cut out by steps.

The above is known as the geries parallel system of control, but all the
steps in the various connection changes have not been indicated. They are all
done by the controller, which is also arranged for braking and reversing.

261. Armature Reaction in Motors: Lag and Sparkless
Running.—In dealing with dynamos, we saw that the brushes
had, for two reasons, to be shifted forward in the direction of rotation,
i.e. given “lead.” Before proceeding further, the student should re-
read the sections dealing with this in the preceding chapter.

By diagrams, similar to those in the sections referred to, the student
will readily see that in the case of a motor the distorting effect is
such as to move the line of the resultant field backwards. and hence
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the diameter of commutation is shifted backwards too. Fig. 290 will
also illustrate this. Further, the field under the leading pole tips is
increased while the
field under the trailing
pole tips is weakened.
Hence one of the causes
of lead in a dynamo
produces “lag” in a
motor. (This, as with
the dynamo, results
also in a demagnetis-
ing or weakening
eﬂ'zct.)

gain, as the operation of reversing the current in any coll when
passing under the brush]is the same whether dynamo or motor, the
brush must be further shifted to produce this reversal sparklessly ;
but, as will be seen from Fig. 290, the direction is again backwards.
Hence both reasons causing lead in the dynamo cause lag in the motor.
Obviously in the case of motors which are intended to run either
way at will, there must either be some means for altering the position
of the brushes at reversal, or else the motors must be designed so that
the lag is exceedingly small, and—if radial brushes are used—the
machine can then run practically sparklessly in either direction without
the brushes needing any adjustment at all. Of these two options, the
latter is the one always adopted, the former needing constant attend-
ance and skilled supervision. Hence,in practice, radial carbon brushes
are used, and the field magnets are very strong in order that the
diameter of commutation shall be practically unaltered in position by
armature reaction, no matter what the current may be. Commutating
poles and compensating windings are also employed for this end. In
motors ““ interpoles ” have opposite polarity to the next main pole.

262. Losses in Motors: Efficiency of Motors.—Owing to losses, the
cfficiency of a motor is a vanable quantity depending upon the construction and
the load. The losses incurred when running motors are due to (a) friction in
bearings, brushes, and air ; (b) hysteresis; (c) eddy currents; and (d) heating in
armature and field windings.

If we assume the friction to be constant at all speeds, the torque due to friction
will be constant, and since the power wasted is given by the expression: Waste
power = 2rnT, T being the friction torque and n the revolutions, we may say
that the friction losses are proportional to the speed.

Under the magnetic and electrical losses we have the heating of armature and
field coils, and loss due to hysteresis. This hysteresis loss may be taken as
following the same law as the friotion losses, the torque due to it being indepen-
dent of the speed, and therefore the power wasted varying directly as the speed.
And, further, there are the losses due to eddy currents in the armature oore,
armature conduotors, and pole-pieces,
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There are various methods for practically measuring these losses in the case of
a particular motor, and curves may be drawn showing each constituent loss, to-
gether with the total loss, and the consequent efficiency of the motor. Large
machines ar¢ usually more efficient than small ones,

As in the case of dynamos we have :—
Electrical h.p. spent in producing motion
Total electrical h.p. supplied
Output (measured on brake)

Total power supplied

Output (measured on brake)
cal power spent in producing motion”

Electrical efficiency =

Commercial efficiency =

Mechanical efficiency = Blocte
i

In the following table the symbols employed are as follows :

E = pressure of supply to terminals of motor,
e = back E.M.F. of motor,
I = current supplied to motor,
W = power lost in friction, eto.,
I4= current in armature,
I, = current in shunt coil.

Motor. Electrical Efficiency. | Commercial Efficiency.
Series I% L I—EW
Shunt e Le-W
(Ia+ 1) K Lo+ 1)E
EXAMPLES.

1. A series motor produces a B.E.M.F. of 94 volts, and 18 supplied with 100
amperes at @ P.D. of 100 volts. If % h.p. 18 lost in various frictions, find the brake
horse-power and the electrical and commercial efficiencies,

EI =100 x 100, = 10000

I* (Ra + Rm) = (100)? X (E‘%%).

W= ?g, = 873 .
& BHP. = 1000 - fﬂOO);‘: (-08)} — 373
s BHP.=12'1.
121 x 748

commercial eficiency = o000

= 90'27 per cent,

electrical efficiency = l%%: 94 per cent.

Here—

Also:—

and :—
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2. A motor 1'3 ohms resistance develops 56 h.p. when a current of 10 amperes
18 sent through it. The P.D. at its terminals being 58 volts, find the electrical and
commercial efficiencies.

The power wasted in the motor is given by I’'R |

=100 x 1'3 = 130 watts.

The power received is 580 watts, therefore the electrical efficiency ig—

580 - 130
580

Again the power developed is ‘36 h.p. = 41776 watts, and the commerecial
efficiency is—

41776

580
Answers: 77'6 and 72 per cent.

or 776 per cent,

or 72 per cent.

263, Motor-Generators.—We have seen that the E.M.F. of, say,
a two-pole dynamo is given by the expression E = ¢N Z/108 volts, from
which 1t follows that, if we were provided with two machines identical
in regard to flux and speed, but the one with Z, and the other with Z,
armature conductors, the E.M.F.’s generated would be in the ratio
Z,Z,

/Now a dynamo may be driven by any convenient source of power,
turbine, gas, steam or oil engine, or electric motor, etc. In the case
of the last mentioned, the dynamo and motor armatures may be on the
same shaft, so that they run at equal speeds: such an arrangement of
motor and dynamo keyed to a common shaft is termed a motor-
generator.

One application of a motor-generator is that of transforming on
continuous current circuits from, say, a higher to a lower pressure with,
naturally, a corresponding increase in current strength. As a simple
illustration, consider a motor-generator in which the two components
are both, say, shunt wound and identical, save that the generator
armature has one quarter the number of conductors that the motor
armature has. Conceive the motor joined to the supply mains at V
volts; in thus rotating as a motor it drives the generator at the same
speed, and the latter develops an E.M.F. equal approximately to 3 V
volts with a corresponding increase in current strength.

We have previously indicated that for long-distance transmission,
economy in the copper mains demands high pressures, and the reader
will now realise how, by the employment of motor-generators at a sub-
station, it becomes possible to transmit at a high pressure and then
transform to 250 volts, say, which is convenient for lighting purposes.
Of course the E.M.F. of the generator may be made greater numerically
than the volts supplied to the motor by, for instance, making the
number of the generator armature conductors exceed that of the
motor.

Owing to unavoidable losses, the watts given out by the generator
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can never equal or exceed the watts sugplied to the motor. If E be
the supply voltage, I the current taken by the motor, E! the volts de-
veloped by the generator, and I!its current, and 1f a be the percentage
efficiency of the motor gengrator—

E'T a

EI ~— 100

264, Feeder Boosters.—Another application of the preceding is
that of a feeder ‘‘ booster,” i.e. an arrangement for raising or * boost-
ing up ” the pressure at the end of a long feeder (see Chapter XXI1.)
thus compensating for the volts lost in the feeder. Thus, in Fig. 291,
M is the motor, shunt wound
and connected to the mains

""""" as indicated, while G is the

M G generator which is series
wound, the main current

passing through the genera-

Fig 291. tor armature and field coils.

The speed of the generator
is constant and equal to that of the mytor. If the load is heavy
the lost volts in the feeder will be great owing to the large current
passing (E = I R), but this large current passing through the generator
fields will so excite them that G will develop an E.M.F. which will
depend on the circumstances. Thus in the generator a rise in pressure
occurs in proportion to the current passing, thus compensating for
the volts lost in the feeder. If the load is light the current will be
small and so will the lost volts; but the boosting action will be small
also, since the generator fields are only slightly excited by the small

current passing.

EXAMPLE.

The pressure in a long feeder falls from 250 to 226 volts and the current in the
circuit 18 300 amperes. By means of a motor generator the pressure 18 raised to 250
volts. If the efficiency of the booster be 88 per cent., find the current taken by the

motor.
The generator must develop 25 volts and its current is 300 amperes.

s BN =23 x 300 = 7,600 watts.
If I be current taken by motor, then, since E the volts supplied is equal to 225—

EI = 2251,
Again a = 88.
Hence— 1500 _ 88
2251 1w
- I= 7500 x 100
* 225 x 88

= 378 amperes,
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Amongst other types of feeder boosters may be mentioned (1) a
series wound generator connected at the station between the positive
bus bar (see Chapter XXII.) and positive feeder, driven by a separate
shunt wound motor connected to the positiye and negative bus bars,
(2) a generator driven by a shunt wound motor, the field of the former
being supplied by an “ exciter” the field of which is in series with the
feeder: the generator armature is of course between the positive bus
bar and positive feeder.

265. Battery Boosters.—The application of accumulators to
Central Station work has been referred
to in Chapter XIV., and the necessity for
charging such by shunt generators has
been dealt with. In actual practice it is
often necessary to charge the battery at the
same tyme that constant potential is de-
manded on the bus bars for other purposes,
and it becomes necessary, therefore, either
to use a generator of sufficient voltage to
charge the battery, and to supply the ¥ig, 292,
constant potential required by cutting
down the number of cells on the discharge side as charging pro-
ceeds (Fig. 292), or to raise the bus pressure for charging by means of
a small machine called a charging booster (Fig. 293).

The disadvantage of the first method is apparent. Thus if the
normal charging rate of the battery be 100 amperes, and while charging
is in progress 100 amperes be required for lighting at constant
potential, then as the discharge switch is moved to the left to secure
constant pressure on that side as charging proceeds, the end cells
between the charge and discharge switches would carry 200 amperes,
while the body of the battery would carry the correct 100 amperes.
The end cells would thus be charged at double rate, with the con.

sequent danger of injury resulting. At-
4||‘||-——————1lll|llllll

tempts have been made to overcome this
Generalor  Booster

difficulty by using larger end (or regula-
tmg) cells to carry larger currents, and
by installing counter E.M.F. cells.

R The second method referred to, viz.
| the adoption of a charging booster, is
A shown in Fig. 293. This consists either

Fig. 293. of a small shunt wound dynamo driven

by a shunt motor, or of a small machine
arranged on an extension of the main generator shaft. It will be clear
that the main generator may supply the current required at constant
potential whether the battery is being charged at the time or not,
while the booster adds the necessary voltage for charging all the cells
of the battery equally at the same time.
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266. Automatic Reversible Battery Boosters.—Some classes
of loads are subject to rapid variations, such as those met with on
electric tramway and railway systems, and also in industrial plants,
in which such apparatus as electrically driven air compressers are
employed. It is obvious that the generating plant must be large
enough to handle the maximum peaks met with, and it follows there-
fore that during the greater part of the day the plant will be working
much below its full output, and therefore uneconomically. If a battery
by itself were installed in parallel with the generators, it would assist
the generators by discharging should the voltage of the generators
begin to fall on account of the load, but as the voltage of the battery
itself would also tend to fall when it began to discharge heavily, it is
evident that a battery by itself cannot be relied upon to assist in
handling peak loads, unless its size be such that it never discharges
heavily in proportion to its total capacity.

In sugh cases reversible boosters are employed which automatically
increase in voltage in direct proportion as the voltage of the battery
decreases, and as these reversible boosters are in series with the battery,
the voltage of the combination is kept up. Such an arrangement
can be made to relieve the generators of the sudden fluctua-
tions in the external load by discharging all the peaks, and
being again charged when the peaks go off. These boosters are
of two main types, viz. (1) exciter-controlled, and (2) differential
wound : owing to space we will consider an example of the former only.

The “Entz” reversible booster is made by the Chloride Electric
Storage Co., Ltd. It consists of three machines—motor, booster, and
exciter—coupled together on one bed plate (Fig. 294), and the con-
nections are shown diagrammatically in Fig. 295. It will be noted
that the booster armature is in serles with the battery, and that an
“actuating coil” carrying the generator current is provided; the
function of this coil will be
gathered from the details which

follow. SHER
Instant reversibility is secured

by means of a carbon regulator,

FCCC-

shown, with connections, in the 5%

cer Ll ez
upper part of Fig. 295 and in exciren
greater detail in Fig. 296. This 5;"‘.‘“
consists of two sets of piles of
carbon discs and a pivoted lever, = L +
from one end of which is suspen- Fig. 296.
ded a soft iron core surrounded
by the coil which carries the full generator load; the other end of the
lever is attached to a spring which counterbalances the pull of the coil
on the soft iron when the desired average load is on the generator.

If now the load on the generator increases above the average, the
pull due to 8, overcomes the pull due to spring S,, the carbon plates
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CP, will be compressed and CP, released, the resistance of CP, will b
less and that of CP, greater, and current will flow from a portion o
the battery in the direction indicated in Fig. 296. The current
passing in this direction,through the exciter, causes the latter to excit
the booster field coil in such a manner as to add to the'voltage of th
battery and cause it to discharge, and the regulation is such that thi
discharge plus the average load (on the generator) equals the lins
load required.

If the load falls below the average, the pull of 8, overcomes that of
S,, the piles CP, are compressed, the direction of excitation is reversed
and the battery receives a charge equal to the difference between the
average generator load and the line load at this time.

‘When the average load is on, and therefore S, and S, are balancing
CP, and CP, are equal in resistance, and the booster field coil is nof
excited,

Such an arrangement, therefore, relieves the generating plant of al
fluctuations, enabling it to run at constant load.

TO+
BUS BAR POSITIVE FEEDER TROLLEY
-VE ---.--__._.l_._
BUS BAR B
|0 O A e o = e _RAILS
~100 0
E |
<
NEGATIVE FEEDER

Fig. 297.

28Y%7. Negative Booster.—These are used in connection with electric trams
their object being not to raise, but to lower the potential difference betwee
certain points of the rails and earth (the Board of Trade regulation is that n
point of the rails must be more than seven volts above the earth). The booste
is put in a negative feeder, i.e. a feeder connected to a certain point of the rail
as indicated in Fig. 297 (the motor and its connections are not shown). Th
rotation of the generator results in the terminal A being at a lower potential tha
B (in the figure B = 0 and A = - 100), ¢.e. the potential of the station end of th
negative feeder is considerably below the rail end and current is therefore draw:
along the feeder as shown : thus we have less current returning by the rails an
the necessary pressure regulations are readily satisfied.

EXERCISES XIX.

1. Prove the following from first principles :—
(@) A series dynamo supplied with reverse current will run against th
brushes.
(b) A series motor will run the same way irrespeotive of the direction of th
current supplied.
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(¢) A shunt dynamo supplied with reverse current runs the same way
as before.

(d) A shunt motor will run the same way irrespective of the direction of
current supplied. )

2. Briefly indicate the different types of motor and the special work for which
they are adapted.

8. A dynamo sends current to a distant motor. Jhe dynamo is driven by an
engine of 115 B.H.P. The nett (commercial) efliciency of the dynamo is 90 per
cent. ; the loss of energy i1n transmission 1s 72 per cent. ; the nett efficiency of
the motor is 93 per cent. What power would be available for a line of shafting
driven by the motor ?

4. The resistance of a motor is 07 ohm and the P.D. maintained at 1ts
terminals is 89 volts. If the current supplied is 27 amperes, what is the back
E.M.F. of the motor?

5. The resistance of a motor is 12 ochms and the P.D. 1035 volts; when the
speed is such that the back I.M.F. is 87'2 volts, what 1s the current through
the motor?

6. Why does a motor require a starting resistance in the circuit? Give a
diagrammatic sketch of a starter and state the chief points which have to be
attended to in the design.

7. Llectric energy is supplied at 2d. per Board of Trade unit. Assuming the
motors have an efficiency of 82 per cent., what is the cost of the energy used per
horse-power hour?

8. A motor drives a pump which lifts water to a height of 118 feet. The
motor runs for 9 hours each day and 6 days each week, and 20,000 gallons are to
be raised per day. What current will the motor take at 104 volts if the total
efficiency of the motor and plant is 55 per cent.? If energy is bought at 2d.
per Board of Trade unit, find the cost of pumping water for a year.

9. Calculate the electrical efficiency of a shunt dynamo from the following
data :—

Armature resistance . 01 ohm.

+ Field magnet resistance ... «« 25 0ohms.
External current ... . ... 100 amperes.
Voltage at terminals - wv e . 100 volts.

10. Give three ways of varymng the specd of a motor and point out the
advantage and disadvantages in each case.

11 It is required to raise water out of a mine 800 feet deep at the rate of
8,000 gallons per hour. If the combined efficiency of pump and D.C. motor is
58 per cent., and 10 per cent. is lost in pipe friction, what current would be
required with 500 volts at motor terminals? (0O.)
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12. Enumerate the principal sources of waste of power in an electric motor.
Current is supplied to a series motor at 100 volts, the resistance of the cirouit
being *5 ohm. Determine the power expended in turning the armature when the
current is 10 amperes. Determine the current when the power thus expended is
a maximum. Compare the values of the electric efficiency in the two cases. (B.)

13. What is the magnitude and direction of the force acting on a straight
conductor 10 cm. long placed at right angles to a magnetic field of 50 lines per
8q. cm., the current through the conductor being 5 amperes? In what unit is
your result expressed ? (B.)

14. A series dynamo has an armature resistance of ‘4 ohm and a field resistance
of ‘6 ohm and gives 120 terminal volts at a given speed and a current of 10
amperes. Work out its electrical efficicncy as a dynamo and as a motor at that

speed and current. (O.)



CHAPTER XX,

INDUCTIVE CIRCUITS AND ALTERNATING CURRENTS.

268. The Induction Coil. Modern Interrupters.—The induc-
tion coil is a practical application of the principles of mutual iriduction,
consisting of an apparatus for the purpose of transforming a low P.D.
between the terminals of a primary coil into a high P.D. between the
terminals of a secondary coil. The two essential points are :—

(1) A given current in the primary coil shall make the linkages—
flux X number of turns—in the secondary coil as large as possible.

(2) The current in the primary coil must be made and broken very
rapidly.

'Pi‘heyconstruction of the apparatus is shown in Fig. 298, and is,
briefly, as follows: Round an inner core composed of a bundle of soft-
iron wire is wound a coil consisting of a few turns of very stout wire,
termed the primary of the
coil; this is in series with a r
break consisting of a spring ©
touching a contact screw,
the spring carrying at its
upper end a small piece of
soft iron, which is attracted
by the iron core of the coil
when current flows through
the primary, and falls back
again when the primary T
current ceases and the iron )
core becomes demagnetised.
Hence, on attaching the
battery,an intermittent cur-
rent passes through the coil, Fig. 298.
the frequency of thecurrents
depending upon the strength and inertia of the spring.

Surrounding the primary coil, but insulated from it with great care,
is a coil consisting of a very great number of turns of very fine wire
called the secondary. The ends of this wire are led out of the casing
and are attached to terminals on the top of the coil, and usually when
the coil is working the secondary circuit is complete, except for a gap,
across which it is desired to cause sparks to leap.

367
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Up to this stage in the construction the action may be briefly
explained as follows. When the primary current passes (1) an induced
inverse current 18 developed in the secondary, and (2) the core is mag-
netised, the soft iron head and spring are attracted and the primary
circuit is broken; when the primary current ceases (1) an induced
direct current is developed in the secondary, and (2) the core is demag-
netised, the spring falls back against the screw, the primary current
again starts and the actions are repeated. It follows from this that
s0 long as the primary current is made and broken so long will currents
alternating in opposite directions circulate in the secondary.

In practice matters are not so simple as indicated above, owing to
the self-induction of the primary circuit itself. When the primary is
“ made” the resistance is small and the time constant I/R is therefore
great; when the primary is ‘“ broken” the resistance is great and the
time constant relatively smaller. Hence the decay of the primary is
quicker than the growth, and therefore the inductive effect on the
secondary at “ break ” is more pronounced than that at “ make.”

On the other hand, when the primary is broken the “ extra current ”
developed in it in the same direction as the primary makes the break
less sudden and definite than it would otherwise be (thereby reducing
the inductive effect on the secondary), and, sparking across the inter-
rupter, damages the surfaces of contact. To prevent these effects a
condenser, made of sheets of tinfoil and paraffined paper, is connected
with the primary circuit ; one pole of it is connected to the pillar of
the screw, and the other to the spring. The action of this condenser
may be briefly explained thus. When the current is broken the self-
induced current, having to charge the condenser is not able to spark
across the break and thus the current is very suddenly broken. Again,
the charged condenser at once discharges round the primary but in the
opposite direction to that of the primary current and this tends to

roduce an induced current in the secondary in the same direction as
that due to the break: in fact in practice the flux in the core is
reversed at each break and the induced quantity in the secondary is
almost twice that without a condenser. To be exact, the condenser
current is really oscillatory, but these oscillations are quickly damped,
dying out before the circuit is closed again so that only the first dis-
charge is practically important. Summarising we may say that the
secondary induced current at make is comparatively small, while that
at break is intensified so that in an ordinary induction coil with a
condenser the secondary induced currents are those due to the breaks
of the primary current.

The above is only an elementary treatment of the induction coil and more
exaot details cannot be given here. As indicated the coil produces in the secon-
dary a comparatively small current at & high pressure from a comparatively large
ocurrent at & small pressure in the primary, and for this the secondary consists of
a very large number of turns compared with the primary. Mathematically it
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can be shown that I,/I; = 2M/L, (approximately) where I, = secondary current,
L, = inductance of secondary, M = the mutual inductance and I, = primary
current at the instant of breaking circuit.

In modern coils the vibrating hammer as a make and break is frequently re-
placed by other devices giving much more rapid interruptions. One form is the
Wehnelt Electrolytic Interrupter. This is merely a cell containing as one
electrode a large plate 'of lead immersed in dilute sulphurio acid, the other con-
sisting of the end of & piece of thin platinum wire projecting from the end of a
glass tube. This cell is placed in the primary cirouit, so that the current leaves
by the lead plate, and it is then found that if the pressure of supply exceeds
24 volts or so, the current is rapidly broken and the secondary emits powerful
discharges. Another form much used is the Motor Mercury Interrupter
shown in Fig. 299. In
this pattern a jet of
meroury is discharged
from & tube and caused
to strik® a toothed wheel
which is rotated by a
small motor at a high D) (C;
speed. The circuit of T T
the primary coil is com-
pleted through the jet; ;3:'
hence when the jet
strikes a tooth the pri- Fig. 299.
mary is made, but when
the jet misses the tooth the primary is broken, and the rate of this depends
obviously, upon the speed of rotation of the toothed wheel, which is under
complete control. Also the teeth are tapered, and thus by either moving'the jet
or the wheel up or down relatively to each other the proportion of time during
which the circuit is made and broken is under control too. This device gives
excellent results. The mercury is pumped up by the action of the motor which
rotates the wheel.

269. Alternating Currents and Measurements.—Alternating
currents have already been briefly described in Chapter IX., which
should be re-read before going on to the remainder of this chapter.

Such currents are due to the application of an E.M.F. which is
reversed in direction a great many times per second ; these EXM.F.’s
are easily produced by an alternator, and can be safely allowed to have
very high values, e.g. alternators may generate pressures which fluctuate
between + 10,000 volts, and more, a pressure which is impossible in a
direct current machine. Further, alternating currents may have their
pressures altered up or down very easily and cheaply by means of a
transformer, which is an appliance needing no skilled attendance and
having no moving parts. These two reasons—ease and safety of pro-
duction, and facility for variation of pressure—have led to the extended
use of alternating currents on all long-distance transmission schemes
(high pressure results in economy of copper in the mains).

TR . 24
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When we seek to measure an alternating current we think of the
three usual effects—chemical decomposition, magnetic effect, and heat.
ing effect. Now alternating current can produce no chemical decom-
position, to a first approximation, because the effect of the current
when flowing in one direction is undone by the reverse current im.
mediately following, and for the same reason no effect can be producec
upon a magnetic needle. On the other hand, a wire will be heated by
a current independently of its direction, and thus instruments whick
depend upon the heating effect can be used for the purpose. So alsc
can those which depend upon the dynamometer principle, since, if the
alternating current be passed through both coils, the alternations will
have no effect upon the attractions or repulsions produced. In botl
methods the readings will, with continuous currents, depend upon the
squares of the currents, and, with alternating currents, upon a mean
square. As already indicated an electrostatic instrument can be used
for alternating pressures.

For practical purposes of A.C. measurements we define a Virtual
Ampere as one which will produce the same heat in a resistance
as a steady current of one ampere will produce in the same
time, and it can be shown that if the alternating current fluctuates
between the maximum values &= I amperes, the virtnal value of the
current is ;—Eamperes, 4.e.*707 I amperes. Again,if T, amperes
be the virtual value, the maximum value, I, is clearly +2I,. Measur-
ing instruments read virtual values, and thus, when an A.C. ammete
reads 100 amperes, the current is really fluctuating between =+ 100 +/2
1.e. between *+ 141'4 amperes.

The truth of the above will be gathered from the following. Consider ar
alternating current obeying the sine law and fluctuating between + 1 ampere,
The average value of the current is *637 ampere, 1.e. ‘637 of the maximum value.
On the other hand, the heat at any instant depends on the square of the current
at that instant, and the average of the squares of the currents at every instant is
*499849, the square root of which is “707. As far as heating is concerned, this
A.C. fluctuating between + 1 ampere is equivalent to a steady current of 707
ampere, i.e. Virtual Amperes = “707 x the Maximum Amperes.

Similar remarks apply to the measurement of an alternating E.M.F.
A. Virtual Volt is one which, when applied to the ends of a
resistance, results in the same heating effect as in the case of
a steady pressure of one volt applied for the same time, or
which produces the same deflection on an electrostatic volt-
meter, and the virtuel value of the pressure is 707 x the
maximum pressure. Similarly an A.C. voltmeter reads virtual
values, and thus if it registers 200 volts the pressure is really fluctuat-
ing between = 200 v/2, 4.e. between I 282 volts. To summarise :—
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. Max. current I —
I, = Ammeter Reading = —~'— - = — | S I= 21
0 (virtual amps.) & e Vo 0

. Max. pressure _ E .
E, = Voltmeter reading = —=— o= _—_ ~E=~/2E,
0 (virtual volts) & V2 V2 o

and incidentally it may be again mentioned that:—
(Average E.M.F. or current) = 637 (max. E.M.F. or current).

Virtual values are often referred to as “ the square root of the mean
square” or “root mean square” or *“ R.M.S.” values.

We may note in passing that alternating and rapidly altering currents tend to
confine themselves to the surface of the conductor, and this is more marked the
higher the frequency. Hence, conductors for such should have a large surface
compared with the cross section, a thin flat ribbon being a good pattern to adopt.

270. Law of Current Production with Sine E.M.F.: Impe-
dance and Reactance.—The methods in use for the production of
alternating currents are such that it is sufficiently near to assume that
the law of variation of pressure, and therefore current, is a sine law,
That is, the curves sketched in Art. 112 are sine curves, and mathema-
tically the pressure curve is given by the expression e = E sin 27 nt,
where n is the frequency, E the maximum E.M.F\, and e the instanta-
neous E.M.F.at time ¢, while the current curveis given by ¢ = K Esin
(2mnt — ¢), where K is a constant depending upon the nature of the
circuit, while ¢ is the angle of lag, which also depends upon the circuit.

Thus when the pressure in a circuit with resistance and inductance
only, rises and falls in accordance with the sine law, the resultant
current rises and falls too, with the same frequency, but the strength
of the current depends very much upon the inductance, and it lags behind
the pressure by an amount which also depends upon the inductance.

For example, if a pressure be applied which oscillates between 100 volts one
way and 100 volts the other way, making 50 fluctuations per second and obeying
the sine law, and if the resistance of the circuit be 1 ohm and the coefficient of
self-induction 0-1 henry, the current will oscillate between the values 3:18 amperes
in one direction and 3°18 amperes in the other, instead of being 100 amperes, as
it would be in & non-inductive cireuit ; and, further, instead of the current going
to and fro in time with the pressure, there will be a lag of a little over 88°—that
is, it will be nearly 535 of a second behind the pressure.

In such cases (circuit with resistance and inductance), the results are
obtained by the following laws :—
Virtual pressure in volts

Impedance
Impedance = «/ (Resistance)® + (Reactance)?
Reactance = 27 X (Frequency) x (Coeff. of Self-Induction) = 2mwnL..

Virtual current in amperes =
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Hence in symbols we have :—

AT e il e SRS )

and the current lags behind the pressure by an angle whose tangent is
measured by (Reactance)/(Resistance), i.e. by 2rall/R,

27nLi ~1 2rnLL
lag = .
tan angle of lag B 7

Two points may be noted in passing, viz. (1) if L = 0 the expression
becomes Iy = E¢/R just as in the case of continuous currents; (2)
since the maximum current I = +/2 I, and the maximum pressure
E+v VY 2E, the law, obviously, might also be written:—I =
E/=R*+ 4=’n’ L}

These quantities and their relations are best remembered by the
triangle shown in Fig. 300 (a) ; the hypotenuse is the impedance, the
base the resistance, the vertical the reactance, and the angle between
the hypotenuse and base is the angle of lag.

Further, from the preceding :—

By =1, v R + 4w’ L};

or ¢ = lag = tan

that is, Ej=v R)* + (CwaLlIj)p
\: ‘B
K
218
&,(M? 27anL €= Iﬁﬂ’nL
AL c —_—
R (o] e= IR E
() (b)
AB = impedance. OP = E,; = impressed E.M.T,
AC = resistance. OE =e = active pressure.
BC = reactance. PE = ¢ =reactive pressure.
¢ = lag. ¢ = lag.

Fig. 300.

This relation is shown in Fig. 300 (b), in which the hypotenuse gives
the virtual impressed volts E, necessary to drive I, virtual amperes
through a circuit of resistance R and reactance 2rnL. e is the virtual
active E.M.F. and ¢ the virtual EXML.F. of self-induction.

If the circuit possesses resistance and capacity but no inductance, it

be sh. that the i dance becomes 2 LV g
may be shown that the impedanc :\/R +(21m0), he

reaomnceg;‘%c, where C is the capacity in farads, and the law be.

comes ;—
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.
2
VB o

The effect of capacity is to make the current lead in front of the
pressure and :— .

I, . (2)

1
_2mC _ 1 = o1
tan angle of lead = —p= = ;—Gp or ¢ = tan  5—rxern

If the circuit possesses resistance, inductance and capacity, it can be
shown that :—

I, = \/ By TN e )
2 — P——
R + (2mal — ;o)
In this case \/ R + (27rnL - 2_2(.3)2 is the impedance of the
K

circuit and (21rnL — ) is the reactance. If 2xnL is greater

1
27nC
than 1/27nC the current lags, but if it is less the current leads. If
2rnLi = 1/27xnC the eflect of capacity neutralises that of inductance,
and the current becomes I, = Ey/R: that is there is neither lag nor
lead, and the circuitis in effect non-reactive, although both inductance
and capacity are present. When this is so we have the phenomenon
known as electrical resonance.

From the preceding we may regard impedance as the effective resis-
tance encountered by an alternating current: it comprises both the
ohmic resistance and the reactance, the latter depending on the induc-
tance, the capacity, and the frequency.

271. Choking Coils.—In (1) Art. 270 if the resistance of thecoil is
negligible in comparison with 1ts reactance, the impedance is the same
thing practically as reactance. R being assumed zero (Art. 270), the
angle of lag is the angle whose tangent is infinite, or 90°. A coil
arranged so as to have this property is termed a choking coil.

In the path of a rapidly altering current a choking coil acts like &
very high resistance, while to a continuous current its resistance is
practically zero. This is because in the first case the inductive action
18 all-important, and in the second case the inductive action does not
matter at all.

Such a coil is frequently placed in the circuit leading from the
switchboard to the overhead conductors in a tramway power station,
etc. - Should lightning strike the overhead wires and attempt to pass
along to the generators, the choking coil prevents it from doing so and
causes it rather to leap a gap and pass %armlessly to earth, while to
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the large steady currents always being supplied to the line the choking
coil makes no difference at all.

An A.C. lamp needing so many volts when connected between mains
at a higher pressure may be arranged with a choking coil in series with
4t, which reduces the effective pressure to the desired amount without
causing any considerable'waste (Art. 272).

A simple type of choking coil is shown in Fig. 301. The coil C

consists of fqur layers of wire wound upon an insulating
n tube T, in which the laminated iron core I can be raised
or lowered, thus varying the inductance and reactance.
The core is suspended by a steel cord, which passes twice
over a pulley and carries a counterpoise. The core can
be raised or lowered by the hand wheel HW, a fine
adjustment being obtained by a worm and pinion,

With respect to a choking coil the pressure due to
its inductive action, being of necessity 90° different
in phase from the effective pressure, must be given
by the triangle of Fig. 300 (b). The pressure usefully
used in the circuit is e =I R, that produced by the
choking coil reaction is ¢ =1I2rnlL, and the applied
pressure E is that given by the hypotenuse; hence

Ef=e+e o e=yVEI—e

272. Typical A.C. Problems.—The following worked examples
will help the student to grasp the details of the preceding sections :—

EXAMPLES.

1. An alternating pressure of 100 volts (virtual always understood) is applied
to a circuit of resistance 05 ohm and self-induction 0°01 henry, the frequency being
50 cycles per second (50 ~). What well be the reading of an ammeter in the
circuit, and what will be the lag in time between pressure and current ?

We have I, = 100 s
N ({U5) + 472 (50)% (0 01)2
~. I, = 31'4 amperes (nearly).
- Ammeter reading = 31'4 amperes.

Again tan ¢ = w}}.
= 6-28.
. ¢ = 81° (nearly),
_8L 1 - 1
and lag in time = 360 X 50 second = muecond,

In this example 312 amperes will be the virtual or ammeter reading because
the pressure is given in virtual volts. The current will fluctuate between
312 x ~2 amperes, first one way and then the other, and it will reach this
maximum value 3z} second after the pressure each time reaches its maximum

value of 100 x N2 volta,
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2. 4 coil of wire of negligible resistance and inductance ‘02 henry, and a wire of
zero inductance and resistance 12 ohms are in series. If the impressed B.M.F, be
130 volts and the frequency 40 cycles per second, determine (a) the current, (b) the
lag, (¢) the P.D. across the inductive resistance,(d) the P.D. across the nmon-
inductive resistance.

(a) For the current (using I and E for virtual values for simplicity) :—

1= E = 130 = 10 amperes.
NR? + (2rnl)?  WNI22 4+ (27 x 40 X,02)°
(b) The current lags behind the impressed E.M.F. by an angle ¢ such that :—

tan¢=—-k—-—-———-—12———4l7,
. & =225 coa 225 1 1
. ¢d=22'56° and I.a.g:lntune—mx‘w 640“c°nd'

(¢) P.D. (E;) on the non-inductive resistance is obtained in the usual way,

viz. 1—

E, E, . -
I—-R-,xe 10= 12 - B; = 120 volts.
(d) P.D. (E,) for the inductive resistance is obtained from :—
I= 22 iel0= -2, _ B,=>50volts.
NO + 2mnL)? 2mall

Note that the relation between the three pressures is represented by the
triangle OPE of Fig. 300 (b), OP representing 130, OE representing 120, and PE
representing 50 (130% = 120% 4 502). In the case of a direct current we would

have, of course, E, + E, = E.

3. An A.C. arc lamp needing 50 volts 18 put across mains at a P.D. of 80 volts,
and a choking coil 18 in series with the lamp. The lamp takes 10 amperes and the
frequency is 50 per second. Find (1) the pressure produced by the choking coil re
action, (2) the self-inductance of the choking coil.

The solution is given by the triangle of Fig. 300 (b). Here OP is the impressed
or applied E.M.F. (80), OE is the effective pressure (50) and PE is the
pressure produced by the choking coil, Clearly :—

PE? = OP? - OE?, i.e. PE =+/OP: ~ OE2

.. Pressure produced by choking coil

= /807 = 50% = 62'5 volts.

Aga.m, from Art. 270, E, = N(R)*F(2mnLL,)5 and from Fig. 300, OP =
NOE* 1 PE%.  Here OP represents E,, OE represents I,R, and PE represents
2mnLI;,. But PE = 625 volts.

. Self-inductance of choking coil

_r_ 625 625 .
=L= omI, = srxsox 10~ 02 henry:

4. A certain choking coil of negligible resistance takes a current of 8 amperes if
wpplied at 100 volts, at 50 periods, per second. A certain non-inductive resistance,
under the same conditions, carries 10 amperes. If the two are transferred to a
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supply system working at 150 volts, at 40 periods per second, what total current will
they take (a) +f joined in series, (b) if joined in parallel ?

The value of R for the non-inductive resistance and the value of I for the
inductive resistance must firss be found. For R we have R = 100/10 = 10 ohms,
and for L we have

I= —-——L——. 1.e.8 = 100 = J'._O_O—
NR* ¥ (2rnL)? NO F (2mnl)t 2L
LT 100 _ 1
. L_——_L’u- ~F0 _grhenry.

Case (a) ~—The two in series.
- E - 150
NR? 4 (2rnL)? 3 13
A 100 + (2rx40x )

= 10°6 amperes,

I

Case (b) :—The two in parallel.

If ¢, be the current for the non-inductive resistance,
E 150

WE=R S0 15 amperes,
If ¢, be the choking coil current,
. E 150
1, = — = = 15 amperes.
©NOF L)} T or x 40 x L

8r
But the current ¢, has a phase relationship of 90° with ¢}, and the resultant
current I, is given by :—

I, = NiZ 4 5,f = N15% 1 152
= 21'2 amperes.

The total currents in the two cases are therefore 10'6 and 21'2 amperes
respectively.

273. Some Peculiarities of Electrical Resonance.—If the inductance
and capacity in an A.C. circuit are such that the circuit is in the vicinity of
electrical resonance (27nL=1/27nC) peculiar results may follow. To illustrate one
case the student should work out the following problem :—*¢ A circuit A, of
resistance 5 ohms and inductance 5 henrys, is in series with a circuit B, of
resistance 10 ohms and capacity 1/(2 x 108) farad : the applied pressure is 200
volts and the frequency 100: find the P.D. at the ends of A and B.” The
student will find that although the applied pressure is only 200 wvolts, really
dangerous pressures of nearly 15,000 volts exist at the ends of A and B respectively.
Again, if a circuit with resistance and inductance be in parallel with a circuit
with resistance and capacity, and the condition for electrical resonance be
satisfied, then ammeters placed in the two branch circuits will give definite readings,
but an ammeter in the main circuit will give no reading at all. (Prove this.)
The first phenomenon above is often referred to as pressure resonance, and the
second as current resonance.
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274. Power in an A.C. Circuit: Power Factor: Wattless
Current.—If at any instant the pressure is e volts and the current
i amperes, power is supplied at that instant at the rate ei watts,
When ¢ and 4 are fluctuating and reversing periodically, as in A.C.
circuits, and further, are not keeping time together, the power can be
proved to be given by the expression :—

Power = E;I, X (cos angle of lag or lead),

i.e. Power = E I, cos ¢ watts,
Clearly, cos ¢ is given by the expression :—
cos ¢ = Resistance __ R

Impedance . ( 1\
2 -t
A/ B + (200t o c)

Now E I, cos ¢ measures the true power supplied, and E, being
the prosuct of the voltmeter and ammeter readings (which would be
correct for a continuous current) measures the apparent power ; cos ¢
measures what is termed the power factor of the circuit; hence

True power = E I, cos ¢ = Apparent power X Power factor;

True power
Apparent power’

Before the power supplied to an A.C. circuit can be determined
from the voltmeter and ammeter readings, the power factor must be
known. In practice a wattmeter, suitably designed for A.C., having
as few metal parts as possible, will read the true power direct, and this
furnishes a good method for measuring the power factor, when it is
desirable to know it; thus:—

Wattmeter reading = True power;
Ammeter reading X Voltmeter reading X cos $ = True power.
~. Power factor = cos ¢

.. Power factor = cos ¢ =

= Wattmeter reading
Ammeter reading X Voltmeter reading’

Now, suppose the circuit to be so very inductive that the current
lagg practically 90°, or suppose the circuit to have such a capacity that
the current leads practically 90°, then the value of cos ¢ will be zero ;
but the ammeter will read something and the voltmeter reading will be
as b efore; hence the Real power = E I, cos ¢ = 0, and the Apparent
power = E;I. The current in such a case is said to be a wattless
current ; it flows sometimes with the pressure and sometimes against
it, so that the net work done is zero, except on account of the resistance.
Thus wattless currents do no useful work; but since every circuit

ossesses resistance, more or less, there is some waste of energy in
Eeating the circuit while allowing such a current to flow. In stationary
transformers for A.C. circuits, the inductance is such that when the
secondary is open we have practically a wattless current in the primary.
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275. Alternators—S8ingle and Polyphase.—In one type of
alternator the field magnets are stationary and the armature rotates
In another type the armature is stationary and the field magnets
rotate. For clearness, tlfe rotating part (armature or fields) is called
the rotor and the stationary part (armature or fields) is called the
stator.

Fig. 302 indicates the principle by a machine in which the armature

) is the rotor and the fields the
stator. The multipolar field
is excited by a separate direct
current dynamo, and the field
windings are such that the
poles are alternately mnorth
and south as indicated. A
ring armature is shown, the
winding consisting of as
many coils as there are poles,
and the spacing of the wind-
ing corresponding to the
spacing of the poles. At
the same instant a coil will
be passing under an opposite
pole to that of its neighbours,
so that the EXM.F. induced
in it will be in the opposite

Fig. 302. direction. If, however, the

coils be wound in opposite

directions and joined as indicated, the extreme ends being connected
to two slip rings, they will, at any instant, help each other from one
extreme end to the other, but the outside current will be reversed
every time the coils pass
from pole to pole. Thus TR
the frequency will be
obtained by multiplying
the number of pairs of
poles by the revolutions
per second. Ring arma- E n
tures are rarely used, “ b
drums being preferred. A
Armatures are, of course,
laminated. Fig. 303.

Large commercial al- ]

:ernators invariably consist of a set of rotating field magnets (the
-otor) and a stationary group of windings on the armature (the stator).

The rotor consists of a heavy flywheel, carrying radial pole-pieces
yn. which are fitted carefully secured former-wound bobbins, these
»eing coupled in series and supplied with current from a direct current

STATOR
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exciting dynamo, either on its own shaft or elsewhere. The exciting
current is led into the rotor through two slip rings and the polarity of
the poles is alternately }

N and S. The fre- . —

‘quency is obtained by
multiplying the num-
ber of pairs of poles

by the revolutions per
second. E n

The stator consists RoToR e
of sheet stampings, ) A
containing slots paral-
lel to the shaft, in Fig. 304.

which the windings are

placed in insulating tubes. The slots are usually wholly or partly
closed, and the conductors, together with their insulation, are threaded
through them.

In single-phase alternators all the conductors are connected in
series, and the ends joined to the terminals of the machines. In two-
phase alternators there are two different sets of conductors, the con-
stituents of one set being spaced half way between the constituents of
the other set, as shown in Fig. 803, so that the E.M.F. in one set is
a maximum when it is zero in the other; thus there is a phase

@A

A
(o B B
¢ (o]
Ty, 305. Fig. 306.

difference of 90°, and there are four terminals to the machine. In
three-phase alternators there are three sets of conductors (Fig. 304),
arranged so that, while set (1) is producing the maximum E.M.F,
set (2) is producing E.M.F. lagging 120° behind set (1), and set (3)
is producing E.M.F. lagging 120° behind set (2), and therefore 240°
behind set (1). Instead of six terminals, the starting point of all
three windings is usually a common junction; this is often earthed to
the shaft of the generator, and the other three ends after forming
the windings round the stator are connected to three lerminals on the
machine (Fig. 305). Such a machine is said to be star wound. It
may also be mesh or delta wound ; this is shown diagrammatically in
Fig. 306.

%eferring to Fig. 305, the voltage between any two of the star



380 INDUCTIVE CIRCUITS AND ALTERNATING CURRENTS.

points A, B, C, is called the “line” voltage whilst that between the
centre point O and a star point is called the «phase’ voltage. The
ratio is:—phase voltage : line

] voltage = 1:1'73 so that if the
D phase voltage is 100 the line
voltage is 173. When both

J))  lighting and power are fed

)
o Y] ; " from a three-phase (star) cir-
. cuit it is customary to run a
line from the centre point O:

c L LL M the lighting is then run from

L = lamps. M = three-phase motor. t,hls fogrth lm(% and any of the

Fig. 307. line wires whilst three-phase

motors are fed from the three

line wires: this is indicated in Fig. 307. In the delta winding
the line and phase voltages are the same.

A good idea of the construction of a modern alternator will be gathered from
Figs. 308, 309: the former shows the stator in course of winding, one layer of
end turns being complete : the latter shows the rotor with slots milled ready for
winding (G.E.C. Birmingham).

276. Alternating Current Motors.—The general principles only
of these can be discussed here.

(1) SencrroNous Morors.—Just as any direct current dynamo
can be run as a motor, the direct current supplied to the armature
coils being reversed at the proper instant by the commutator, so any
alternator can be run as a motor if supplied with alternating current,
but its frequency must keep step with the frequency of the alternating
current supplied. Since the frequency is equal to the number of pairs’
of poles multiplied by the number of revolutions per second, these
motors must first be speeded up by some external means, and when
the correct speed is attained they are connected on to the mains. This
fact, that the frequencies must keep step, is expressed by saying that
the motors must run synchronously. Thus, though these motors are
efficient, they will not start themselves. When overloaded they fall
out of step and stop, in which case the load must be removed and the
machines synchronised again.

On polyphase systems, synchronous motors are generally started by
means of a small induction motor. In the case of polyphase supply,
synchronous motors may also be started by opening the fields and
giving polyphase current directly to the armature. In this way eddy
currents are set up in the field poles, a starting torque is brought
into play, and the armature begins to rotate. When the speed of
synchronism is reached the field excitation is put on, and the load
may then be applied.
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Fig. 309.
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(2) Inpucrion MoTors.—Consider a stationary iron cylinder wound
with two separate coils, as shown in Fig. 310, and coupled to a two-
phase alternator. Since the current in ome coil will be a maximum
when that in the other is zero,
the polarity of the ring during
the different stages of the
passage of the currents will
be as indicated. That is, al-
though the cylinder itself is
stationary, the poles of the
ring rotate and we have what
is termed a rotating field. The
idea may be extended to three-

phase currents. This is the
principle of the induction
motor.
The core of the stator is
-1 laminated and the coils on it
are joined to the polyphase
current supply. The core of
the rotor is also laminated, the
(c) ) conductors on it being placed
in slots and suitably connected.
The rotating field of the stator
induces currents in the con-
ductors of the rotor, with the
result that the latter moves
in the direction of the rotating
field. If the speed of the rotor

(e) were equal to that of the field

Fig. 310 there would be no E.M.F. in

it, but the two can never be

equal, if only on account of the friction. If ¥, be the frequency of

the current in the rotor, F, that of the current in the stator, m, the

revolutions per second of the rotor, «, the revolutions per second of
the field, ang P the number of pairs of poles; then—

F,='n.x P,

F, = (n,—n)P;
R Fr_n.—-'n,-
"F;— Ns

This ratio is known as the slip. Since the induced E.M.F. depends
upon the rate at which the lines are cut, the E.M.F. and current are
proportional to the slip. The torque depends on the strength of the
current, hence the torque is proportional to the slip, so that the latter
increases when the load is increased. If n, = n, the slip is zero, and
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there would be neither induced E.M.F. nor current; but the rotor
would then tend to stop, would thus get out of step with the field, and
the actions would begin again.

There are two types of induction motors depending upon the way in
which the rotor is wound : these are:—

(@) The squirrel cage type.
(b) The slip ring type.

In the former the rotor is slotted and the slots carry copper bars
which are short-circuited at the ends by being riveted and soldered to
copper rings : thus the bars are not in any way connecled to any outside
circutt, In the slip ring type, the rotor windings are brought out to
slip rings by means of which resistances can be inserted in the rofor
circuit for starting and speed regulation purposes.

Large squirrel cage motors take large currents at starting: to
reduce this three methods of starting are in use :—

(a) Starting resistances inserted in the line.
(b) Starting by an auto-transformer (Art. 281).
(c) “Star-delta’ method for three-phase motors.

In the last case, by means of a special switch, the stator windings
are arranged in “star’ on starting and then altered to * delta” when
the speed has risen sufficiently. When on *star” at start each phase
gets only ‘58 of the line voltage: when on ‘“ delta” each gets the full
line voltage.

(3) LamiNaTep CoMmMUTATOR SERIES MoTORS.—In Art. 246 it has been pointed
out that the direction of rotation of a series or shunt motor is not altered by
altering the direction of the current, since it will be altered in both fields and
armature ; hence it is that a series direct current motor may be worked by an
alternating current. Since the alternating current passes round the fields, it is
olear that they must be laminated as well as the armature. The large inductance
of the shunt coil of the direct current shunt motor prohibits its use in this
connection.

(4) ReEpULSION MoToRS.—In these the stator consists of a laminated electro-
magnet excited by means of the single-phase alternating current supplied. The
rotor is like the armature of a direct current machine ; it is fitted with a com-
mutator, but the brushes making contact with the commutator are joined together,
short circuiting the armature coils. Thus the arrangement is similar to a
transformer, the stator acting as a stationary primary, and the rotor as a
secondary capable of rotation. The alternating field in the stator causes current
to be induced in the rotor conductors, and the directions of these currents are so
adjusted by the short-circuited brushes that the conductors carrying them tend to
move out of the field. This result will be better realised by the following con-
siderations :—The induced E.M.F. lags 90° behind the magnetic flux, and the
current, owing to the induoctance due to the iron core, lags behind the flux
considerably. If, therefore, a curve be plotted by taking the product of the
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warrent and the magnetism in the armature, such a curve will graphically re-
»resent the torque, and it will be found that the positive loops are less than the
1egative, thus indicating that the repulsion between the field and rotor exceeds
‘he attraction throughout each cycle.

(5) Serir-Puase MoTors.—We have seen that the simple single-phase motor is
10t self-starting, but must be speeded up by some external means. The aplit-
shase motor dispenses with this, The stator of the motor has two windings,
snown as the *“starting” and ‘‘running” windings respectively. 'The ‘start-
ng” winding consists, say, of a large number of turns joined directly across the
nains, whilst the ‘“running” winding consists of a few turns in series with a
10n-inductive resistance, the whole being also across the mains, and therefore in
sarallel with the starting winding. The different inductances of the two paths
will result in two currents differing in phase from the alternating current supplied,
ind will result in good starting qualities. When synchronous speed is reached,
she ““starting” winding and the non-inductive resistance are cut out of the
sircuit and the load applied.

277. Rotary Converters.—We dealt, in Chapter XVIIL,, with the
simple rectangular coil rotated between the poles of a magnet. If such
a coil be fitted with slip rings at one end and a commutator at the
other, we have a rotary converter; though, in practice, these machines
are always ordinary dynamos, but with slip rings on the end of the
armature, remote from the commutator, connected to points in the
armature winding at equal intervals apart. Such a machine may do
any of the following :

(2) Supplied with D.C. it will deliver A.C.

(b) Supplied with A.C. it will deliver D.C.

(c¢) Supplied with A.C. it will run as a synchronous motor.

(d) Supplied with D.C. it will run as a motor.

(¢) Driven by an engine it will deliver A.C.

(f) Driven by an engine it will deliver D.C.

(g9) Driven by an engine it will deliver both A.C. and D.C.,

(k) Supplied with A.C. it will do mechanical work and deliver D.C.
(i) Supplied with D.C. it will do mechanical work and deliver A.C.

It is important to note that the relation between the voltages is—
D.C. volts : A.C. volts :: +/2:1 (if two-phase),

but more commonly it is used as a three-phase machine and we have

D.C, volts : A.C. volts : : 2—&-’% : 1,
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In fact the voltage and current ratios are as follows, assuming unity
power factor and 95 per cent. efficiency :—

»
A.C. volts Current per slip ring
Type of Rotary. D.C. volts’ Direct Current
3 phase 612 » 1
4 phase 707 75
6 phase ‘707 5

A rotary converter intended to be run according to scheme (g) above
is termed a double-current generator.

°

278. Transformers.—The transformer is another device in which
the inductive action of one circuit upon another is employed in practice.
In this, too, there are two
circuits wound round an
iron core—a primary and a
secondary—and a typical
arrangement is shown in
Fig. 811. The transformer A.C.Generalor -
is only intended to work, Iron Ring
however, with alternating Fig. 311.
currents, and thus the cur-
rent in the primary is fluctuating periodically, and so no mechanical
interruption is required. The fluctuating current in the primary
produces fluctuating flux in the iron core, which, penetrating the
sccondary, causes E.M F. in the secondary winding proportional to
the number of turns contained upon it. Practically we have as follows:

Pressure in secondary __ Number of turns in secondary
Pressure in primary Number of turns in primary’

But since we cannot gain energy by this transformation, we have, too—
Current in secondary X Pressure in secondary
= Current in primary X Pressure in primary,
or BEXI, =EI,.
This neglects losses due to heating and magnetic frictions; from this
it follows that (approximately):—
" Current in secondary _ E, _ No. of turns in primary

Current in primary ~ E;  No. of turns in secondary’
T, B, 25
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Transformers are used commercially in two ways:

(1) Step-up Transformers.—In these A.C. is generated at a low
voltage and transformed up so as to be transmitted at a high pressure.

(2) Step-down Tmnsfbrme?’s.——ln these A.C. is transformed down
from a small current at a_high pressure to a large current at a low
pressure, ready for use in the lamps, etec.

In (1) the primary hae few turns and the secondary many, while in
(2) the primary has many turns and the secondary few, the second
exactly undoing the effect of the first, neglecting losses.

Referring to Fig. 311, let E, be the E.M.F. operating in the primary
coil, E, that in the secondary coil produced by induction; let V, and
'V, be the primary _and secondary terminal voltages, R, and R, the
resistances of the coils, N, and N, the number of turns on each, and I,
and I, the currents in each.

N

Then, calling N—; =K,
— E_N_xg,
we have =N = K;
also— ElIx = E.'I2§
* I.l = El = !L
I, N, K
From the figure we see that—
E, =V,—LR,
and— E, =V, + LR,
E_g=V- LR,
E, V,+ LR,
. KV,+KLR, =V, — 111%
- v=0-n(B+m)
and L V,= g -L(g R

This expression gives the secondary terminal voltage in terms of the
primary voltage and other constants.

Obviously, since R,, R, and K are constants, the value of V, is not
a definite fraction of V,, but is lessened the more 1, is increased ; that is,
the more current is taken from the secondary.

Hence, if we desire the secondary voltage to remain constant, we
must arrange matters so that the primary voltage rises somewhat as
the secondary load is increased.
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279. Transformer Construction.—Types of modern transformers
of the closed magnetic circuit type are shown in Fig. 312. In older
patterns the iron core, like that of an induction coil, did not pass round
the outside of the windings or otheiwise form a closed iron circuit for
the flux; such were called open magnetic circuit transformers.
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i
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ul Il
A /75
CORE TYPE
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Fig. 312,

Thé primary and secondary coils are frequently intermingled, care-
tully insulated from each other, in order to avoid magnetic leakage,
and it is desirable that a transformer should be so constructed that the
iron core may be removed and the windings slipped out without any
unwinding of the coils being necessary. This merely means that the
iron is in pieces, making good magnetic contact, but that the pieces
may be easily removed. A humming noise may be heard frequently
from transformers when at work, and they tend to become hot. Hence
ventilation must be amply provided for, and many are furnished with
an air blast to keep them cool. Cores are of course laminated.
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280. Losses in Transformers.—The foregoing is only an elementary treat-
ment of the theory of the transformer, and more rigid investigation is beyond the
scope of this book. But it may be noted that some of the losses which have to be
considered are as follows:

(1) I?R losses in primary and secondary windings, which are controlled by the
size and length of the windings used.

(2) Losses due to eddy currents set up in the iron core. This source of loss is
combated as far as possible by the employment of thin iron plates or wires ; that
is, by the adoption of the laminated construction.

(3) Hysteresis losses in the iron core. To keep these down special care must be
taken in selecting the iron to be used for the purpose.

(4) Losses due to magnetic leakage ; that is, due to the fact that all the magnetic
flux produced by the primary circuit does not pass through the secondary. These
are kept low by suitably arranging the positions of the coils.

281. Auto-Transformers.—As will be gathered from Fig. 313, the *prim-
ary” winding is mounted on a laminated iron core, and instead of a separate
secondary coil, a portion of the turns is tapped off to form the ¢“ secondary ” circuit.
In this way a secondary P.D. lower than the primary supply P.D. is obtained,
practically in the ratio of the number of turns tapped off to the total number in
the winding,

EXERCISES XX.

1. State the laws concerning the action of one current upon another in its
neighbourhood. Illustrate your answer by describing the behaviour of two
parallel coils A and B placed side by side, when currents are started and stopped
through A, and when A while carrying current is moved towards or away from B.

2. Explain with a sketch the action of an induction coil. What is the function
of the condenser connected to the primary circuit ?

3. Desoribe the general construction of a transformer with a closed magnetic
circuit. Explain the general principles of its action, and quote the approximate
relation between the currents and the E.M.F.’s in the primary and secondary
circuits.

4&. A bundle of iron wires instead of an iron rod is used in an induction coil.
Explain the reason for this. An alternating current is sent for one minute through
a solid iron rod and a bundle of insulated iron wires of the same total oross-sec-
tion. Which will get the hotter, and why?
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5. A lightning conductor is usually made in the form of a ribbon. What
advantage does this possess over a solid rod of the same cross-section?

6. A choker, having an inductance of 0:05 henry and a resistance of 0'5 ohm,
is put in series with a non-inductive resistance of 10 ohms, and an alternating
sine E.M.T. of 200 volts, of frequency 50, is applied to the terminals. Find the
currentin the circuit and the P.D. on the choker and resistance respectively. (O).

7. Enumerate the various losses which oceur ir‘x an A.C. transformer, and
describe the methods employed for minimising the same. (0.)

8. An alternating E.M.F. of 200 (virtual) volts and frequency 50 is applied to
a cirouit of resistance 10 ohms and inductance ‘25 henry. Find (1) the current,
(2) the angle of lag, (3) the impedance.

9. A circuit has an inductance of 02 henry and a capacity of 10 microfarads,
Find the frequency so that the impedance may be equal to the ohmie resistance.

10. A transformer gives out 50 amperes at a pressure of 60 volts at the
secondary terminals. The windings are 350 primary and 10 secondary. The
resistances are 14 ohms primary and 0012 ohm secondary. Find the volts to be
applied to the primary terminals and the coefficient of transformation.

11. A condenser of 4 m.f. capacity is in series with a resistance of 600 ohms
and the applied alternating pressure is 1,000 volts. Find (1) the current, (2) the
P.D. across the condenser, (3) the P.D, across the resistance,



GHAPTER XXI.

COMMERCIAL MEASURING INSTRUMENTS AND TESTING.

282. Functions of Various Commercial Measuring Instru-
ments.—(a) AmMMETERS indicate the current strength in amperes in
any electrical circuit at any particular instant. The principles involved
in their action are: (1) the heating effect of the current (hot-wire
instruments) ; (2) the electro-magnetic effect of the current on a
magnet or vice versa (moving iron and moving coil instruments);
(3) the electro-dynamic attraction and repulsion between two portions
of the current (dynamometer instruments).

(b) VorrmeTERs indicate, in volts, the P.D. between two points at
any particular instant. In addition to the above principles of action,
some utilise the electrostatic attractions and repulsions of charged
conductors (electrostatic voltmeters, Chap. V.).

(¢) REcorpING AMMETERS AND VOLTMETERS register on moving
sheets of paper the variations, from time to time, in current strength
and P.D. respectively.

(d) Warrmerers indicate at any particular instant the rate, in
watts, at which energy is being utilised in any part of a circuit (i.e.
they indicate the “ power ™).

(¢) ReEcorpING WATTMETERS register the variations from time to
time in the rate at which energy is being utilised in any part of a
circuit.

(f) ErecTriciTY METERS are of two types, viz.: (1) those measur-
ing the quantity of electricity supplied in a given period, and known
as ‘ ampere-hour,” *“ conlomb,” or * quantity ” meters; (2) those
measuring the total electrical energy supplied in a given period and
known as ¢ watt-hour” or “ energy ” meters; the former really give
the value of the product IT, I being the current in amperes and T the
time in hours during which the current passes; the latter measure the
product EIT, E being the pressure in volts; but watt-hour meters are
generally graduated to read in the larger B.O.T. units (1,000 watt-
hours) direct. Again, on constant pressure circuits the ampere-hours
(IT) are proportional to the watt-hours (EIT) and B.O.T. units;
hence the dials of ampere-hour meters are usually graduated to read

390
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directly at constant specified pressures the number of B.O.T. units
consumed,

According to the principles involved in their action, electricity
meters may be further classified into: (1) electrolytic meters, (2)
motor meters, (3) clock meters, and (4) thermal meters (maximum
demand indicators).

(9) Maximom DemaND INDICATORS are employed in conjunction
wi'h ordinary electricity meters, their function being to indicate the
greatest current taken by a customer in a given period, and thereby
to regulate the price to be levied per B.O.T. unit when the tariff is
variable, depending on the maximum demand.

In aldition to the above the student will also encounter power factor
metres, frequency metres, and synchroscopes in A.C. work.

283. Essential Differences between Ammeters and Volt-
meters.—Frequently the same design is utilised in the construction
of ammeters and voltmeters, the essential difference being, however,
that the former are low resistance, and the latter high resistance, instru-
ments. Since an ammeter has to measure the current, it must be
placed in the circuit through which the current passes, and must, of
necessity, be of low resistance, otherwise: (1) it would reduce the
strength of the current, and result in a decided drop of volts in itself
(E =1IR); (2) it would waste considerable power (w = I*R). Thus,
considering the power consumption, if the current be 100 amperes and
the resistance of the instrument 1 ohm, the power wasted in it is
(100% x 1), i.e. 10,000 watts; but if the resistance be ‘001 ohm the
waste of power is only (100 x -001), 7.e. 10 watts.

A voltmeter is connected in parallel with that portion of the circuit
the P.D. for which is required, and a little consideration will show
that its resistance must be high. Consider, for example, a coil of
3 ohms resistance in a circuit through which a constant current of
10 amperes is maintained; the P.D. at its ends will be 30 volts.
Imagine now that an instrument of only 1 ohm resistance is joined, as
a shunt, to the coil in question ; the combined resistance of the two in
Z _T_ ]i » Le¢. 3 ohm, and the P.D. at the ends of the coil is
reduced from 30 volts to (10 x §), i.e. 74 volts, whereas, had the
resistance of the instrument been high—say 3,000 ohms—the P.D., as
the reader will readily perceive, would have been practically unaltered
by its introduction. Again, consider the above instruments joined

across mains kept at a constant P.D. of 100 volts. The power wasted

parallel is

in the first insbrument is 10> [%ﬁ] or 10,000 watts, and in the
second ;&% or 3% watts; thus, to render the power consumption as

small as possible, the resistance of the voltmeter must clearly have a
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high value. The actual resistance, in practice, depends on the type of
instrument and the range; thus a cell tester for an accumulator may
have a resistance of the order 6 to 15 ohms, whilst some voltmeters for
100-volt circuits reach 10,000 ohms and more.

To increase the range and enable large currents to be measured,
ammeters are often provided with specific shunts which permit a
definite fraction of the total current to pass through the instruments.
Thus, if an ammeter be so constructed that its maximum permissible
current is 1 ampere, a culrent of 2 amperes may be measured by using
with the instrument a shunt having § of the ammeter resistance, for
in this case only 4% of the current passes through the mstrument.‘
Similarly, with a g5 shunt 20 amperes may be measured, and a 533
shunt will permit of the instrument being employed on a 200-ampere
circuit. The scales of ammeters with specific shunts are graduated to
read the fotal current direct. )

To increase the range and enable large P.D.’s to be measured, certain
voltmeters are provided with resistance coils in series with them. Thus,
if the series resistance be equal to that of the voltmeter, and the two
be joined to two points in a circuit, one-half of the volts will be spent
on the former; hence the P.D. for the voltmeter must bg doubled to
give the total P.D. between the two points. With a series resistance
double that of the voltmeter, the P.D. for the former will be twice that
for the latter, which must, therefore, be multiplied by three to give the
P.D. hetween the two points. Similarly, if the series resistance be n
times that of the voltmeter, the P.D. for the latter must be multiplied
by (n + 1) to give the total P.D., or, if V, be the P.D. for the volt-
meter, R, its resistance, R, the value of the series resistance, and V,
the total P.D. to be measured,

Vz —_ R'z + Rl . . — :5.2__-_1—_3_.‘7

-Vl = R, 5 A A R, 1

Here, again, voltmeters with
specific series resistances are
graduated to read the fofal pres-
sure direct.

284 Hot-wire Ammeters
and Voltmeters. — Fig. 314
gives a diagrammatic view of the
hot-wire ammeter manufactured
by Messrs. Johnson and Phillips.
The brass plate B carries, on the
left, a brass clamp D to which
Fig, 314. one end of the measuring wire

W of platinum silver is attached.
The other end of the wire is joined to a pillar E fixed on a vulecanite
strip but metallically connected to the plate B as indicated. Near
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the middle of W a second wire P of phosphor bronze is attached,
and this latter is kept taut by having its other end fixed to the insu-
lated pillar F. Not far from the centre of P a cocoon silk fibre Z is
attached ; this passes round a metal pulley fixed on a pivoted steel
spindle mounted in jewels, and is finally attached to a flat steel spring
S. The whole is thus subjected to tension, and any slackening of W
is immediately taken up by S, resulting in a rotation of the pulley, the
spindle of which carries the aluminium pointer.

Mounted on the spindle is an aluminium disc A, which, when the
pointer is deflected, moves between the poles of the magnet M of
Wolfram steel, thus rendering the instrument dead beat. C is an
insulated copper strip in conducting communication with the middle
of W by means of a fine spring; this strip is connected to one ter-
minal ¢,, the other terminal ¢, being joined to the brass plate B. The
terminals are also connected by a shunt T\T, of constantin, which,
when the range does not exceed 100 amperes, is placed in the back of
the instrument, but which for higher ranges is separate, and may be
had to carry several thousand amperes.

The action is as follows: the current to be measured divides at T,
part passing through the shunt T,T,, the remainder flowing from #, to
C, thence to W, where it again divides, part passing to D and part to
E, the two again uniting at B and flowing by way of ¢, to T,. Asa
result, the wire is heated and expands, and the sag is taken up by S,
thereby deflecting the pointer over the scale. With suitable shunts,
any desired fraction of the current may be made to pass through the
instrument, which is calibrated by means of a standard instrument or
potentiometer to read the total current direct. The metal plate near
the wire protects the latter from air currents and ensures uniform
heating. The vulcanite to which E is fixed is clamped to B near the
centre only; as vulcanite contracts when heated, its dimensions can be
o arranged as to compensate for the unequal expansion of B and W
with equal increments of temperature.

The voltmeters are similar to the ammeters, save that the wire W
is thinner, and a resistance of constantin is put in series with the
instrument in place of the shunt Ty T,. For ranges up to 400 volts the
series resistance is (in some) placed at the back of the instrument ; for
higher voltages it is contained in a separate case. For 10 volts and
upwards, each voltmeter is provided with a fuse.

The advantages of these instruments may be claimed to be: (1) Errors due to
the heating effeots of the current are absent, since this is the property utilised.
(2) They are of service for either direct or alternating currents. (3) The absence
of solenoids and iron eliminates the errors of self-induction (Chapter XVL). (4)
They are unaffected by external magnetic fields and by neighbouring conductors,
which suggests their suitability for switchboard use.

Excessive sluggishness and drop of volts in the ammeters are lessened by the
device of dividing the wire into sections in parallel, instead of allowing the whole
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current to flow from one end to the other. In thisconnection it may be mentioned
that the working wire of these ammeters is frequently further sub-divided into
equal parallel parts by thin silver foil strips
ABCand DEF asshown in Fig. 315, where
S is the shunt of constantin. With this
device the fall in volts does not exceed ‘2
or ‘3 even with large currents.

The following are the chief defects to
which hot-wire instruments are liable ;—
(1) The fineness of the wire and its high
temperature may result in its being fused
should the current even slightly exceed
the maximum intended. (2) The watts
absorbed in some makes are somewhat ex-

Fig. 315. cessive. (3) There is a certain amount

of lag in their readings since the wire takes

time to attain its final temperature, and the zero is liable to change. (4) Even

in cases where the base or other support which carries the wire is so constructed

that its total expansion, due to a given rse of temperature, is equal to that of

the wire itself, thus compensating for outside variations of temperature, the wire,

being very thin, responds to these external variations first, with the result that
the indications gradually change as the temperature of the support creeps up.

285. The Weston Moving Coil Ammeters a
The principle of these instruments is identical with that of the
D’Arsonval galvanometer. Between the wrought-iron pole-pieces
(Fig. 3816) of a permanent steel horse-shoe magnet 1s fixed a
cylinder of soft iron, the object of which is to concentrate the lines
of force and ensure an intense field in the narrow air gap between it
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Embracing the cylinder is the moving coil of copper wire, wound
on a frame of aluminium which is pivoted in jewelled bearings,and, of
course, moves with the coil. One extremity of the upper spring
is attached to one end of the coil, the other end of the spring
being fixed to a non-moving part of the instrument. The other end of
the coil is similarly attached to a second spring seen in the lower
part of the figure. These springs are made of a non-magnetic alloy,
and are coiled in opposite directions to cancel the effects of expansion
and contraction following temperature varibtions, the effect on one
being neutralised by the opposite effect on the other ; they lead the
current to and from the coil, and furnish the controlling couple which
balances the deflecting couple when a current passes. The coil carries
an aluminium pointer, and the whole is enclosed in an iron case to
shield the parts from external magnetic fields.

In its normal position the coil lies at an angle of 45° to the line
joining the poles, and when a current passes, it tends to set at right
angles to the magnetic field so that the lines due to the current may
coincide with those due to the magnet. The actual deflection depends
on the current strength and on the field ; and since the latter is uniform
for the region in which the coil swings, the pointer moves over equal
distances for equal current increments. The direction of deflection
depends on the direction of the current and follows the * left-hand
rule ”; hence these instruments are not available for alternating
currents. Shunts are employed with Weston ammeters. The eddy
currents developed in the aluminium frames oppose the motion and
render the instruments dead beat.

The voltmeters are similar to the ammeters except that the coils are
of finer wire, and in place of the shunts high-resistance coils are
inserted in series with the moving coils.

The advantages of moving coil instruments may be stated to be as follows :—
(1) Owing to the intense magnetic fields, the number of ampere turns required
for the coils is small ; hence the moving parts are light, the instruments sensitive,
and the watts absorbed small. (2) They are remarkably dead beat. (3) They
are free from errors due to hysteresis. (4) In the case of voltmeters the main
resistance consists of the series coils, which are made of a material varying very
little in resistance with temperature ; hence temperature errors are practically
negligible,

Changes (with time) in the springs and the magnet, bending of the pointer
caused by passing a current in the wrong direction, and bringing the pointer
violently against the sides, the fact that external fields exert an influence and that
ammeters are to some extent affected by temperature changes, are the main
points to be mentioned against moving coil instruments as a olass, On the whole,
however, they are admirable instruments either for switchboard or laboratory
purposes.

The acouracy depends on the magnets being of constant strength : to ensure
this they are of tungsten or molybdenum hard steel and are specially ““aged.”
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286. Moving Iron Ammeters and Voltmeters.—These instru-
ments depend for their action on the following facts : (1) the magnetic
field inside a solenoid is strongest and most uniform at the centre, but
near the ends it is strongest near the wires owing to the leakage of
lines through the sides, and as a result of this: (2) a long piece of
soft iron suspended inside tends to move towards the wires, and (3) a
short piece of soft iron tends to move towards the centre. The magni-
tude of the motion depends upon the strength of the field, and, there-
fore, upon the current stiength; hence the motion may be utilised as
a measure of current strength and pressure.

The essential parts of the Schuckert Gravity Control Ammeters
and Voltmeters are shown in Fig.317. The solenoids through which

the currents pass are placed with

their axes horizontal. OII is a

curved plate of thin soft iron ex-

’ tending the full length of the sole-

noid; it is fixed on a horizontal

P axle somewhat to one side of the

axis of the solenoid. C is a

Fig. 317. balance arm of copper and P a

light aluminium pointer. On the

passage of a current, the curved iron is raised against the gravitational

pull of the earth so that the curved portion is nearer to the wires, with

the result that the system rotates about the axle, thereby' moving the
pointer over the scale.

The essential parts of Messrs. Siemens Bros. & Co.’s Instru-
ments are shown in Fig. 318. Here I is a thin soft-iron plate fixed
on a horizontal axle A, which also
carries the pointer P and a projection
p to the end of which the curved wire
W carrying the piston S is attached.
The latter moves in the tube TT,
thereby forming an “air damper” which
renders the instrument dead beat. On
the passage of a current through the
rectangular coil C C, the iron Iis drawn
down into the coil, thereby moving the
pointer over the scale. The working
parts are protected from external mag-
netic influence by a curved soft-iron Fig. 318.
shield indicated by X Y Z in the figure.

The essential parts of Nalder and Thompson's Repulsion Instru-
ments are indicated in Fig. 319. The solenoid A has its axis hori-
zontal. B is a fixed rod of iron running the whole length of the
solenoid, whilst C is another rod of iron attached to the pointer. When
no current is passing C and B are together. When current passes
they are magnetised in the same direction and repel each other. Thus
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C moves as indicated and the pointer moves over the scale. The instru-
ments are spring or gravity control-
led and “damping” is provided for as
in Fig. 818 (not shown in Fig. 319).

Many other types of these instruments
are in daily use. Some are liable to be
much affected by external magnetic in-
fluence, and the lower parts of the scales
are often of little use; but the chief disad-
vantage, a8 a class, is that of hysteresis,
which results in the indications, when a
current is increasing in value, being less
than those for the same current when it
is decreasing, and again, with alternating
currents, hysteresis and eddy currents
renddr the readings less than the true
value if the instrument has been cali- Fig. 319.
brated with direct currents.

287. Dynamometer-Type Ammeters and Voltmeters.—That
excellent current measurer, Siemens’ Electrodynamometer, has
already been described in Chapter XII. It can be used for direct or
alternating currents, and, since iron is altogether absent, it is inde-
pendent of “ wave form ” and “ periodicity.”

The essential features in the construction of the Weston Dynamo-
meter-Type Voltmeter will be gathered from Figs. 320 and 821. In

Fig. 320, F C are two fixed fine wire coils

placed one on each side of a rectangular

X block of ebonite V, the latter being pro-
N . vided with a central circular opening in

| which the moving coil M C works. The
N A moving coil is pivoted between jewelled

\ ?o‘/"MC centres, the upper pivot carrying a light

, aluminium pointer P, and, as in the
‘Eﬂ: ‘Weston instruments of Art. 285, the
controlling couple is furnished by two

Fig. 320. ;gxiings, one of which is seen in Fig.

The latest form of the instrument is shown stunding inverted on its
face in Fig. 321. In this the ebonite plate is dispensed with, and the
fixed coils, one of which is removed in the figure, are wound on brass
forms and bolted to the angle plates as shown. The moving coil
carries a light aluminium vane (not shown) fitted with two pistons,
‘the vane and pistons moving with very small and uniform clearance in
the air damper box when the coil rotates, thereby making the instru-
ment dead beat. The air damper box is shown in the upper part of
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the figure; its bottom lid is removed, and the two pistons visible. As
the instrument is standing on its face in the figure, the pointer cannot
be seen; it consists of a hght aluminium tube carefully balanced by the
cross arms seen in the lower part of the figure, and is really a con-
tinuation of the foremost cross arm which is shown at right angles to
the other. These are excellent D.C. or A.C. instruments.

G

e

i

288. Siemens’ Wattmeter and the Weston Wattmete..
general principle of Siemens’ Wattmeter is identical with that of the
Siemens’ Electrodynamometer (Art. 140). The moving coil C (Fig.
322) is of thick wire and low resistance, and as it is inserted in the
main circuit it may be termed the ‘“ammeter” coil; the high-resis-
tance fixed coil V consists of many turns of fine wire, and as it is
joined as a shunt to that part of the circuit for which the power con-
sumption is required (a lamp L in figure), it may be termed the
“voltmeter ” coil.

In the normal position the planes of these coils are at right angles
to each other, and the pointers P, p stand at zero. On closing the
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circuit, the main current I passes through the moving coil, and a
small current proportional to the voltage E at the lamp terminals
passes through V. The turning
moment is proportional to the product
of these currents, i.e. proportional
to EI or the watts expended in L.
‘When the movable coil is brought
back to its normal position by turn-
ing the torsion head and its pointer
through an angle D°, say, the turning
moment is balanced by the torsional
moment which is proportional to D°.
Hence—

(o

EL« D°;
t.e. Watts expended in L = KD

where K is the constant of the in-
strument, which must be determined
experimentally.

In using the instrument for direct Fig. 322
currents, the plane of the moving
coil must be perpendicular to the meridian so as to eliminate the action
of the earth on it, and the connecting wires must be close together

g, 323,
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otherwise the moving coil may be affected by the currents in them. In
the case of wattmeters intended for alternating currents, the frame-
work and supports should be of non-conducting material, since with
metal frameworks the eddy currents developed therein would con-
siderably affect the moving coil; and further, the fixed coil should be
of two parts capable of adjustment relative to each other so as to vary
the field in the vicinity of the moving coil. A series resistance is em-
ployed in conjunction with the “voltmeter” coil; this is *double
wound " like the coils of ta P.O. box so as to eliminate self-induction.
The Weston Wattmeter is shown in Fig. 323. There are two
fixed coils and one movable coil. The moving system carries two
vanes which move in an air chamber which also forms the base for the
coil supports. This chamber is seen just below the coils in Fig. 323.
The construction is very much the same as the voltmeter of Fig. 321,
and the student should have no difficulty in understanding the con-

struction and action.

289. The Bastian Electrolytic Meter.—This meter consists of
a glass tube about 2 inches in diameter and 1 foot in length, fitted
with a bulb at its lower extremity, the whole containing a dilute solu-
tion of caustic soda and a non-freezing mixture; this electrolyte (with
a little paraffin oil on the top to prevent evaporation) stands at zero
on the scale when the meter is first installed. At the bottom of the
containing vessel is a vulcanite box, partly open at the top and bottom,
in which are placed two nickel electrodes. The top of the containing
vessel carries a porcelain cover through which pass two vulcanite tubes,
the latter serving to convey and protect two lead conductors leading
from the terminals of the meter to the nickel electrodes in the box.
The whole is contained in an outer sheet-iron case provided with a
glass window in front.

When the meter is included in an electric circuit, the liquid is de-
composed into its constituents, the amount thus electrolysed in a given
time being, by Faraday’s Law (Art. 154), proportional to the total quan-
tity of electricity which has passed in that time; thus the fall in level
of the liquid may be used as a measure of the quantity of electricity in
ampere hours which produces that fall. On constant pressure circuits,
however, the ampere hours (IT) are proportional to the watt hours
(EIT)and B.O.T. units; hence the meter is graduated to read B.O.T.
units direct at a constant pressure which is specified on it. The
liberated gases escape into the atmosphere.

In premises supplied on the two-wire system, the meter is simply
put into one of the leads. Premises on the three-wire system require
two meters (generally arranged in one containing case); one is in
series with the positive lead, and registers the energy supplied to the
positive side of the middle wire; the other is in series with the nega-
tive lead and registers the energy supplied to the negative side; the
total energy supplied is obtained by adding the two meter indications.
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The Bastian meter works with small currents, is accurate, inexpensive, simple
in construction, and requires little attention. The scale is straight so that the
readings may be readily and accurately taken, and when refilling 18 required it is
only necessary to add water up to the zero of the scale. The chief disadvantage
is that the drop of potential caused by the instrument itself is greater than in
certain other types of meters ; but this only occurs when the meter is actually in
use, whilst in certain other types (see later) a small current is constantly flowing,
and the *“loss” in this way perhaps more than balances. Electrolytic meters
are used for continuous currents. J

290. The Elihu Thomson Motor Meter.—The principle of this
meter will be gathered from Fig. 824, The instrument consists of
two fixed coils F C of thick wire in series with each other and wi h one
of the leads. Between them is the rotating coil or armature R C con-
sisting of eight coils of fine wire wound on a light non-magnetic frame
after the manner of a Siemens’ drum. R C is attached to a spindle S
whiclt is pivoted in jewelled bearings, and carries at its upper end an
eight-part commutator C of silver, the object of the latter being to
reverse the current in each coil of the armature at the right instant;
the details as to how this is accomplished are given in Chapter X VIII.
Two silver or silver-tipped brushes B B press on the commutator and
serve to lead the current to and from the armature. In series with
R C is a high non-inductive resistance R and a “starting coil” (not
shown), the latter being placed within the coil F C on the right. The
whole of the circuit, including the armature, non-inductive high-
resistance and starting coil, is joined as a shunt betwecn the leads as
indicated.

Consider now one of the coils of R C in such a position that its axis
is, say, perpendicular to the plane of the &aper and, therefore, perpen-
licular to the axes of the coils FC. hen the current passes, this
r01l tends to place itself with its axis parallel to the axes of the coils
F C, in which position it would, of course, tend to stop, were it not for
the fact that at the correct instant the current in it 1s reversed; this
applies to each coil, and continuous rotary movement of RC is the
result. Resistance to rotation is supplied by means of a Foucault
brake (not shown) consisting of a thin disc of copper mounted on the
lower part of the spindle 8 and rotating in a constant magnetic field
between the poles of two or more permanent magnets; eddy currents
leveloped in the disc oppose the motion of the latter, thus establish-
ng a drag on the armature, which varies with the speed of the moving
arts.

Since the stationary coils FC carry the total current I, and the
wrmature a current proportional to the potential difference E between
the leads, the turning effort or driving torque is proportional to the
product E I, i.e. proportional to the watts. The brake gives rise to a
retarding torque proportional to the speed or number of revolutions,

T.E. 26
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n, per second. Clearly the final speed of the armature is reached when
the driving and retarding torques are equal. Hence—
Driving torque = Retarding torque;
S Ela n.

®
",

Ww

C= - -

SUPPLY

MAGNETIC AX/IS
orFC o

If, now, the power consumption be constant, » will be constant: thus,
considering a time ¢ seconds, the relation

Elte nt
will apply. But E It measures the energy in joules consumed in ¢



COMMERCIAL MEASURING INSTRUMENTS AND TESTING. 403

seconds and » ¢ denotes the total number of revolutions in the same
time; hence the total number of revolutions made by the armature
in a given period may be made to measure, by suitable calibration,
the total emergy in joules, watt-hours, or B.O.T. units consumed
during that period. The meter dials are driven by an endless screw w
mounted on the spindle and seen in the upper part of the figure.

It will be evident from the figure that a small current is constantly
passing through the armature circuit; this circuit, as previously
mentioned, includes a starting coil inside F Cion the right, so adjusted
that the meter is just on the verge of starting, so that, when the
smallest load is switched on, the meter commences to register. Too
close an adjustment in this respect may result in the meter * running
on the shunt,” i.e. commencing to register owing to a slight rise in the
supply voltage even when the customer has no load.

o
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Fig. 325.

Fig. 324 gives the method of connecting the meter on a two-wire
circutt. For a three-wire system the instrument is slightly modified
as shown in Fig. 325. The fixed coils are disconnected, one being put
in geries with the positive lead and the other in series with the negative
lead, while the armature is joined as a shunt between one of the outers
(negative one in the figure) and the middle wire. Considering the
left-hand coil, the current in it is that required for the positive side of
the system and the current in the armature is proportional to the P.D.
on this side (assuming it equal to that on the negative side); hence
the driving torque is proportional to the power consumption on the
positive side of the neutral wire. Similarly the fixed coil on the right
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carries the current used on the negative side, and the driving torque
is proportional to the lpower consumption on this side. An exami-
nation of the figure will show that the currents in the fixed coils are
in the same direction and tend, therefore, to rotate the armature in
the same direction; hence the total driving torque is proportional to
the total power consumption on the system.

A little consideration will show that the Thomson meter can be
used on direct or alternating current circuits.

. v

291. The Aron Clock Meter.—The earliest form of Aron Meter
consisted of two pendulum clocks side by side, one having an ordinary
bob and keeping correct time, the other having, as bob, a permanent
magnet, below which was placed a solenoid with its axis vertical and
through which the main current passed. The two were synchronised
80 as to keep the same time in the absence of any current in the
circuit. Assuming now that the lower end of the magnetic bob is a
north pole, and that the current passes through the solenoid in such a
direction that its upper end exhibits south polarity, mutual attraction
will ensue between the two, the solenoid thus assisting the earth in
tending to bring the pendulum to rest, and therefore accelerating its
motion; thus the magnetic pendulum will gain upon the other, the
rate of gain depending on the strength of the current in the solenoid.
This difference of motion was by a suitable contrivance communicated
to the counting wheels and dials; the “ampere hours” could thus be
registered, or on constant pressure circuits * watt-hours” or “ B.O.T.
umts’’ could be recorded. The clock required winding up by hand
once per month.

In the latest form of this meter the bobs of both pendulums carry
coils of thin wire which are in series with each other, the pair being
joined as a shunt between the leads. Below these are two fixed
solenoids carrying the main current, which is passed through them in
such a direction that one pendulum is accelerated, the other retarded,
and the difference in motion is registered on the dials. The instrument
is mainly employed as an energy meter.

The new instrument is self-winding, and is provided with an
automatic reversing gear, the function of which is to reverse the
current in the pendulum coils every ten minutes, thereby eliminaling
errors due to faulty synchronism when there is no load. The modern
Aron meter is accurate, registers with small currents, and is available
for direct or alternating current circuits.

292. The Wright Maximum Demand Indicator.—This consists
of a U-tube, L L (Fig. 326), the extremity of each limb being provided
with a bulb, the right-hand limb being further provided with a
vertical oranch tube R, closed at the bottom. The limbs L L are
partly fittedl with sulphuric acid, as indicated. Round the left-hand
bulb a heating coil H O, consisting of one or two turns of platinoid
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CoNNECTIONS or Two WiRe DeMAND INDiCATOR

Fig. 326.

DIACRAM or CoNNecTIONs THREE WIRe DEMAND INDICATOR:

QOO

Fig. 327.
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strip, is wrapped, and this coil is in series with one of the leads. Oun
the passage of a current, the heat produced in the coil causes the air
in the left-hand bulb to expand, thus driving some of the liquid over
into R. This overflow liguid remains there, and is not added to until
a current greater than the previous one passes; hence the amount of
liquid in R may be used as a measure of the greatest current which
has passed in a given period. A scale attached to R indicates the
maximum current, and also the number of units to be charged for on
the higher rate (Chapter X XII.). The indicator is used in conjunction
with an ordinary meter, and can be reset by tilting.

Fig. 326 shows the indicator on a two-wire system, while Fig. 327
shows the arrangement for a three-wire circuit. In the latter case it
will be observed that the instrument is fitted with three terminals,
and two equal resistances RR are added. With the arrangement
indicated—

Let M = current in the heating coil
I, = current on the positive side
I, = current on the negative side
R, = resistance of the heating coil
I, = current in R on the right.
I, = current in R on the left.
Then—P.D. between upper terminals = M R,
P.D. in R on the right = LR = (I, — M)R
P.D. in R on the left =R = (I, - M)R;
S (L,—MR+ (I, —M)R =MR,
IR+IR=MR +2MR
R(I, + 1) = M(R, +2R)
L+IL= B +2R §2RM
t.e. L+IL=KM

where K is a constant. Thus the current in the heating coil, and
therefore the indications of the-instrument, depends upon the sum of
the currents on‘the two sides of the middle wire.

293. Testing of Commercial Instruments, Lamps, and Machines.—
For full particulars of, and practical hints in connection with, the following tests,
the reader should refer to some work on Practical Electric Testing.

TEST 1.—TO CALIBRATE A DIRECT-CURRENT VOLTMETER
BY MEANS OF A POTENTIOMETER.

(1) The potentiometer must first be standardised by the Clark cell, so that
each division of the wire denotes a P.D. of ‘001 volt.
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(2) The standard cell is then removed, and the arrangements of Fig. 328

followed in the case of a voltmeter reading from 0 to 5 volts.

is connected through a rheostat R and switch
8 to some convenient source of electricity E,
whereby readings varying from 0 to 5 volts
may be obtained on the instrument. Potential
wires are then taken from the positive terminal
of the voltmeter to the end A, and from the
negative terminal through the galvanometer G
to the sliding contact K. Commencing with a
small current in V, K is adjusted for no deflec-
tion on G, and the P.D. between A and K is
calculated from the relation: P.D. in volts =
‘001 x length A K in millimetres; this equals
the P.D..at the terminals of V, and should

therefore agree with the reading of the instrument.

The voltmeter V

I Il -
FUHE

ya

The experiment is re.

peated with various currents through V, and the results recorded thus :—

Voltmeter Potentiometer Correction to
reading. Balance at— reading. Voltmeter.
5 volt 511 mm. 511 volt -+ 011 volt
75 T} 742 ’y ‘742 ’ — 008 ’
ete. ete. ete. ete.

Timally a ¢‘correction curve” should be plotted, ‘¢ voltmeter readings” being
taken as abscissae and ¢ corrections’ as ordinates.

In the case of a voltmeter reading above 5 volts, the instrument must be
shunted by a coil of very high resistance and the P.D. for a known fractional
part of this resistance measured as above, from which the full P.D. at the volt-
meter terminals is readily obtained.

TEST 2.—TO CALIBRATE A DIRECT-CURRENT AMMETER BY
MEANS OF A POTENTIOMETER.

(1) The potentiometer must be standardised as before.

(2) The standard cell must be removed, and the ammeter put in series with a
rheostat, switch, battery of accumulators or other convenient source of electricity,
and a standard low resistance, the value of which must be such that the fall of
potential down it does not exceed the range of the potentiometer when the
maximum current for the ammeter is flowing. Potential wires are now taken
from the ends of the standard resistance to the potentiometer, and the fall of
potential down it is measured ; this divided by the resistance of the standard
gives the current in the ammeter cirouit, which should of course agree with the
ammeter reading. The experiment is repeated with various currents, and results
tabulated thus :—
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Ammeter

. True
Potentiometer Correction to
reading. Balance at— Reading = E. | Current = g Ammeter.

Y

Finally a correction curve“ should be plotted as in Test 1.

BANK OF LAMPS

Fig. 329.

TRICITY MLTER BY MEANS OF A PRE-
VIOUSLY CALIBRATED AMMETER AND M
VOLTMETER.

The connections are depioted in Fig, 330, M being the s
meter under test. The resistances R and r are first
varied until the correct voltage for which the meter
is intended is indicated by V, and say 1 the full current
is passing; this current is permitted to flow for a v
definite time, the indications of A and V being kept
constant. The true ampere hours are given by the
product of the ammeter reading and the time in hours, |
the watt hours by the product of the ampere hours and
the voltmeter reading, and tae B.0.T. units by dividing
the watt hours by 1,000; these should agree with the
meter indications. The experiment should be repeated

TEST 4.—TO0 TEST A DIRECT-CURRENT ELEC- &\j\'\ i
‘ v J U

TEST 3.—TQO CALIBRATE A WATTMETER BY
MEANS OF A PREVIOUSLY CALIBRATED
AMMETER AND VOLTMETER.

The arrangement of the apparatus is shown in Fig. 329.
Here W is the wattmeter under test, A a calibrated
ammeter, V a calibrated voltmeter, B a battery of ac-
cumulators, 8 aswitch, Rarheostat, and L any convenient
resistance, such, for example, as a bank of lamps, in
which the power consumption is to be measured. It
will be observed that the current coil of W is in series
with L, the pressure coil being arranged as a shunt
thereto.

The test consists in taking simultaneous readings of A,
V, and W with various currents flowing. The true
watts are given by the product of the ammeter and
voltmeter readings, and these should agree with the
indications of W. Correotion curves are plotted as in
the preceding beats.

BANK OF LAMPS

with various cutrents, and finally a correction curve Fig. 330.
should be plotted as before.
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TEST 5.-——’1‘0 DETERMINE THE CANDLE-POWER AND EFFICIENCY
OF AN ELECTRIC LAMP.

As already indicated an instrument for comparing the illuminating powers of
different sources of light is called a * photometer’” A photometer used by the
Board of Trade is Bunsen’s, which, in its simplest form, consists of a grease spot
in the centre of a screen of white paper. When a candle is placed on one side of
this screen, the grease spot, being less opaque than the rest of the paper, will
appear darker than the latter when viewed from th= side on which the candle is
placed, but lighter than the rest when viewed from the side remote from the
candle. By placing a candle at one side and a lamp at the other, and adjusting
their respective distances, it can be arranged that the grease spot cannot, at
either side, be distinguished from the rest of the paper, or at any rate, the two
sides can be made to appear alike. When this condition is realised the lights are
producing equal intensities of illumination, and the illuminating power of the
lamp in terms of that of the candle can be determined from the relation :

Tkuminating power of Lamp _ (Distance of Lamp from Screen)?
Illuminating power of Candle ?Dictcmoe of Candle from Screen )

To determine the c.p. and efficiency of a glow-lamp the latter must be put in
series with an ammeter A (Fig. 331), switch S,, adjustable resistance R, and a
battery or other convenient source of electricity capable of running the lamp at
its required voltage, and & high-resistance voltmeter V must be connected across

L.

]

Fig. 331

the lamp terminals as indicated. The watts absorbed by the lamp at its rated
voltage are given by the product of the ammeter and voltmeter readings. The
c.p. is found by placing the lamp on one side and a standard light L, on the
other side of the Bunsen screen S8, adjusting for a photometrio balance and
applying the relation—
C.p.oflamp _  (Distance of lamp)®
C.p. of standard = (Distance of standard)?

Finally the ¢ efficiency” is obtained by dividing the c.p. by the watts absorbed.

It is oustomary to secure & balance (1) with the plane of the lamp-filament
parallel to the screen ; (2) with the plane of the filament perpendicular thereto,
the mean distance being estimated. Further, as the lights are of different colours,
it is advisable to observe the soreen through ¢ signal red ” and ‘“green® glasses,
balance being obtained with each and the mean distance taken.

The method outlined above is applicable, with special precautions, to an effi-
ciency and o.p. test of an arc-lamp. The standard light frequently consists of
an over-run glow-lamp of 32 c.p. at normal voltage, in which case a 6-per-cent.
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over-run will give a c.p. of about 50, and the colour of the light will be somewhat
similar to that of the arc. The arc-lamp is arranged, not in line with the stan-
dard and screen, but off to one side, a mirror being so arranged as to reflect the
beam on to the grease-spot, in which case, at photometrio balance, the distance
of the arc-lamp is equal to the sum of the distances—(soreen to mirror) and (mirror
tolamp). In these tests the ratio of the light reflected by the mirror in its given
position to the total light falling on it must be known and allowed for, since it is
the intensity of the reflected beam which is measured; thus, if only half the
incident light were reflected e intensity measured would only be half that of the
arc. In a similar way the c.p. of the arc at different angles from the horizontal
may be determined by suspending the lamp from the ceiling and suitably arrang-
ing the mirror referred to.
According to Gerard the
T3R£3§PEJ;17 M.S.C.P. of an ordinary arc is
SPRING BALANGE  got by finding experimentally
as above (1) the horizontal
c.p.; (2) the maximum ec.p.,
and by adding } of the latter
value to % of the former
value. A completo test of the
M.S.C.P. may be carried out
as explained in Chapter XV.

TEST 6.—TO DETERMINE
THE BRAKE HORSE-
POWER AND EFFICI-
ENCY OF A MOTOR.

A double rope passes round
the motor pulley as shown in
Fig. 332, its upper end being
attached to a spring balance
which in turn hangs on a
bracket, and its lower end
carrying weights as indicated :
let R fect = radius of pulley
+ % diameter of rope. With
the motor rotating as shown,
let W, = weight (pounds)
hanging on the rope, W, =
- reading of spring balance
Fig. 332. End View.  (pounds), and n = revolutions
per minute : then :—

Torque = T = (W; — W,)R pound-feet,
. = 2mT _ 2xR(W, - W,)
s BHP = 33,000 33,000
and all the termson the right-hand side are known so that the brake horse-power

WATER
8ide View.

0,

PLAN, OF WEIGHT
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is determined. By means of an ammeter and voltmeter the power W in watts

supplied to the motor is determined from the product of their readings, viz.

W = EI; in HP this is KI/746. Hence:—

Output _ 2rnR(W,; - W,)"746

Input’ - :}3,0% E. I- ¢  eesscsees
A series of readings should be taken up to maximum load, and a curve plotted,

showing the relation between B.H.P. and efficiency. In Fig. 832 a water cooled

pulley is shown.

Commercial Efficiency =

’
EXKRCISES XXI.

1. How does a voltmeter differ from an ammeter in construction and use ?
What sort of resistance may be given to a voltmeter used with a single accu-
mulator? (P.)

2. Sketch some form of gravity ammeter or voltmeter. (O.)

3. Describe with sketches some form of moving coil voltmeter. What are the
wdvantages of this type? (O.)

4. State the principles on which the Johnson and Phillips ammeter is based.
Describe the construction and action of the instrument and mention its specific
wdvantagos.

5. What forms of ammcters and voltmeters are likely to be affected by
1eighbouring current circuits—for instance, those on a switchboard—and what
wre the forms that are practically unaffected? (O.)

6. Describe the construction and use of a wattmeter. Give sketches. (B.0.P.)
What are the important points to be attended to if the wattmeter is to be used
»n an alternate current circuit? (0.) How would you test the accuracy of a
wattmeter at a given load? (B.)

7. What is the function of an electricity supply mcter? Mention the difference
retween a watt-hour meter and an ampere-hour meter.

8. Describe the construction and action of (1) an electrolytic meter ; (2) a motor
neter, and point out their respective merits and drawbacks.

9. A shop is supplied with electrical energy on the three-wire system through
in energy meter of the motor type; show how the meter should be connected
with the mains. (P.)

10. Describe the construction and action of a maximum demand indicator, and
sxplain the maximum demand system of charging for electrical energy.

11. How would you test the graduations of a voltmeter reading from 0 up to
5 volts ? (B.)

12. Describe an efficiency and o.p. test of a glow-lamp.

13. An electromagnetic voltmeter reads from 0 to 5 volts and has a resistance
f 500 ohms. How may the same instrument be adapted to read from 0 to 50
volts with the same scale? (B.)



CHAPTER XXII.

GENERATING STATIONS, DISTRIBUTION AND
TRANSMISSION OF POWER.

294. Introductory Note.—In the problem of distribution two
special points are involved, viz. the pressure of supply and the distance
to which the power must be transmitted, and as we shall see presently,
these are not independent, if economy is to be studied.

l]lin practice the various ranges of pressure are usually classified as
follows :

(a) If the pressure does not exceed 250 volts the supply is termed
a low pressure supply.

(b) With pressure between 250 and 650 volts the system is termed
a medium pressure supply.

(¢) Between 650 and 3,000 volts the supply is termed a high pressure
supply.

(d) Exceeding 3,000 volts the supply is termed an exztra high pres-
sure supply.

With regard to the question of distance we may briefly note here
that if this be great the power lost in the mains, viz. IR, may become
great. This loss can be reduced by decreasing R, i.e. by using thicker
mains, but this may increase the initial cost enormously. The loss can
also be reduced by decreasing I, but this means working at higher
pressure if the same power (ET) is to be transmitted, and high pres-
sure has certain drawbacks as well as points in its favour. At this
stage we may merely mention, in a general way, that when the supply
station is near the consumer the pressure of supply is usually the
same as that at which the current is generated, since the size and con-
sequent cost of short mains are not very material. 'When, however,
the station is at a distance, the problem becomes more involved and
needs careful consideration.

295. The Central Station: (1) Feeding Points, Feeders and
Distributors.—The equipment of a D.C. central station usually com-
prises boilers for supplying steam to the engines, steam engines for
driving the generators, generafors connected to the switchboard which
carries all the switches, regulators, measuring instruments, etc., and

412
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from the switchboard cables run to the various districts where the
electrical power is required: there is, in addition the accumulator
battery, which can also be joined to the outside circuit via the switch-
board, and the necessary regulating and measuring apparatus. An
A.C. station is pretty much the same, with of course, certain essential
wmodifications, and most handle both D.C. and A.C. (accumulators work
only with D.C.). A few visits to one or two modern stations will be of
the greatest value to the student.

The conditions fixed by the Board of Trade include regulations that
the pressure shall not vary more than 4 per cent. from the normal
stated, aud, further, it must be practically uniform throughout the
system to ensure uniformity in the fittings.

To realise this, separate conductors, from which no lamps, etc., are
supplied, are connected to various points of the metwork, their sole
function being to keep the points of connection, termed feeding
points, at a constant pressure. Such additional mains are termed
feeders.” From these feeding points pairs of distributors are run
along the streets and the service mains are taken from these to the
main terminals inside a building : from here the internal wiring of
the building commences. Thus by these feeders the station engineer
can ensure that certain selected points of the network remain at the
correct pressure, and this being assured the remainder of the system
has to look after itself. In the vicinity of the station a pair of dis-
tributors may be supplied direct.

................ PILOT_ WIRE _
r B FEEDER ). FEED
Feooo oo —— o=~ =1 DISTRIBUTOR & POINT

"FEED
! POINT
;

-

_________________

FEEDER
FEEDER

it PICOT WIRE—-—--~=""=Tm oo
Fig. 333.

In order that the feed-point pressure may be known to the station
attendant, special small wires (pilot wires) are led back to the
station from the feed-points; these wires are connected to voltmeters
on the switchboard, and the latter are graduated to read the pressure
actually existing at the distant feed-point. The attendant has thus
merely to see that these voltmeters are kept at the fixed reading. Each
pair of feeders may be supplied by its own dynamo, which ensures

rfect regulation of each, or several may be run off bus bars (see
g:low) from the station, in which case special arrangements have to be
made in order to allow the longer feeders to be supplied at a higher
pressure than the shorter ones—on account of the greater drop in
pressure in them (e.g. feeder boosters). Fig. 333 shows diagrammati-
cally a typical system on the lines given above.
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296. The Central Station : (2) The Switchboard.—As already
indicated, the necessary switches, fuses, automatic cut-outs, ammeters,
voltmeters, wattmeters, energy meters for recording the energy supplied
to the system, recording ammeters, rheostats for controlling the
generator fields, etc., are grouped together in the generating station,
usually upon slabs of marble or slate fixed in an elevated position from
which all the machines can be readily seen. Such an arrangement is
termed the switchboard, and the whole supply is controlled from this
board.

The generators are coupled (through the necessary switches and
other appliances on the board) to large bars of copper arranged in pairs
at the back of the board and termed bus bars. The feeders are also
coupled (through the necessary appliances on the board) to these bus
bars. A number of machines in parallel may supply one pair of bus
bars, and from this pair of bus bars feeders may pass to different
feeding points. Such feeders would all be supplied at one pressure,
whereas it is desirable that the longer ones should be supplied at a
higher pressure. To do this, regulation cells and feeder boosters are
used as already indicated : these also are manipulated at the board.

One method of grouping for a switchboard is to divide the whole
board up into panels and to keep the positive panels on one side of the
centre and the negative panels on the other side. Another method is
to have a panel for each generator, in which case both positive and
negative leads from the machine pass to the same panel, and similarly
there would be a panel for each pair of feeders. The generator panels
are invariably arranged on one side of the centre and the feeder panels
on the other side. There is usually a separate panel or section for
dealing with the secondary battery and boosters, and in traction boards
there is usually a separate Board of Trade panel containing the
apparatus necessary for carrying out the tests laid down in the Board
of Trade traction regulations.

297. The Central Station: (3) Miscellaneous.—(a) The
student will have no difficulty in understanding the various types of
switches, ete. (slow break, quick break, multiple way, battery regulating,
excess current cut-out, minimum current cut-out, reverse current cut-
out, time limit devices for cut-outs) met with in central station practice
from preceding pages, and the manufacturers catalogues. A few
minutes spent in the actual handling and examination of these will
well repay the student. Attention may be drawn, however, to the
Field Breaking Switch.

The danger (owing to the large self-induction) of suddenly breaking
the field circuit of a dynamo has been frequently mentioned. It is
usual, in consequence, to remove the field-winding from the active
circuit, not by breaking it, but by short-circuiting it by a non-induc-
tive resistance, and thus the energy stored in the field is used up in
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heating this resistance instead of producing a dangerous and destructive
spark.

PIn the Siemens switch one end of the winding is connected to the
switch fulerum while two other blocks are connected, one to the brush
and the other to one end of the special resisiance, the other end of this
resistance being joined to the other end of the field. Further, the
handle portion is wide enough to bridge the space between these two
blocks, so that the contact with the resistance is made before the shunt
is broken. Carbon blocks are fitted to this switch to take the spark
which, though minimised, is still formed on cutting out the field.

A better one is the Cowan-Still switch, in which the switch is in two
halves connected by a spring. The
hinge of the switch is connected, as
before, to one end of the field, and the
two blocks are connected to the bus-
bars from which the field is excited.

When the main half of the switch is Sl
put across to the second contact the
other half is still hanging on to the Fig. 334.

first contact through a resistance equal

to the field resistance, and it is only when the switch is pushed quite
home that this hanging contact is broken and the operation concluded.
Fig. 334 shows in outline the construction of this switch.

(b) In transmission schemes it is important to provide suitable
arrangements to enable a lightning discharge, striking an overhead
conductor, to pass safely to earth without injuring the gene.ators or
other appliances. This is usually done by providing one or more air
gaps across which the lightning P.D. will leap, while that in use will
not. Such devices are termed lightning arresters.

Choking coils are frequently fitted between the generator and line,
as mentioned in Art. 271, to act as a barrier
to the high frequency lightning discharge
and compel it to leap a gap and pass to
earth.

Thomson's Lightning Arrester is largely
used, and is shown in Fig. 835. A spark
gap is made consisting of two metal horns,
the gap being narrow at the bottom and wide
at the top. An electromagnet carrying the
line current is placed below the gap, and
connections are as indicated. Should light-
ning strike the line, it will jump the air gap
; between the horns and pass to earth rather
Fig. 335. than pass on to the machines. If the
line current follows and sets up an arc, the
magnetic field will force the arc upwards and it becomes severed.

Another favourite form is that of the Wurts Arrester, which consists
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of a number of small cylinders of special alloy, each separated from the
other by a small space. Thus there are many arcs formed simul-
taneously on discharge of lightning, but the alloy has this special
property—it does not permit a persistent arc. A row of seven of these
is commonly allowed for every 2,000 volts line pressure. Another
form, the Stanley Arrester, consists of concentric cylinders instead of
cylinders arranged in & row.

Condensers are also used as protection against surges on both A.C
and D.C. circuits. The condenser depends for its action as an arrester
upon the fact that its impedance varies inversely as the frequency. It
offers a big impedance to line voltages of normal frequency, but when
a high-frequency pressure surge presents itself the impedance falls to
a low point and the condenser earths the line for that surge, thus
permitting the surge current to dissipate itself over a path of low
impedance. A {)ra,ctical type is the Moscicki Condenser which
consists essentially of a glass tube, the inner and outer suriaces being
coated with chemically deposited silver which is finally copper plated.

The electrolytic arrester for D.C. circuits consists of aluminium
electrodes in a special electrolyte. When a current attempts to pass,
an insulating film is formed on one electrode and the resistance of the
film increases with the pressure until a certain critical pressure is
reached. When this pressure is applied the film breaks down, the
surge which has caused the breakdown is discharged, and the film
re-forms. Further, on the appearance of high-frequency surges, it acts
like the condensers mentioned above, i.e. the impedance falls to a low
value and the surges discharge.

(¢) “Grounds ” frequently occur on electric mains, and in order to
indicate when such grounds become unsafe and need attention,
‘“ground detectors” are mounted on the switchboard. One type
merely consists of two (or more) lamps in series between the mains,
the junction of thetwo being earthed. If one main has a low resistance
ground (which therefore needs attention) the lamp connected to that
main will be much less bright than the other. If both mains have
high or both low resistance grounds, then the two lamps will glow
alike. In this case, if one lamp be disconnected and the remaining
lamp is brighter, it indicates a low resistance ground : if the remaining
lamp is dim, it indicates a high resistance ground. The student should
thm{' £ this out in detail for himself.

(d) Shunt and compound dynamos are often arranged in parallel
so that larger currents may be supplied to a pair of bus bars when the
load on the station increases. Assume a shunt machine supplying the
load and that it becomes necessary to bring in another shunt machine
to share the increasing load. The second machine is first speeded up
and the voltage adjusted until it is a little higher—about 2 °/,—than
the voltage on the bus bars, and then it is switched on to the bars, the
voltage being further regulated if necessary by the shunt regulator
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until it takes its proper share of the load. The method is somewhat
similar for compound machines save that when the machines as a
whole are in parallel between the bus bars the series coils also are
independently in parallel between one of these buses and a third bus
bar known as an equalising bus bar (Fig.'336): without this third
bar the proper division of load could not be ensured and there would
be the possibility of the field being reversed if a reverse current flowed.

E - E
y - ‘l
° B S < B
B B
Fig. 336. —KQUALISING BAR ¥oR COMPOUND-WOUND GGENERATORS.
BB, B B, Bus-bars, EE, Equalising bar.

When alternators are put in parallel they must not only have the
same voltage and frequency but they must be in phase: the operation
of bringing them into phase is called synchronising, but we cannot
enter into details here.

298. Load Curves: Load Factors.—The student should again
read Arts. 169, 265 before proceeding further. Fig. 337 depicts the
load curves of the Hull Lighting Station for the heaviest and lightest
days in one period of twelve months. The upper curve, showing the
heaviest load, was obtained on December 18th, and the lower curve,
for the lightest load, was obtained on July 2nd.

The actual output of a station in kilowatt-hours during a day
divided by the output that could be obtained by working the station at
its full capacity the whole day is called the statiom load factor.
It should be noted that rated capacity is meant: as a matter of fact
the boilers may be forced and the engines and generators overloaded
for short periods to meet an excessive “peak.” Further, this factor
should be kept as high as possible for not only are the standing charges
(Art. 299) based on 1t, but practice shows that the cost per kilowatt-
hour decreases with increasing load factor.

The actual output of a station in kilowatt-hours during a day
divided by the output that could be obtained from the plant in use
working at its fuﬁ) capacity the whole day is called the plant load
factor. This factor is, of course, larger than the previous one because
its dénominator does not include (like the station factor) the “ spares
in case of emergency. '

T, B, 27
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The actual output of a station in kilowatt-hours during a day divided
by the output that would have been obtained if the maximum demand
for that day had lasted the whole day is called the daily load factor:
it is nearly the same as the plant load factor, Clearly, in Fig. 337, if a
horizontal line be drawn across the top of the winter peak, the load
factor for the day in question will be given by the area under the

curve divided by the area under this horizontal line,

40001
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-

HULL CORPORATION ELECTRICITY
DEPARTMENT.
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TIME
Fig. 337.

299. Systems of Charging for Electrical Energy.
(@) THE FLAT-RATE SYsTEM. —In this a uniform price per B.0.T. unit is levied,

whether the consumer’s load be heavy or light, steady or unsteady, during the
day or during the night, for long or for short periods. The advantage of the
system is that it is easily understood by the man in the street; the main draw-
back is that the large short-hour consumer, for whom plant of considerable
horse-power must be kept in readiness, does not contribute his just share towards
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the expenses of the supply station, whilst the long-hour consumer, taking the
same amount of energy, pays more than his due proportion, for less plant is
required to meet his demands.

(b) Tne Maximum DemaND System.—This is g two-rate system devised by
Mr. Arthur Wright, of Brighton, in which an attempt is made to distinguish
between the good and bad consumer, from the supply company’s point of view.

The expenses in connection with a supply station may be regarded as consist-
ing of two separate and distinct parts, viz. :

(1) Readiness to serve, or * standing” costs, i.e. eapenses incurred by the com-
pany in placing itself in a position to provide a certain output, and including
interest on the money invested, sinking fund, rent, rates and taxes, repairs, de-
preciation, ete. (2) Running costs, i.e. cost of fuel. oil, ete.* Suppose, now, the
maximum output for which the company is prepared is such that a charge of £7
per year per kilowatt will meet the ‘‘standing” costs: clearly, then, A, whose
maximum demand at any time is, say, one kilowatt, must pay 35s. per quarte:
towards these costs. Further, let us assume that A runs his maximum demanc
for one Rour each day, or, say, 90 hours during the quarter, so that, during hi:
maximum demand periods, 1,000 x 90, i.e. 90,000 watt-hours, or 90 B.O.T.
units, will be consumed. Again, let it be agreed that the 35s. be levied on the
energy taken during the periods of maximum demand. Dividing 35s. by 90 we
obtain 4'6d. per unit as A’s contribution towards the “standing ”” costs. But, ir
addition, the ‘“running ” costs of the station must be met; if 2d. per unit wil
provide for these, A’s quarter’s account would be made to comprise a charge o
2d. per unit on all the energy consumed, plus an additional 4-6d. per unit fo
90 units, or, in other words, 6'6d. per unit for the first 90 units, and 2d. per uni
afterwards.

If B’s maximum demand be 2 kilowatts he must pay 70s. per quarter toward
‘“gtanding ”’ costs ; assuming that he uses this maximum demand for 90 hours h
will consume 2,000 x 90 watt-hours, s.e. 180 B.0.T. units, and 70s., divided b
180 gives 4'6d. per unit as before. But B must pay this on 180 units, so that hi
aocount would be based on charges of 6:6d. per unit for the first 180 units, and 2d
per unit afterwards.

The reader will now understand such charge expressions as : “ 6-6d. per uni
for the firat 80 hours (1 hour per day, say) of maximum demand, an(
2d. per unit afterwards.”

Perhaps the chief drawbacks to the system are: (1) the average customer fail
to understand the underlying principle of the charge ; (2) it requires a little car
on the part of the consumer, otherwise the maximum demand may increase cor
siderably on one special occasion, resulting in & large number of units bein
charged for on the higher scale; (3) it does not properly distinguish a ‘¢ day
from an ¢ evening " load.

(¢) AppiTiONAL Two-RATE SysTEMS.—The object of the various two-rat
systems which have been suggested and tried, is to more or less encourage
*“day load” by charging a higher rate for energy consumed during the ¢ peak
or heavy demand period (sunset to 10 p.m., say), & smaller charge being mac

* «“Wages ” are partly * running” costs and partly ‘‘standing  costs.
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for consumption outside the peak period. In the ¢ Double Tariff Meter System”
of the Electrical Company, Ltd., this is accomplished by the use of two meters,
one—the standard—giving the total consumption, and the other—the rebate—
indicating the consumption for a chosen period. Inthis case, if the tariff be, say,
8d. and 3d., the standard meler reading is charged for at 8d. per unit, and the
rebate meter reading at 3d. per unit, the latter account being deducted from the
former in drawing up the quarter’s bill. In yet another two-rate arrangement a
time switch is employed in conjunction with the meter, the function of the former
being to make the meter run slower during the low-rate period, in which case
the total meter indications are charged for on the higher scale. Again, & out-ont
switch driven by a self-winding electrio clock is sometimes used in conjunction
with a meter and demand indicator, its function being to switch the latter in and
out at the beginning and end of the peak period, thus definitely settling the
maximum demand during this period.

(d) PrEPAYMENT SysTEM.—In this, ‘prepayment” or ‘ money-in-the-slot”
meters are employed ; the system is fairly extensively used with small con-
sumers,

300. Points in Favour of High-pressure Distribution.—The
problem before the electric lighting engineer is to supply a large area
with current at a practically constant pressure at all parts of the
system, and at all times, and yet to spend as little in copper for the
construction of mains as is possible. The full considerations are
extremely complicated, and beyond the scope of this book, but we
can nevertheless arrive at one or two general conclusions from first
principles.

Let C be the commutator
P —>i A of a dynamo connected to
+ the distributors P A and
v N B, the glow lamps being
grouped in parallel as shown
- (Fig. 838). Let V =re-
N ie—— B quired voltage for each
Fig. 338. lamp, ¢ = total current re-
quired for the lamps, and

r = total resistance of the leads P A and N B.

Hence the rate at which
energy is utilised for the pro- p —
duction of light in the lamps [
=7Vi watts. The rate at
which energy is wasted in heat
in the leads is #% watts. The
desired object of economy is to
keep the rate of waste as -——
small as possible compared Fig. 339
with the rate of utilisation S
for lighting purposes. The possibility of attainment lies in decreasing

L P S
¢ < &

2N
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1 or decreasing r—the latter by using thicker distributing leads. It
is apparent, however, that the reduction of » must not be carried be-
yond a certain limit, otherwise the interest on the extra cost of copper
may exceed the cost of the waste prevented. ,

Consider now the arrangement of Fig. 339, consisting of the same
six lamps arranged in three parallel rows of two lamps in series per
row. XKach lamp requires the same current as before, but as the one
current now supplies fwo lamps, the total current output will only be
Lalf that above, viz. -;—. Moreover, since the resistance of each path is
double the previous value, it is evident that the voltage must be
double, viz. 2V, in order that each lamp may have the requisite
current. The rate at which energy is utilised in the lamps

=2V x —1; = V7 watts,

-

as before. The watts wasted in the mains

A0 S S

_(2)1' 4_4zrwatts
i.e.  of the previous value, if the same leads are used. Similarly, if
arranged as in Fig. 340, with a pressure = 3V, and a total current =
1
3
mains, working at increased pressures, and ar-
ranging as indicated, less lost watts in these maing 5
would be the result. The lamps, however, are
not independent, for a failure in @ also cuts out
b (Fig. 339).

Another feature in favour of high pressures

in general must be noted. Since smaller
currents are used the leads may be of smaller _
cross-seetion, and thus a great saving may be real- €3
ised in the prime cost of copper. If the pressure Fig. 340.
be increased % times, the current (see above)

the watts lost would be 3th and so on. Thus by utilising the same

may be £ times less, or -I%-of its former value. In illustration, consider

two systems of distribution transmitting equal power, one employing
high pressures, the other low pressures, expressed by the ratio &:1.
Further, imagine circumstances so arranged that the length of and
watts lost in the one system equal those of the other.

Then Watts lost in low-pressure mains = 4*r,
2
‘Watts lost in high-pressure mains = ( 77.;" R),

where R = total resistance of high-pressure mains.
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s \2
Hence, since (_Z—) R =1
R =k,
. ! L . L
— =kp-2,
That is, p < p -
where p = specific resistance of the conductor,

L =its total length,
A = cross-section of high-pressure mains,
a = cross-section of Jow-pressure mains.

1 It
l ——— — —
Thus x =
A=2

B
The cross-section, the weight (and thus approximately the cost) of
the copper of the high-pressure system is, therefore, v that of the

other. Under such conditions as are specified in this example, the
weight and cost of copper are inversely as the square of the pressure;
hence the advantages of high pressures. Of course, other cases arise,
one of which will be discussed later.

301. The Three-Wire System.—The three-wire system of Hop-
kinson and Edison is an extension of this idea of efficient and
economical distribution,
A and is represented in out-
I line in Fig. 341. PA
and N B are the positive

JP ?“} and negative leads re-

spectively, and M M the

M 2v nrl’iedcdle, ieutra,l, or bal-

ancing wire. C, and C,

b are the commutators of

two shunt or compound

wound dynamos coupled

in series. Each machine

S ixls1 capable of producing

the uired voltage V

-V for m lamp, :gg that

Fig. 341 the total voltage between

the positive and negative

leads is 2V, as in Fig. 339. Connections and service mains (8) are as
indicated

w
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The actual current in the middle wire depends on the relative
demands on the two sides of it. In cases where the load is not the
same on the two sides, the balancing wire will carry either from the
dynamos to the lamps or from lamps to dynamos a current equal to
the difference between the currents on the'two sides of it. If the
demand on one side be exactly equal to that on the other, no current
will flow along this portion of the middle wire. The case is, therefore,
very similar to that of Fig. 339, save that the lamps are independent,
e.g. cutting out o will not influence b. In agtual practice the service
mains should be arranged as far as possible so that the load at any
time, on one side, is fairly equal to that on the other, and with this
object in view arrangements may be made for moving a portion of a
load from one side to the other, should the necessity arise. Thus, in
cases of simple Lighting, the current in the balancing wire need never
be of much magnitude; this wire may, therefore, be of smaller cross-
section (in practice about half the cross-section of the other two), and
thus tlfe initial cost of this extra wire may be considerably reduced.
Should motor work be introduced, however, this no longer holds, the
cross-section of the three being invariably the same, for with a motor
on, say, the positive side only, the middle wire must carry the same
current as the positive lead, and so on. The principal advantages of
the three-wire system may thus be briefly summarised :

(1) The balancing wire

(a) renders the lamps independent ; for, although two lamps are in
series in each branch, the failure of any one a on the positive side,
does not interrupt b the one in series with it on the negative side;

(b) results in permissible safe pressures in the customers’ mains,
although higher pressure is employed between the distributors than in
the ordinary two-wire system of Fig. 838.

(2) Since double pressure is used, as compared with the case first
considered, only half the current is necessary in the distributors,
assuming the same number of lamps in each case. Thus, if the
positive and negative leads be of like cross-section and length in the
two systems, and if the load be equally divided, so that no current
flows in the middle wire, we have—

{Loss of powerin) ( Loss of powerin) _ /¢}* .,
three-wire ) two-wire =\g) "7

= 1:4 (see second case considered in Art. 800).

In this example the cost of copper is greater in the three-wire
owing to the additional balancing wire. Its section, however, may be
small, as previously explained.

(3). By employing higher pressure in the distributors, and, there-
fore, less current, these leads may be of smaller cross-section, and thus
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a saving in the initial cost of copper is realised. The full question of
economy of copper involves many factors which cannot be treated
here. The following examples will provide a general idea of the point
in question :

802. Approximate Comparisons of the Weights of Copper on Two-
and Three-Wire Systems—

Cask I.—Let P denote a simple parallel system, and T a three-wire system of
equal length. Further, let the watts lost in P = those lost inT. Let r = resistance
of the leads of P, and R = resistance of T. Then for the same lamps the current
in T = half the current in P, and equating the lost watts we have :

e (2
S R=4r.
Hence the oross-section of the leads of T = % the oross-section of those of P.

Now, assuming the middle wire = } the cross-section of the outer,

Let w represent weight (¢ cost) of middle copper,
.. 2w represents ,, yy ,s positive copper.
and 2w » » » ,» negative copper,
s 5w " i3l i " COPPeTOf T'
Again, 8w " ' ' »» each copper of P.
Thus— {Weigh:f('i‘c cost)} . {Weigh(ff(g cost)} = 5w: 16w
=1:32

That is, we have, roughly, a saving of 69 per cent. in weight and rough cost of
copper by using the three-wire system.

Cask IL—As a further illustration let us consider the case where the number of
amperes per square snch section of P = that of T, the lengths and loads being, as
before, the same in both. 8ince half current flows in T the leads of this system
will be half the sectional area of the leads of P, t.e. R = 2», and—

Loss of pOWGP} . Loss of power} = (.f.)z 2r: il
2

inT in P
=1:2
Again— Sw represents weight (¢ cost) of copper of T,
Sw 9 9 ’ [T Y » b,

8inoe 4w (i.e. 2 X 2w) represents each lead oE P.
_ Weight (¢ cost))  [Weight (oc cost)) _ .
Thus { of T } : { of P } = bw: 8w
=1:16.
That is, we have a saving of about 37 per cent. in weight, and rough cost of the
copper by using T, and only half the watts wasted.

In cases where still higher pressures are desired the five-wire ly-teﬁ has
been employed, in which there are four machines coupled in series between the
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five cables, the three inner cables being of much smaller cross-section than the
two outers. The reader would do well to consider this system on lines similar
to those suggested above, when certain specific merits of the system will become
apparent. While it has certainly proved successful in Manchester, it possesses,
however, one or two marked drawbacks, pa,rtioﬁlarly in regard to pressure
regulation, and so the method is not greatly employed.

303. Balancers on Three-wire Systems.—In Art. 262 we have
indicated the application of a motor-generator as a booster for hoisting
up the pressure at the end of
a long feeder, thus compen-
sating for the lost volts in the
feeder. Allied to boosters are
balancers, which are of ser-
vice on multiple-wire systems
when the various sections are
unequally loaded. Fig. 342
depicts a motor-generator used
as a balancer on a three-wire Fig. 342.
system. The two armatures
keyed to the same shaft are similar. If both sides are loaded alike, the
field magnets will be equally excited, the machines will have equal P.D.’s
across their armatures, and each will run light as a motor. Should,
however, the upper side of the neutral become overloaded, the P.D.
between the positive and neutral
will be reduced, the magnetisa-
<F'._:':%:%. tion of the fields M, of machine

B will be reduced, and since the
weaker the field the greater the
speed of a motor, B will increase

+ in speed, will drive A at this
neuTraL  increased speed sothat A generates

_ EM.F. and delivers current to
the overloaded side. B, acting as

a motor, takes the excess current

Jrom the underloaded negative side

of the neutral.

4 Fig. 843 shows one method of
arranging a battery of accumu-
lators for the same purpose, the
battery E.M.F. being equal to

the fpressure across the outers. Charge and discharge switches on each

half battery permit exact regulation to be maintained, and the current
may be supplied by either the dynamo alone, the battery alone, or
both in parallel. Various modifications of this are in use.

In both the above a single generator is employed, its voltage being
double that required for the lamps.
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304. Long-distance Transmission by Alternating Current.—
We have seen that since the power supplied to a circuit is E I watts,
and the power wasted in a main of resistance R ohms is I’R waitts, it
is advisable to keep the cyrrent as small as possible (thus reducing the
I*R loss) while transmitting the same power, and that the best method
of doing this is to raise the pressure. For example, we can transmit
100 amperes at 100 volts, or 1 ampere at 10,000 volts, and in each case
the power is the same; but in the second case, since the current is 135
of its first value, the loss(in the conductor, if the size of the latter
remains unaltered, is ;5355 of its former value.

Hence, if long distances have to be covered the rule is to transmit
at a high pressure, and, since smaller currents flow, to have a thin con-
ductor, which results in economy of copper. A rough rule for the
most economical pressure for high-pressure transmission is that sug-
gested by Mr. C. Scott, and is to the effect that the pressure in
thousands of volts should equal one-third of the number of
miles over which the energy is to be transmitted.

Of course, up to a certain voltage, we could use high-pressure D.C.
generators at the central station, transmit to a sub-station or feeding
point, transform to lower pressure by means of a motor generator
placed there, and then pass on to the distributing network.

In most cases, however, it is customary to use alternating current
for long distances, and the following are the chief methods employed: —

a) Generate A.C. at an ordinary pressure, raise to a high pressure,
say 10,000 to 20,000 volts, by step-up transformers, transmit at that
pressure to the far end, and then transform down again by step-down
transformers, and if D.C. is required pass the A.C. into a rotary con-
verter and produce D.C. by its means. In modern stations for traction
purposes it is frequently arranged that the alternators generate direct
at 10,000 volts or more, thus saving the first transformer with its
attendant losses.

{(b) Similarly generate high-pressure polyphase current, transmit to
a polyphase motor coupled to a D.C. generator at a sub-station, and
then pass from the generator to the distributing network, or the poly-
phase current at the sub-station could be “stepped down ” by a static
transformer, and then the current could be transformed to D.C. by a
rotary converter as indicated in (@) above.

For very high-pressure transmission alternating current is always
selected, because it is at present impossible to make a satisfactory D.C.
dynamo to generate at, say, 6,000 volts. The trouble arises in the
commutator, which cannot be satisfactorily insulated at these high
pressures,

The British Standardisation Rules (1920) quote the following
figures :—

(a) The standard high-pressure systems for A.C. work are :—2,000,
3,000, 6,000, 10,000, and 20,000 volts.
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(b) The standard generator pressures are:—for D.C. generators,
115, 230, 460, 525 volts, and for A.C. generators, 440, 550, 2,200,
3,300, 6,600, 11,000 volts.

(¢) The standard pressures at consumers’ ferminals are:—for D.C.
110, 220, 440, 500 volts, and for A.C. 100, 200, 400, 500 volts.

305. Advantages and Disadvantages of Various Systems.—
These may be briefly stated as follows: Low-pressure systems are
simpler than high, but, as has been seen, ard not so economical if a
large quantity of power has to be transmitted: the use of higher
voltage in the three-wire system is justified by its more than covering
the cost of the additional wire. 'With high-pressure currents, however,
insulation is more liable to get defective, and if any leak does occur
the danger is much increased. Again, continuous current systems
have an advantage in that they can be used with accumulators, which
allows the main plant to be shut down during the hours of least
demand; whereas alternate current machines must be kept continually
running, as they will not work accumulators. The continuous current
is also, in some respects, more suited for the transmission of mechani-
cal power, and there is less danger than with A.C. On the other hand,
much higher pressures, and consequent economy, can be obtained from
alternating currents than from continuous currents, and alternating
current can be raised or lowered in ({n'essure quite readily and econo-
mically by transformers, and changed to direct current where essential.

In general, for small compact districts, continuous current systems
at low pressure have the advantage, but for widely scattered districts
high-pressure alternating currents should be used.

806. Cable Laying.—The two chief methods are known as “solid ”
and “draw in.”

In the first method the cable rests on porcelain supports in an earthenware

trough, an insulating compound being poured round it, and the trough olosed by
an earthenware cover.

In the second method earthenware conduits are used and the cables are ‘“drawn
in.” We cannot, however, enter into details here.

307. Economies in an Electrical Undertaking.—The distribu-
tion of electrical energy for commercial purposes involves problems of
great scientific and technical interest, for not only have we to secure
economical transmission of the energy itself, but also that nature, size,
and method of laying the mains which will involve the minimum initial
outlay, and minimum annual expenditure for repairs and maintenance.
The.importance of this latter aspect of the problem will be seen when
we remember that in most cases of local distribution, and in nearly
every case of long-distance transmission, the cost of the mains is the
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largest item of the installation, and sometimes is more than the entire
cost of the whole of the generating plant, comprising boilers, engines,
and dynamos.

'We have seen that the power lost in the mainsis measured by I’R watts.
Since during the whole period of working of an installation this lost
energy will represent monetary outlay without any monetary return
whatever, it is obvious that it will have to be considered in relation to
the initial cost of the mains in order to determine the best design of
conductors for economical! working. We have in fact to find the best
size of cross-section which gives the minimum loss of energy with the
minimum cost of conductors.

This problem was first attacked by Lord Kelvin in 1881, who put
forward what is now known as Kelvin’s Law. It states that ‘ the
most economical size of conductor is that for which the annunal
interest on capital outlay just equals the annual cost of the
energy wasted.” In other words, the total annual expenditure for
interest on the investment and energy lost on the line is a minimum
when these two items are equal. The law, however, was afterwards
shown to have only a limited application, although it was a good
general guide. Various modifications were suggested by Ayrton and
Perry, and Forbes in 1885 amended the law to read, *the most
economical area of conductor is that for which the annual cost
of energy wasted is equal to the annual interest on that portion
of the capital outlay which is proportional to the weight cf
conductors used.”

EXAMPLES.

1. If the distance between the feeding centres be 400 yurds on a three-wire circuit
running two 200-volt lamps in series per foot of street, each lamp laking 03 ampere,
what must be the size of the outers if no two lamps are to differ by more than 2 volts ?

Obviously the lamps with the greatest pressure will be those at the feed-points,
while those with the lowest pressure will be half-way between the feed-points.
Since there are two lamps in series between the outers, the maximum drop
permissible is 2 x 2 volts = 4 volts.

Current entering by each feeder = 400 X 3 X ‘3 amperes,
= 360 amperes.
Of this one half goes right, the other half left, and diminishes to zero each way.

Hence average current in distributors = %’ = 90 amperes;

.. Since IR = 4 volts and since R =i11,
. 400 x 3 x 12 x 00000066 _ 4
o ~ %

« = 400 x 368 x 00000066 x 90
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2. A motor taking current of 100 amperes at a P.D. of 2,000 volts 18 run from a
dynamo 8 miles away. If the loss in the leads 18 not to be more than 10 per cent.,
what will be the nearest cable of S. W.Q., and what will have to be the P.D. at the
dynamo ?

Power taken by motor = 200,000 watts. ’

Since the loss is not to exceed 10 per cent., we see that 90 per cent. of power

given out by dynamo = 200,000 watts.

.. Power given by dynamo = —lg x 200,000 watts,
10 x 200000

and .. P.D. at dynamo = 9% 100 volts
= 22222 volts.
Hence lost volts = 222 nearly.
Since lost volts = IR,
=222 _, .
=10 = 2:22 ohms ;
. 2L 299 ohms.
a
. a=16x5280x 12 x 00000066
h 222

soa = 0301 sq. in.
Hence the cable needed is 91/16 S.W.G.

8. If the power in the last question be transmitted at 20,000 volts at the motor end,
what will then be the size of the bare solid conductor used if the loss of pressure is to
be only 5 per cent.?

Since the power is to be the same as before, the new current will be 10
amperes.

) 95
We have mv = 20,000,
-V = = R 154 .
at dynamo =05 21,052 volts
.. lost volts = 1052,
~ IR = 1052,
o 1052 o,
LR = ) = 105'2 ohms.
o l= 1052
a
- @ = 16 X 5280 x 12 x 00000066
a 1052

= 0°00634 sq. in.
s Suitable solid wire = No. 13 8,W.GQ.
Note that the ratio of the weights of the above cables

_ 0301 _
= gogzi = Sl

@, The electric lighting of a block of buildings 8 effected from an engine room
1,850 yards distant. The wiring of the block 18 arranged for the thres-wire system,
and 18 fed by a three-wire feeder, the cross-sectional area of the conducting cores of
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which are 0°5, 025, and 0°5 square inch respectively. There are 700 lamys of 1
candle-power in use on the circuits connected with one side of the three-wire system,
and 550 on the other side. What voltages must be maintained at the generating
station ends of the feeder between the positive and negative conductors and the
newutral respectively, sn order that the pressure between the terminals of each of the
distributing circuits may be 205 volis?  The current required by a 16 candle-power
lamp may be taken at 0°3 ampere, and the resistance of a cubic inch of copper a
066 microhm. (0.)

> 210
P+ - + 205
Positive Sipe. 700 Lawes.
Q 0
45 <
NEcATIVE SIDE. 550 Lamps,
P, - ——— 205,
165 <
Res. of + lead = l T >< .1300‘; 36 _ ‘064 ohm = Res. of — lead
_ 1350 x 36 _
Res. of middle wire = 1‘0‘5 pd g5 = *128 ohm (i.e. 2 -+ lead).

Current taken by 700 lamps on the + side = 700 x ‘3 = 210 amp.
” , 550, o = gy =050 x 3=165 ,,
Tota,l current passing along the + lead = 210 amp.
A“d ’ i ”” ’” s Ty = 165 i1
g s 4, néutral = 45
Ball in \olts in + lead = 210 x 064 = 134

3 s s 3 — 4y = 165 X 084 = 1056
5 3 s o Deutral = 45 x '128 = 576
.. Pot. at P, = 20) + 134 = 2184 volts,
Pot.at Q = 0 - 576 =-576,,

. P.D, between P, and @ = 224°16 volts.
Pot. at P, = ~ 205 — 10°56 = — 21556
- P.D. between P, and Q = 2098 volts.

EXERCISES XXII.

1. A dynamo supplies power to mains over an area of 50 square miles. How
is it arranged that the dynamo shall work at constant P.D., and also that the
pressure in the mains shall be uniform ?

2. What is the advantage of low against high-pressure systems of distribution
and of continuous agaipst alternating current systems? If you were deriving
power from the Niagara Falls and supplying electric energy at a place 500 miles
away, what system of transmission would you adopt? State clearly the advantage
of your system.

3. Explain fully why it is move advantageous to distribute eleotric energy at
a high than at a low potential,
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4. A copper main is already laid, having a resistance of *47 ohm. It is desired
to transmit 5 kilowatts and to deliver it at the distant place at a pressure not
less than 90 volts. Which of the following methods would you adopt : (@) Send
a current at an initial pressure of 117 volts ; or (b) send a current at 2,500 volts,
using a transformer having an efficiency of 86 per cgnt. ?

8. Explain the advantages of the three-wire system of distribution for lighting
purposes. (B.)

6. In a central station supplying continuous current on the three-wire system,
what arrangements would you adopt to keep the pressure constant at the con-
sumers’ lamps? (H.)

7. State the relative advantages and disadvantages of the two following
systems of distributing alternate currents: (a) transformers in consumers’
houses ; (b) transformers in sub-stations. (0O.)

8. Whgn are alternate current systems better than continuous current systems?
Give your reasons as fully as possible. (O.)

9. The declared pressure at which current is supplied to houses by mains
coming from a central station is raised from 100 to 220 volts. If the percentage
loss in the mains is to remain the same as before, by how much per cent. will
their carrying capacity be increased when the heating limit has not to be
regarded ? (O.)

10. A dynamo driven with water-power at a constant speed supplies energy
to fifty 60-watt lamps and a 20-B. h.p. motor used for driving a sawmill 1,000
yards away ; consider what kind of dynamo and motor you would use, and what
electric pressure would be suitable. Calculate approximately the cross-section
you would give to the mains, the drop in pressure that would occur, and the
power required to drive the dynamo at full load. (O.)

11. A, B and C are three points, each at a distance of 157 yards from the
next. At A there is a dynamo, at B a group of 200 incandescent lamps requiring
110 volts and 075 ampere each, and at C a group of 250 lamps requiring 100 volts
and 0'83 ampere each. Calculate the diameter of the copper conductor that must
be used for the lead and return wires between A and B, and between B and C
respectively, if the potential difference maintained at the terminals of the dynamo
is 112 volts; 1 yard of commercial copper wire, 1 square inch in section, has
0°00002435 ohm resistance. (O.)

12. Current is required along a street 2,000 feet long at the rate of half an
mpere per foot run, or in all 1,000 amperes. The voltage drop between any two
points of the mains must not exceed 4 volts. The generating station is at one
end of the street. State size of main and total weight of copper for the two
following cases: (a) The station is directly conneated to the end of the main; (b)
the station is connected to the middle of the main by a feeder of such size that
10 velts are lost in the feeder. Include weight of feeder in giving the total
copper weight. N.B.—A bar of copper 1 square inch in section and 1 mile long
has a resistance of 00425 ohm. One cubio inch of copper weighs ‘32 pound. (O.)
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13. You have in a street a pair of mains, each conductor 0-2 square inch in
area (0°12 ohm per 1,000 yards), and the demand for current is at the rate of one
30-watt 100-volt lamp per yard run. Give the distance between the feeding
points so that the maximum variations of pressure between any two consumers
shall not exceed 3 volts. (O,)

14. You have to deliver 115 electrical h.p. by means of a continuous current,
14 miles distant from the generator. The terminal pressure at the generator is
1,000 volts, and the loss due to line resistance is assumed to be 74 per cent. of
the power delivered. Give the size and weight of the conductor required. N.B.
—A bar of copper 1 square inch in section and 1 mile long has a resistance of
0-0425 ohm. The specific weight of copper is 89, The insulation of the line is
perfeots (O.)



CHAPTER XXIFH.

INDOOR WIRING.

°

308. Switches.—In a general way these devices may be divided
into two classes—viz. (1) Main Switches for use on circuits in which
the current exceeds 20 amperes, and (2) Branch Switches for currents
below this value. KEach may be further divided into single pole (8.P.),
double pole (D.P.), and triple pole (T.P.) switches according as one,
two, or three leads are opened or closed simultaneously. Further,
a switch may open a lead in one place or in two; the former is known as
a single break (S.B.), the latter as a double break (D.B.) switch. Two-
way, multiple way, reversing, and switches for special purposes are also
in daily use. ’

The construction and action of the commoner types of main switches
will be readily understood by reference to the manufacturers’
catalogues.

The essential parts of an excellent tumbler switch, which under the
general name of the “Pivot” is manu-
factured by Mr. A. P. Lundberg for a
variety of useful purposes, is shown [RFHEN
in Fig. 344, the full lines representing "
the “on,” the dotted lines the * off
position, one of the contact arms being
removed for the sake of clearness.
In the figure, A is the contact arm and
B the actuating knob, the two being
attached by means of the pin C. The
knob rocks upon a fixed fulerum pin
H, the contact arm likewise rocking
upon a second fixed fulcrum pin D.
The contact arm is furnished with a
slot F, which, sliding over the fixed
pin D, provides a variable lever action,
and allows the movable pin C to pass :
from right to left, or from left to right Fig. 344.
between the fixed pins D and H when . .
the switch is turned to the “on” and *oft” positions respectively.
The movement is controlled by a spiral spring E, which works between
the contact arms, one end being attached to a fixed hook J, the other
being fixed to the contact arms at G-

T, E. 433 28
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The switch has many valuable features consequent upon the con-
struction and the manner in which the various parts are assembled;
chief amongst them may be mentioned the marked ease of action, the
impossibility of the switch remaining in an intermediate position
between “ off ’ and “ on,” and the effective locking of the contact arms
in the latter condition.

Fig. 345.

(a) Pivot “ Single-way.”—Fig, 345 shows the ordinary single-way pattern,
fitted with a porcelain base, and a dividing rib of porcelain between the contact
springs. Switch covers are of brass or china, the latter being preferable for
damp situations.

(6) Pivot ‘¢ Two-way.”—Fig. 346 illustrates the two-way pattern. With the
arrangement indicated the terminal in the front is in metallic connection with the
back terminal on the right by means of the contact arms which are down; a
movement of the knob rases the contact arms on the right, and lowers those on
the left, thereby establishing connection between the front terminal and a back
terminal on the left.

(c) Pivot ** Intermediate.”—The connections of this switch are shown diagram-
matically at B, Fig. 366. With the knob in one position connection is made
between terminals D and F, and between E and G by two sets of contact arms on
the rocking-piece ; with the knob in another position D is joined to E and F to G
by the other two sets of contact arms on the rocking-piece. The utility of this
switch is given in Art. 319.

(d) Duplex *“ Two-way and Off.”—Fig. 347 gives the essential parts of the
Lundberg Duplex Two-way Switch, which is provided with an ‘“off” position,
the controlling spring D in this pattern being coiled round the pivot C on which
the contact arms A and B rock. In the figure, A is in the ““on ” position joining
a front terminal of the switch with the back terminal on the left, whilst Bis locked
“off ” ; & movement of the knob H into the perpendicular raises A, which becomes
likewise locked in the ‘ off ”* position, whilst & further movement of H to the left
brings Bdown into the ““on*’ position, establishing a connection between the front
terminal and a back terminal on the right. Thus when one contact is *‘on” the
other is locked “off,” an “‘off” position for both being provided intermediate
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between the two; by no possibility can both arms be in the “on” position
together.

mec?
- JEKTRIK

Ing. 347,

(€) ¢ Series Parallel and Of ” or ** Whole and Part Circuit.”—Yet another switch
enables lamps to be put in series, in parallel, or off, and allows the whole or part
of a bank of lamps to be lit as desired. This is effected by means of a specially
designed rocking-piece, somewhat similar to the rocking-piece of the ‘Inter-
mediate ” switch. The switch is fitted with four terminals indicated by the four
double circles of Fig. 369. In one position of the actuating knob two terminals
are joined, as in Fig. 3695, by means of one contact arm on the rocking-piece ; in
another position of the knob two pairs of terminals are joined, as in Fig. 369a, by
means of two brass strips on the rocking-piece ; in a third position the terminals
are completely disconnected (Fig. 369c), i.e. the switch is *off.” Wiring diagrams
for these special switches are given in Art. 319.

Whatever the construction of the switch may be, certain essential conditions—
electrical and mechanical—should be complied with. Briefly these are as follows :

(1) The design should be such as to render the formation of a permanent are
when ocircuit is broken impossible. To attain this the break must be long, the
action of the switch rapid, and the contact arms must be incapable of remaining
in anintermediate position between ‘“on” and ‘‘off.” The actual length of break
depends on the pressure, increasing with it.
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(2) The conducting portion must be of sufficient cross-section to avoid over-
heating. The current density should never exceed 800 amperes per square inch
for copper and 500 amperes per square inch for brass or gunmetal, whilst at the
rubbing surfaces of contaot it should not be greater than 250 amperes per square
inch. '

(3) The base of the switch should be of insulating, incombustible, and water-
proof material. For small switches the bases are generally of porcelain, marble
and slate being used for larger ones.

(4) The covers should be of incombustible material. In cases where covers are
not of insulating material but of metal, the latter must not come into contact
with the internal live parts or mechanism ; preferably metal covers should be
lined with an insulator.

(5) All handles must be so insulated and arranged that live metal cannot come
into contact with the hand of the operator.

(6) It should be impossible for any of the internal mechanism to become loose
by continued use.

(7) Small switches should not contain a fuse; to put both under the same
cover is always more or less a failure.

Fig. 348.

309. Fuses.—The main principles have been dealt with in Chapter
XV. Fig. 348 shows a type in common use. The two terminals
between which the fuse wire is connected are separated by a wall of
china, which divides the fuse chamber into two parts and provides a
break of substantial length. The cover is supplied with ventilating
holes, thus eliminating the possibility of an “explosion” consequent
upon the rapid expansion of the air inside when the fuse *blows.”
For larger circuits the * porcelain handle”” or “ bobbin ”’ type is largely
used. We assume the student familiar with all these however.

In a good fusible cut-out, (1) the base should be of insulating material, inoom-
bustible, and waterproof ; (2) the cover should be incombustible, and either an
insulator or lined with incombustible insulating material ; it should be kept quite
clear of all internal mechanism ; (3) metal parts should not come out at the back ;
(4) thoroughly good connection should exist between the terminals and the fuse
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wire ; there should not be undue heating when the normal current flows, but the
fuse should promptly break circuit when the current exceeds the normal by 100
per cent.*; (5) the extinction of the arc should be prompt ; (6) it is best that the
construction be such that the insertion of a fuse of wrong dimensions is well-nigh
impossible. Enclosed fuses are strongly recommended.

In practice, the switches and fuses for any particular circuit are
grouped together, forming what is termed a Distribution Board.
(Gtood insulation and freedom from the possibility of fire are secured
by constructing the base of slate, free froth metallic veins, and by
means of distance pieces at the back rendering contact with the wall
impossible. To avoid the possibility of short circuit the slab is gener-
ally divided, positive and negative connections being mounted on
separate slabs.

It must be mentioned in passing that fuses and single-pole switches
must not be placed on the middle wire in cases where the three wires
of a three-wire system are continued into the house, for if the house load
on the two sides of the middle be unequal, and the fuse or switch in
question be opened, the lesser loaded side will be subjected to a pres-
sure greater than normal, and the lamp filaments may be destroyed.
For a like reason, in cases where a T'P. switch is used, the middle one
must either close before and open after the outers or come into action
at the same instant. In concentric wir-
ing all fuses and switches must be on
the inner conductor (Art. 316).

310. Ceiling Roses.—These are
devices for establishing connection be-
tween overhead leads and lamps sus-
pended by flexible conductors. A
convenient and much employed pattern
is depicted in Fig. 349. The flexible
of the lamp passes through the central
opening of the cover, and the two parts
then open out, one passing through the
upper hole in the I-shaped ridge of
china and being attached to the ter-
minal on the right, the other passing
through the lower hole in the ridge and
being attached to the terminal on the
left ; the terminals are thus much re-
lieved of the weight of the lamp, etec. )
The leads enter through holes in the Fig. 349.
porcelain base, pass into the metallic
tubes of the terminals, and are fixed therein by the screws shown.

* The LE.K. rules allow 200 per cent. excess if the working current is below
10 amperes.
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Full details of the wiring will be gathered from Figs. 362 and 363.
Numerous patterns of multiple-way ceiling roses are manufactured,
enabling several flexible pendants to be taken therefrom.

Fig. 350 is a plan of, and wiring diagram for, the Simplex Nev»:
Ceiling Rose for *“ Loop-in” wiring. The advantages of ‘“ looping in’
and of this specific ceiling rose are given in Art. 318, The diagram is
self-explanatory.

An efficient ceiling rose shpuld comply with the following conditions: (1) The
base should be of insulat-
ing material, waterproof
and incombustible. (2)
The covershould be in-
combustible, and either an
insulator or rigid metal
kept quite clear of all in-
ternal mechanism. (3) The
terminals should have some

B good insulating barrier be-

tween them and should

not carry the full weight
of the lamps and acces-
sories. (4) No metal parts
should come out at the
back. (5) It should not
contain a fuse. The re-
placing of a fuse in such an

out-of-the-way locality is,

swaron. to sa,y.the lea.s't of it, in-

) convenient, while the pres-

Fig. 350. ence of molten metal and

the detached end of a fuse

wire amongst the internal mechanism is not desirable. Further, the blowing

of the fuse may result in fusion of the flexible and falling of the fittings, to the
discomfort and danger of people beneath.

LAMR

311. Indoor Distribution.—House distribution may be carried
out by two distinct methods, viz. :

(a) The Tree System.

(b) The Distribution Board System,

312. The Tree System.—The incoming mains XY (Fig. 351)
communicate in turn with the company’s main fuses C.M.F., the meter
M, the demand indicator I (when required), the tenant’s main fuse
T.M.F., and thé main switch M.8., the two latter devices being under
the control of the customer.,

In the “Tree” system, a pair of mains extend from the main
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switch throughout the building in a vertical direction and in the
central part thereof. At each floor sub-

mains radiate, and from these again,
tappings are taken to the lamps. Where /\
submaing and tappings emanate, D.P. ° | l

fuses should be inserted on the conductors 8F

of smaller section. These branch fuses are

shown at B.F.; their utility will be Ko BF"":{
gathered from the fact that, if absent, a - — -%

short circuit in any section might result
in the blowing of the main fuse T.M.F,,

thus putting the whole building in dark- x—s

ness, Iv?orhilﬁxta the presence of suita.%le branch x| BT L
fuses will cause the faulty section only to s , S
be affected. Branch switches S are in- Zms
serted for the purpose of controlling the ITMF

The disadvantages of the “ Tree ” system
are: (1) a large number of joints must
be made; (2) the switches and fuses are CMF

P4
b
lamps in the individual sections. . $

in all parts of the building. 4 B 2
313. The Distribution Board System. [ -
Fig. 351.

—Fig. 352 gives in outline the arrangement
for a large installation on the three-wire
system. B, B, and B, are the positive, negative, and neutral wire ¢ bus ”
bars respectively of the main distribution board, M.D.B., situated in a
convenient and accessible position. Considering the left of the figure
it will be seen that three sub-circuits emanate (viz. a,b, c), each being
controlled by a double pole switch 88 and a double pole fuse F F.
Each of these circuits terminates in a sub-distribution board, S.D.B.,
fitted with double-pole fuses and single-pole switches. From these
boards circuits radiate to fuse boards, of which one F.B. is shown,
fitted with single-pole fuses, and from these boards connections pass
to the lamps, which are controlled by small switches in the usual way.
Fig. 853 shows, in outline, a similar arrangement for a smaller
installation on the two-wire system. In some cases a combination of
the tree'and D.B. systems is adopted.

314. Size of Cable.—We have seen that, for a given conductor, the
lost volts and the lost energy are dependent on the strength of the
current and increase with it, and it is well to have a rough rule, by
means of which the size of conductor to carry, without overheating, a
certain curr nt can readily be determined. Such rules have already
been given in Chapter XV., the one still very commonly employed
being the 1,000 amperes per square inch ” rule (but see Appendix 6).

With small currents this density may with safety be exceeded, but,
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by the fall of pressure rather than by the heating effect of the current.
The LE.E. rules allow 2 per cent. + 1 volt drop.

D.P. SWITCHES

'S.O8

with large currents it is some-
what excessive; and in cases
where copper conductors are
not used, but some metal or
alloy of lower conductivity,
such as brass, ete., in switches
and ceiling roses, it is neces-
sary to use not more than 500
amperes per square inch of
cross-section. In many instal-
lations engineers specify that
the drop in volts throughout
an entire circuit in a building
must not exceed from 2 to 23
per cent. of the total voltage,
and in this case the size of
conductor will be determined
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315. Running Leads.—The following rules are usually observed
in all wiring systems :

1. When the leads run up and down, the leals are to the left, and
returns to the right. (Rule remembered as “1to 1, r to r.”)

2. When the leads run along a wall, the leads are low, the returns
are raised. (Rule remembered as in 1.)

3. When the leads run along the ground, the positive lead is to the
left, and the negative return to the right. (Rule rememberedasinl.)

316. Systems of Fixing and Protecting Conductors in House
Wiring.

1. The Wood-casing System.—In this, the positive and negative
wires lie in two parallel grooves extending throughout the length of a
bar of wood (termed the casing), the whole being covered by a
thinner bar of wood (known as the capping).

=h

A
Ing. 354 Fig. 355.
=== fl= S———
|
Fig. 350. Fig. 357,

Casing and capping are generally of American white wood, which
has a straight grain and is easily manipulated. In suiface work the
casing is merely fixed to the surface of the walls, being screwed to
wooden plugs therein ; in concealed work it is buried in the plaster,
the capping in some cases being likewise hidden, in others, the
capping being arranged flush with the surface of the wall. Prior to
erection, the wood is frequently treated with shellac varnish as a pro-
tection against damp. Ca,pging should be fixed to casing by screws
at distances of not more than 18 inches, and preferably along the
outer edges where the width will admit of it (Fig. 354).
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In Fig. 854 A and B depict the method of making end-to-end joints
1 capping and casing respectively, and Fig. 855 shows a flat right-
ingled joint. Fig. 856 gives an internal and external view of an over
I joint, whilst Fig. 357 depicts an under T joint: the latter necessi-
ates the cutting away of the wall to accommodate the bridging over
f the wire, and may lead to imperfect workmanship ; the former is a
jood one, but inartistic if too freely indulged in. At all angles the
rooves should be rounded so that the conductor does not take a
harp bend. ,

The advantages of the system may be claimed to be :—(1) Economy in first
ost. (2) The conductors are a good distance apart; they can be readily
1spected and additional lamps added. (3) The capping can easily be made to
armonise with existing decorations.

The chief disadvantages are:—(1) It is not fireproof; in fact, it is highly
aflammable. (2) It is unsuited for exposed and damp situations, for it readily
bsorbs moisture, and in this condition is really dangerous. (3) It is often
ttacked by vermin. (4) Owing to the numerous joints, etc., a vast amount of
ibour (at a high rate) is entailed in its neat and proper erection, and it does not
eadily lend itself to the surmounting of obstacles—e.g. cornices, pipes, ete.
5) Special arrangements, not absolutely satisfactory, have to be made for wire
rossings, and in this connection it lends itself to defective workmanship.
3) It lacks mechanical strength and insulating properties.

With regard to the leaving of unsightly orevices at the joints of capping and
asing, the driving of nails or fixing of screws so close to the grooves as to pierce
he insulation, the cutting through of the casing when rounding off the corners
f the grooves, the careless driving of huge nails through boards below which the
weing runs, the fixing of casing below water-pipes without thoroughly protecting
» from leakage of water, the bunching indiscriminately of positive and negative
rires in the same groove, or even the utilisation of the casing for hat pegs,
icture hangers, and physical developers, the best advice that can be given is to
uote that of our friend ‘‘ Punch ”—DON’T.

(2) The Simplex Conduit System.—Conduit systems consist of the
tilisation of metallic tubes with specific metallic accessories. The
implex conduits are of steel, stove enamelled or galvanised, and are
1anufactured in two main types, viz.: (1) Light gauge conduits;
2) Heavy gauge conduits.

In Ordinary Light Gauge the conduit has an open longitudinal
:am (i.e. the edges of the steel strip forming it-are brought closely
»gether, but are not actually metallically joined), and the ends of the
1bes are so formed as to fit accurately into specific junctions, bends,
ispection boxes, etc. For ordinary surface work in dry situations
1ese light gauge socket junction tubes are suitable, for they afford
pod mechanical protection and safety from fire, and can be erected at
88 cost and in shorter time than other types; but for circuits run in
laster or exposed to steam or vapour, and in cases where mechanical
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injury is possible, conduits with a closed seam, or conduits without a
seam, arenecessary. To this end, Brazed Light Gauge conduit is con-
structed ; it is similar to the above, but the seam is metallically
closed by hand brazing. Seamless Light Gauge, yet another pattern,
is absolutely without a seam. '

In Heavy Gauge Wireduct the edges are joined by welding, and the
ends of the tubes are provided with a screw thread. Heavy Gauge
Brazed is similar to the brazed light gauge, but its walls are thicker,
and screwed junctions are employed. Heavy Gauge Screwed Solid
Drawn differs similarly from seamless light gauge.

For high-pressure work the L.LE.E. recommend the adoption of a
conduit system, the tubing being electrically continuous throughout
and effectively earthed (zero potential), so as to eliminate the danger
from shock consequent upon a fault leading to the electrification of
the tube. In the case of the screwed conduit, continuity is readily
provided ; with the light gauge socket tubes, the condition is realised
by the utilisation of the contact mipple—a split screwed bush which,
when screwed into any fitting, grips the conduit and secures per-
manent continuity. Heavy Gauge screwed is, to-day, most exten-
sively used.

In tube systems, the conduits with “ draw wires’’ threaded through
them may be erected
before the building
is completed, an1 the
leads drawn in after-
wards by hooking the
draw wires to them,
or the leads may be
erected simultaneous-
ly with the conduit ;
in the first method
“draw-in"’ boxes must
be inserted at con-
venient places.

A large number of
accessories, such as
bends, couplings, T
jointing,and through- Fig. 358.
connection boxes, ete.,
are provided, thus facilitating erection and dispensing with the
ordinary process of joint-making in the conductors. Fig. 358 depicts
a T connection box.

The advantages olaimed for the Simplex System are :—(1) It affords efficient
mechanical protection and safety from fire and damp.  (2) It involves a minimum
of time, labour, and cost in erection. (3) It is light and durable. (4) It admits
of perfect continuity and efficient earthing.
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The main drawbacks to plain tubing in general are :—(1) The possibility of
internal roughness or the ¢‘burr” left by a careless wireman in cutting the pipe,
injuring the insulation of the wires in ‘‘drawing in.” (2) The possibility of
internal condensation of vapour, working destruction on the insulation and
leading to injurious rusting 4nd corroding effects. (3) The possibility of un-
fortunate results following any marked leakage or electrification of the tube.

(8) The Bergmann Conduit System and the General Electric Com-
pany’s Conduit System.—In general appearance these are similar to
the preceding. The Bergrhann consists of a brazed steel tube and a
complete set of accessories, but the tube is thoroughly lined with an
insulating compound, from 5 to - of an inch thick, the junctions,
etc.,, being likewise insulated. The conduit and fittings are of the
screwed pattern and readily admit of perfect continuity and earthing.

Paper insulated steel tubes have for some time been manufactured
by the General Electric Co., but no very successful method of lining
the fittings with the paper could be devised. This difficulty has now
been overcome by coating the interior of the fittings with a mineral
compound before enamelling. The initial cost may be reduced by
using the unscrewed type of conduit in conjunction with insulated
fittings and patent nipples. Screwed conduits can also be obtained.

The specific advantages of these insulated conduits are :—(1) The insulating
lining is waterproof, reduces internal condensation and prevents the injurious
rusting and corroding effects. (2) The lining provides a smooth interior surface ;
the absence of ‘‘ burrs ” eliminates damage to the wire insulation in ¢ drawing
in.” (3) They provide sound electrical and mechanical protection for the wires
and freedom from fire risks and arcing between conductors and tube.

(4) Andrews’ Concentric System.—In concentric systems, the outer
tube forms one of the conductors ; it is separated from the inner con-
ductor by insulating material.

One form of Andrews’ cable consists of an outer copper tube

(tinned) within which runs the other conductor, the
pee  latter being provided with a covering of vulcanised
rubber, and separated from the former by an insulating
bedding of impregnated paper. The outer is continuous
throughout the installation and is earthed (zero poten.
tial), thus rendering a violent shock on coming into
contact with it impossible.

Special junction boxes and other accessories are

rovided whereby the labour item in fitting and erecting
18 reduced to a minimum.

Perfect continuity of the outer is the feature aimed

Fig. 359. at in the construction of all accessories, and for this

reason, too, all switches and fuses must be placed on

the inner conductor. Thus, should the outer O (Fig. 359) carry a

switch 8, the opening of the latter would cause the outer below it tc

amep=edean
]
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take the same potential as the inner I, and any one accidentally touch-
ing the outer below 8 would receive a shock.

The wiring of ships is frequently carried out on the concentric system,
tll:e ollllter being earthed by connection with the metallic framework of
the ship. ¢

(5) The British Insulated Wire Company’s Twin Cable System.—In
this system both wires are enclosed in a seamless lead tube, which
latter is usually earthed. In one form, the two wires are, in section,
each half a circle, and each is covered with manilla paper to the

uisite thickness; the two are then stranded together with the flat
sides facing each other, and paper is wound round the combination.
The cable is next allowed to remain in hot insulating oil until the
paper becomes thoroughly saturated, after which it is passed through
a hydraulic press, by which means the lead covering is fixed on it.
The advantages claimed for the system are:—

(1) It is perfectly waterproof, ensures safety from fire, has high insulation
properties, and is most durable.

(2) It is small and flexible and can be erected with ease in situations where
wood casing and conduit erection are difficult.

(6) Other Flexible Wiring Systems.—In one type of Simplex Flexible,
the wires are covered with rubber and cotton,and the whole “armoured”’
by tinned irom, the outside diameter of the cable being ‘3 inch. In
another type the wires are covered with special flame-proof material.
In the Stannos Wires of Messrs. Siemens Bros. the copper wires are
insulated with rubber or unvul, paper taped, and covered with tinned
copper sheet. Various patterns of wall clips and other wiring accesso-
ries are supplied for erecting these flexible wires. The small initial
cost, the ease and simplicity of erection, the rapidity with which the
work can be done, a,ng the fact that they can be easily applied to
existing houses without interfering with decorations or architectural
features to any extent, have given an impetus to flexible systems in
recent years.

(7) Metallic Casing.—This is more or less a combination of the
general idea of wood casing and cap-
ping and of metallic conduits. The two
metallic portions (Fig. 860) correspond-
ing to the wood casing and capping re- .
spectively are each larger than a half Fig. 360.
cylinder, so that when one is pressed
home over the other a very firm connection is obtained. The system
claims most of the advantages of the solid conduit systems previously
. mentioned, whilst the somewhat awkward process of * drawing-in” is
eliminated, and the wiring admits of easy inspection just as in the
wood casing system. A flexible variety of casing which can readily
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be made to pass round corners, beams, mouldings, etc. (Fig. 361),
has recently been introduced.

It may be mentioned in passing that single wires should not be
placed in metal conduits, if alternating currents are
employéd, for the eddy currents developed in the
tube would result in a waste of energy in the form
of heat and a lowering of the pressure, thus
diminishing the efficiency of the system.

[

317. The choice of a System.—There are numeorous
other systems, even brief summaries of which space forbids
our giving. The particular system to be adopted, or the
particular make of conduit to beemployed, must of necessity
be regulated by many considerations, such as, for example,
the amount of money to be spent; whether the work is to
be ‘‘surface” or concealed”; whether the situation is
damp ordry; whether the installation 1s ikely to be subjected
to steam, chemical effects or mechanical injury ; subsequent
extensions, etc. Hard-and-fast rules are in consequence im-
possible, but the following general ideas may be submitted :

(1) For perfectly dry situations, where rough usage is
impossible and where the price is of vital importance, wood
casing may fulfil requirements ; taken all round, however,
it is not an ideal system and 1s gradually becoming looked
upon as the hall-mark of cheap and inferior wiring.

(2) For surface work in private houses or publio buildings
Fig. 361. free from moisture, where the cost must be maintained at
a fairly low figure, light gauge conduit, such as the Simplex

Ordinary, suggests itself.

(3) For concealed work in plaster or cement, or for surface work subject to
steam or vapour (e.g. laundries) or mechanical injury (e.g. workshops), and where
at the same time the cost must be kept as low as possible consistent with the
conditions, a brazed or welded tube such e. g. a8 the Simplex brazed, the uninsu-
lated brazed and screwed of the Bergmann System, or the ordinary conduit of the
General Electric Co., may be recommended.

(4) For the best work where cost is not the ruling factor, solid drawn screwed
conduits of the Simplex type, or insulated tubes such as the Bergmann, eto.,
should be employed ; the last named, used in conjunction with insulated accesso-
ries, cannot be improved upon for safety and reliability. Of course flexible
systems are very convenient and quite satisfactory for many special cases.

318. Looping in.—This is a term given to a method of connection
to lamps, switches, etc., whereby the ordinary process of joint-making
in conductors is eliminated.

Fig. 362 depicts two lamps L L, each controlled by its own switch
88,; clearly joints must be made at A, B, C, and D.
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Fig. 863 shows the ordinary method of ‘“ looping in " applied to the
same arrangement. The lower lead is carried down to the switch, bared,
and looped into one clamping screw. The

er lead is similarly looped into ome,

up{: T

4 : . N A I

ceiling-rose connection. Another wire is

run back from the second switch screw to

the second ceiling-rose connection. L s L
s

Fig. 364 shows the method to be em-
ployed with the Simplex ceiling-rose of » Fig. 362.
Pig. 350. In the preceding method, one
of the main cables is brought down to the switch; in this method

v o

Fig. 363.

it is only necessary to bring down two single wires which carry the
current for one lamp only, and not the main current in the circuit.

et e [T !
I . ! U

—— - cvme  w——  ore—
* S ¢ G ¢ D ¢ W ¢ G

These wires leading to the switch being thinner, a smaller conduit
down to the switch may be employed; thus a saving is realised
alike in wire and in conduit.
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319. Wiring Diagrams and Problems.—It 1s to be regretted that the

public are unaware of the many convement and economical adaptations of electri-
aity in lighting, for these conveniences alone should place 1t eassly ahead of gas.
In the fullowing we summarise a few of these adaptations :

Fig 306o.

(@) Fig. 365 shows a group of lamps which can be contiolled from two points
by the use of two-way switches A and B; 1t 18 employed 1n cases where 1t 18
desirable that the lamps be capable of being turned on or off at either end of a
corridor or either the top or bottom of a flight of stairs, A person passing, for
example, along a corridor, may turn on the lights at one end on entering, and cut
them off at the other end on leaving, the circut beung then ready for the next
person passing in either direction.  The method lends 1tself to bedroom highting,
switch A, for example, being near the door and B near the bed

L] £
EKIRIK,

If1g. 306,

{b) In the caso of long corridors and staircases in hotels, it is often desirable
that the lamps be capable of control from intermediate positions as well as from
the extreme ends ; this 1s accomplished by the use of wtermediate switches at the
additional controlling points. ¥ig. 366 shows the arrangement for a three-point
control, the continuous lines representing one position of the switches, the dotted
hines the other ; 1n the figure the lamps are Iit, but a movement of any one of the
switohes will extinguish them, whilst a further movement of any one will light

them up. As many intermediate switches may be used as there are intermediate
points of control.



(¢) Fig. 367 gives a useful modification of theabove.
room, say, are placed a sngle-way and a two-way and off sawitch,
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On the left, 1n the portet's
With both

these switches of the lamps cannot of course be lit ; with the ¢‘ two-way ™ on and

ALLY
EKTRIK,

g, 367.

the ““single™ off; the circuit can be controlled as in (b)) above ; with the ‘“single”
on the lamps cannot be extinguished by any of the other switches, thus, at times,
the housekeeper or porter can have absolute control of the lights.

(d) In Fig. 368 we have
an arrangement surtable for
an economical student who
desires to study **Tech-
nmcal Eleotrieity” in bed
D 18 a lamp at the dressing
table, C another near the
bed ; a two-way switch B at
the door enables D to be put
on or off, and irrespective of
the postion 1n which this
switch 1s left, the three-way

Fig 3oYa.

RECE
ALY

Fig 369b.

4
switch A at the bedside enables cither lamp to be controlled, but at no time can

both lamps be ht together.
T. B.

29
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(¢) A useful adaptation of the series parallel and off Duplex switch i connection
with a two-light electrohier is shown 1 Fig 369, whereby 1t1s possible to hight
one or both hghts with one switch; Ihg.
369a gives the two in parallel; in Fig. 3698
one only 18 it, whilst Fig. 369¢ shows both
extinguished

(f) Figs 370a, b, ¢, deprct the above switch
controlling the lamps n a corndor ; in the
first all hghts are on ; the second shows how,
after & certain hour, every third lamp only
18 it, and 1n the third all hights are out.

() Problem.—-Two three-liyht pendants
(@) and (b) are to be controlled by two switches,
one wntended to hght one lamp, the other
two lamps 1n each pendant.  When both
suntches are closed, one lamp tn (@ and two in (b) hiyht wp. Indicate by a dwagram
the mastakes in the connections
and show how you wonld entax
remedy same (C. & G.—Pre- —
Iim ).

In Fig. 3711 PQR and
P, Q, R, denote the three
contact pieces on the ceiling-
roses, K, the switch intended
to light one lamp and K, that
intended to light two lamps
in each pendant. Tf the two lamps of (1) be connected to stnd Q and the one
lamp of (b) between P, and
e Q, an examimation of the full
GSLTHN  1cs will show that, with
both switches closed, one
lamp m (a) and two in (b)
will hight up. If the returns
from the two lamps of (a)
and the single lamp of (b)
be jomed to R and R, re-

Fig. 369c.

Fig 370q

Fig. 370b.

spectively (dotted lines) ] neee
the necessary conditions of ; leiinie
the problem will berealised.

320. Disposition and
Number of Lamps for
House and Workshop
Lighting.—Of the many
approximate rules which
have been given, the two following may be taken as typical and useful :

g 370¢.
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(@) Incandescent Lighting.—One 25 c.p. lamp
0 ft. from the floor lights a circle 8 ft. in dia-
neter with quite good illumination.

(b) Arc Lighting.—For workshops, etc., 10
mpere arcs each about 15 ft. above the floor
nd 45 ft. apart, give satisfactory illumination.

For the wiring contractor various tables
1ave been compiled from which the necessary

mber of lamps in specified cases may be Fig. 371.
stimated : thus a general formula is:— .
No. of lamps = Floor area in sq. ft. X necessary candle feet

Utihisation tactor x Lumens for the lamp used

Tables give the necessary illumination in candle feet for various cases—work-
iops, offices, sewing rooms, ete. The utilisation factor —also given in tables for
pecified conditions—is the fraction of the light given out by the source which is
wvailable on the working plane. The ‘‘lumens per lamp” for various fypes of
wmps working at various pressures is also given in tables. Knowing the total
wumber of lamps the ¢ spacing ” is readily settled.

EXAMPLE.

A four-storied mill is to be lighted with two hundred 16-candle-power 200 volt
wmps on each floor, and the height of the mill is 48 ft. Design a system of mains
from the switchboards on the respective floors to the main switchboard—which is

80 yards distant from the point where the mains enter the building—

/\ such that each floor shall be independent of all the others, and the

s, drop of pressure between any switchboard and the main switch-

board shall not exceed 1% per cent. when all the lamps in the building
—|l=  are twrned on. (0.)

S, Since the height of each room is 12 ft. and the switchboards for

‘ each (viz. $,8,8;8,, |Fig. 872) are, say, 5 ft. (usual) above the

= floor:

(a) Length of mains, lead and return, from main switchboard
MStoS; =2 (240 + 5) = 490 ft.

If the lamps take 4 watts per candle, the total watts delivered
to the first floor = 16 x 4 x 200. If I be the current, then—

Since the pressure = 200 volts,

giiiini 8 2001 = 16 x 4 x 200,
M; - I = 64 amperes.
MS
Fig. 372. “Drop” allowed between M S and S, = 1} per cent. of
200 = 3 volts.
Hence since R = -}%‘ .

Total resist. of mains from M S to S, = & ohm.
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/
But R=p%; a._.%,
. 66 . 490 x 12 64
e T RS B X

= ‘082790 sq. in.

oross-section of mains for first floor.

(b) Length of mains, lead and return, from MS to S, =2 (240 + 17
= 514 ft. The current is, as above, 64 amperes, and the resist. ;% ohm, so tha
the ¢‘drop” is 13 per cent.

Hence if a, be the cross-section—-

Bl4 x 12
: 106 ;X 1 ’3" ;
= -086845 sq. in.

cross-section of mains for second floor.

(¢) Similarly, length of mains for third floor from MS to S; = 2 (240 4 29
= 538 ft., and if a; be the cross-section—

68 538 x 12 64 |
T W 3
= "09090 sq. in.
= cross-section of mains for third floor.
(d) And, again, length of mains from M S to S, = 2 (240 + 41) = 562 ft., an
if a; be the cross-seotion—

a; =

66 562 x 12 64,

108 1 3’

‘094955 sq. in.

cross-section of mains for fourth floor.

ay =

no

EXERCISES XXIII.

1. Describe, with sketches, the essential features of a switch for inside woi
suitable for controlling a 5-ampere circuit, the pressure being 100 volts. (P.)

2. Is it desirable to use fuses on electric light ceiling-roses and switche
Give your reasons. (P.)

3. Contrast the advantages of wood casing and of interior conduits for hous
wiring. (P.)

4. How would you fix and protect electrical conductors in the following poi
tions : (a) between floor and ceiling ; (b) running through a wall ; (c) in a dan
cellar? (P.)

B. Describe, with sketches, a system of wiring houses in which the wires r
in metallic tubes. State what you consider to be the advantages and disa
vantages of the system you describe, and mention any case in which special ca
is needed in carrying out this method of wiring. (P.)
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8. Desoribe, with sketches, the method of wiring for a four-light pendant so
that one light may be turned on or off both from the top and from the bottom of
a flight of stairs with switches at top and bottom, and the other three with a
switch at the top only. (P.)

L]
7. Desoribe, with sketches, the method of wiring and fixing a two-lamp
bracket fitting with switches on the wall beneath, so that either of the two
lamps can be turned on independently. (P.)

8. What do you understand by ¢‘looping in,” agd what are the special advan-
tages of the system?

9. An electric light installation, the wiring of which is contained in an earthed
metallic covering, is supplied from a source having its negative side definitely
earthed, and is provided with two main fuses, one protecting the positive and the
other the negative bus-bar of a circuit distributing board. It is found that with
the negative main fuse withdrawn there is no interruption of supply ; but if with
this fuse still out, the negative fuse of one of the circuits on the distributing
board is withdrawn all the other circuits are interrupted, but this one still
lights, State the nature of the fault, and indicate its position by means of a
diagram. (0.)

10. A building of four floors has ninety 8-candle-power lamps on each floor :
the height of each floor is 18 ft., and the mains run straight up in the middle
of the building. On each floor is a passage extending 100 ft. each way from the
middle, and in the passage on each side of the middle are five lamps. Opening
out of the passage on each floor there are twenty rooms to the front and twenty
rooms to the back, each room containing two lamps. Calculate the size of the
mains coming from the bottom to the top of the building, of the sub-mains in
the passages, and of the lamp leads, on the supposition that when all the lamps
are turned on the drop in pressure from the basement to the furthest lamp does
not exceed 2 volts, and that the pressure supplied is 100 volts. (O.)

11. A rectangular building consists of five stories, of 12, 12, 11, 11, and 10 ft.
in height respectively, and each floor measures 50 ft. by 100 ft., and is to be lit
with eighty 16-candle-power lamps, the lamps being distributed evenly over the
floors on the two-wire system, and regarded as taking 60 watts each. The main
conductors pass up the wall at about the centre of one of the long sides of the
building, and 3-ampere-way distributing fuse boxes are to be provided on the
floor ; the lamp circuits are to be of 3/20 conductor and may be run parallel with
either wall, but not diagonally. Calculate the sizes of the mains, and the
number of branch circuits, so that the maximum fall of potential when all the
lamps are on does not exceed 1} per cent. (a) when the supply is at 100 volts
pressure ; (b) when the supply is at 200 volts pressure. The resistance of 3/20
conductor is 0-27 ohm per 100 ft., and of a cubic inch of copper 0 66 microhm. (0.)



CHAPTER XXIV.

ELECTRIC BELLS, TELEGRAPHS AND TELEPHONES—
MISCELLANEOUS.

321. Electric Bells, Relays, Fire Alarms, Indicators.—The
construction and action of the trembling bell which continues to
ring as long as the push is closed will be gathered from Fig. 373. In
it LM NR is an electromagnet opposite the poles of which is a soft
iron armature I attached to a
brass upright K by the steel
spring S. The brass screw E
works in the bearing H, and
its end and the back of the
armature, where it touches, are
tipped with platinum. Omne end
of the coil is attached to termi-
nal T, the other end being
attached to the upright K,
whilst terminal T' is joined to

Fig. 373. H. Thearmature I carries the

hammer C, which strikes the

gong G. On closing the push P, current flows, the armature I is

attracted, and C strikes G. When I is drawn forward, the circuit

is broken, the cores lose their magnetism, and the armature flies back

again, making contact with E, and the action is repeated; thus the
bell continues to ring as long as P is closed.

The screw E and armature L are tipped with platinum, owing to
the fa,ct. that a spark, due to the extra current at break, takes place
when T is attracted. This tends to oxidise and damage the contact
points, and platinum does not readily oxidise or fuse.

By connecting K to T" and breaking the conmnection between H and
T’ the bell is converted into a single-stroke bell. When the push is
closed I is attracted, and the hammer strikes the gong. As, however,
the circuit is not broken the armature remains attracted. To ring
again the push P must be opened and again closed.

. Fig. 374 depicts the continuous-ringing bell—i.c. one which con-
tinues to ring even after the push is opened. The armature carries a
projection p, on which rests a lever I, which is joined to H. A second
contact screw and bearing are joined to a third terminal T,. The
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figure shows the bell in its normal condition. When P is closed,
current flows via T, KSHT, and back to the battery, I is attracted
and the hammer strikes the gong. When I is attracted the lever L
drops from the projection p on to C, and even if P be opened a path
is still there for the current—viz. B to T, KsSHL CT, and back to B:
Thus the bell continues to ring until L is raised from C and placed on

the projection p.
AN

sl _pja IC
$

s -
Tig. 374. Fig. 375.

Fig. 375 shows the essentials of a magneto bell worked with
alternating current. The armature A is capable of rocking about P,
and carries the hammer H, which strikes alternately the gongs G and
&'. N and S represent the poles of a permanent horse-shoe magnet ;
it is clear that S, acting on the armature, will induce a north pole in
the centre thereof and south poles s and s, at the ends, whilst N, acting
on the horse-shoe iron core, will induce a south pole at the bend and
north poles » and =, at the ends. Imagine now that the current flows
in such a direction that B becomes a north and C a south; clearly the
attraction between n’ and s will be increased, whilst repulsion will
ensue between the poles on the right, the armature will tilt, as shown,
and H will strike G'. When the current reverses so also do these
actions and H strikes G.

In the case of large buildings, the
current passing through a long line G-L‘ __:l__B
wire may be too weak to ring the bell, 4 {
and in such cases a relay is employed.

Fig. 376 will render the principle clear. '
When P is closed current from B passes
through the coils of the relay R, and the Fig. 376.

armature is attracted, thereby bringing

the projection p in contact with the screw S and closing the local
battery circuit on the right, current from B, ringing the bell.

" Tig. 877 depicts a common type of thermostat or fire alarm. The
vertical rod is a strip of brass and one of iron fixed together, the brass
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being on the left in the figure. When the temperature rises the brass
expands more than the iron; the compound rod bends inwards, in time
making contact at the bottom and ringing the alarm
bell. In another type the air in a closed vessel ex-
pands by the heat, bulges out the top of the vessel,
thereby making contact with a stud and closing the
bell circuit. In yet another the chamber is partially
exhausted; when the glass front is broken by a
person giving the alarm, the air rushes in, forcing
a thin metallic plate against a contact screw behind

Fig. 377. i, 1ihereby closing the circuit and ringing the alarm

bell.

Fig. 378 shows a common type of indicator. When current passes
through the indicator coils the armature is attracted, and the flag
attached thereto indicates the quarter from which the summons has
come

0

¢ INDICATOR ¢

o Lo b

322. Circuit Diagrams.—When a number of bells are required to ring
simultaneously on the closing of one push they are placed in parallel (Fig. 379a).

Fig. 3798 shows how A may ring up B or B ring up A, without ringing the
bell at his own end. Fig. 379c shows the same with special switches and a
single line of wire between them, the earth being used as “ return,”

-
T

Fig. 378.

(4) ' .\. \
. l|_|. I

Fig. 379.

Fig. 379 shows the connections for ringing a bell from four different rooms—
A, B, 0, D—a four-way indicator and relay being employed.

Burglar alarms may be looked upon as merely specific pushes attached to
windows or doors, etc., in such a way that when the latter are interfered with
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an alarm bell rings. Fig. 379 shows the closed-circuit system. Aslongas
matters are normal, current flows, and the armature of the relay is held down in
the position shown, but when B is opened by the opening of a window, say, the
armature goes up against the stud, closing the bell circuit, and the bell begins to
work as a trembler. Fig. 370r shows the open-circuit system: when B is
closed by the opening of the window the bell rings. In the first system if more
than one window is to be fitted they are placed in series : in the second system

they are in parallel. It is usual to provide a switch K to cut out the alarms
during the day.

323. Principles of Telegraphy.—Only the simplest reference to
one or two general principles can be given here. For fuller details the
student must refer to some modern book on Telegraphy.

Overhead lines are of galvanised iron or copper supported on
wooden poles and insulated from them. Underground lines are
generally in the form of a cable, the separate copper wires being in-
sulated from each other by gutta-percha or they are paper insulated,
covered with a lead sheath: they are laid in cast iron pipes or earthen-
ware conduits. Submarine cables are composed of an inner strand
of copper wires, a gutta-percha envelope of several layers, a covering
of tarred hemp, and an outer covering of iron wires covered with hemp.
The shore ends are made much stronger than the rest. It will be
noted, in the diagrams that follow, that in telegraphy the earth is
used as the (so-called) “return.”

The principle of the single current key will be gathered from
Fig. 380. In the normal condition the key
<7 is held in the position shown by the spring
S, and the “line” is therefore connected to
R which in turn is in connection with the
L recording apparatus. When the right-hand
Receiver ~"° Battery side of the key is depressed the circuit is

Tig. 380. broken at R and the line is connected to B
which in turn communicates with the battery.

In the Morse System the two signals which form words, ete.,
according to a pre-arranged code (the Morse Code) are currents of
short and long duration (“dot” and “dash”). One method of
receiving them is by means of a Morse Sounder which consists of an
electromagnet fitted with an armature in such a position that the
latter is drawn down upon a stop when the current flows and flies
back against another stop when the current ceases; the operator thus
listens to the clicks and notices whether the intervals between them
are “short” or “long” (““dot” or “dash”). Another method of
receiving the signals is by means of the printing mechanism ; in
this the armature is attached to a small inked wheel and under this
is drawn by clockwork a long narrow strip of paper. When the
armature is not attracted the wheel is clear of the paper but when
attraction ensues the wheel comes into contact with the paper and

SLIIILIIIITLIILELLSF1 LTI IR PTTIISS




TELEPHONES—-MISCELLANEOUS. 459

prints a dot or a dash according as the duration of the current is
“ghort” or “long.” Combinations of dots and dashes form letters,
etc., according to the Morse Code, eg. A. —, B —..., C —. —. ete.
A gimple circuit is shown in Fig. 381. If the key on the left be
depressed it will be lifted from the »
upper contact and current will flow
from the battery on the left to the
depressed key, thence to line, to
the sounder on the right, to the
key and to earth. The line gal-
vanometers inserted at each end
(Fig. 381) show the operator,when
“sending” if his apparatus is Fig. 381
working correctly. If the distance
between the stations is great the line current may be too weak to
properly work the sounder; in
this case a relay is employed,
i.e. the line current actuates
an electro-magnet so that it
attracts an armature and
thus brings a local battery
into circuit to operate the
sounder. The action of the
relay will be gathered from
Fig. 381a.

324. Principles of Duplex Telegraphy.—In Duplex telegraphy
it is possible to send two messages simultaneously along the same
wire, t.e. station A can transmit to station B at the same time as B
is transmitting to A. The principle of one method—the differential
duplex—will be gathered from Fig. 382. The relays M, and M, are
each wound with two equal coils in opposite directions and arrange-
ments are such that, for station A for example, the resistance of coil
D, plus the resistance R, is equal to the resistance of coil C, plus the
line resistance plus the resistance of coil C, and a similar relation holds
for station B.

It is almost unnecessary to say that Fig. 382 is diagrammatic
only, in order to show the principle: this is particularly so in the
winding, ete., of M, and M,. 'The sounders, etc., which respond when
the armatures of M, and M, are affected are not shown.

If A only is transmitting to B then on closing K, the current divides
into two equal parts at X and since C, and D, are wound in opposition
they cancel each other’s effect on M, which therefore does not respond,
but the current passing through C,, line, C,, to earth actuates 5 SO
that the signal is recorded at B. A similar explanation holds if B only
lransmits to A.

Suppose now that A and B are both “ sending” logether, say each
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sending a “long current.” As the two batteries are working “equal
and opposite ” through C,, C, and line, there will be (practically) no
current in this part, but current continues to flow through D, and D,
so that both M, and M, respond to a ‘“ long current,” i.e. they respond
as long as K| and K, are held down.

* M.
LINE c 2D
[i i i

Fig. 382,

Now imagine that, simultaneously, A sends a “long” and B «
“short.” They start together say, then, when the key at B opens (key
at A still down) the battery at B is cut out so that no current goes from
it through D, but current now comes in from the line through C, so
that M, continues to respond to the “long ” from A. At A, however,
there are now equal currents in both C, and D, from the battery at A
which cancel each other’s effect on M, so that it no longer responds.
Thus B’s signal to A ceases when K, is opened but A’s signal to B
continues as long as K, is closed. The student should think out other
cases for himself,

The principle of a second method—the bridge duplex—is indicated
in Fig. 883. The receiving system is put across two branches of the
sending system so that the
sending current raises the
potential of the two ends
equally, and thus the send-
ing current does not affect
the receiving system at the
sending end. On the other
hand, the current coming

Fig. 383. in has two paths open to

it, one of much higher re-

sistance than the other, and thus it divides unequally, and this in-
equality is caused to actuate the receiving system. This method is shown
in Fig. 383. Inthe figurem is the receiver on theleft, R is a resistance
adjusted so that the resistance between the point ¢ and earth is the
same whether we consider the circuit through R to earth or the circuit




TELEPHONES—MISCELLANEOUS. 461

through 1 to the distant station to earth. Hence on depressing the
left-hand key m is unaffected, while m' responds. Similarly, when the
right-hand key is depressed, m' is unaffected, while m responds, and
similar results will follow when both stations are working. In “quad-
ruplex” four separate messages can be passéd along one wire between
two stations, 7.e. two from A to B simultaneously with two from B to
A. In what are frequently called “multiplex” more, usually up to
six, can be sent, and these may all be in one direction, or some in one
direction and the remainder in the opposite direction.

325. Principles of Double Current Working.—If the simple
relay be delicately adjusted for weak currents the residual magnetism
may cause the armature to *“ hold on” during the interval between say
two “ dot ' signals, so that the dots become more or less a dash, whilst
on the other hand if the adjustment be in the opposite direction the
armgture may not readily respond and dots may not be recorded.
Again the electrostatic capacity of the line tends to delay the first
signal (for the “line” must first be “charged”) and to prolong the
signal when the key is raised (for the line charge comes out at both ends)
and further if a second signal be sent while the discharge is taking
place it will be partly cancelled and a dash may become a dot or a dot
may not be registered. Double current working removes these
defects to a very great extent.

A special P.O. Standard Relay is employed in which the armatures
are magnets (they are really iron magnetised by induction by a per-
manent magnet). When the sending key is depressed current flows
in a certain direction through the relay coils with the result that the
armatures move in such a direction that the local battery circuit is
closed and the sounder is affected (this current is referred to as the
“marking” current). When the key is raised another current flows
through the relay coils in the
opposite direction with the re- Line Earth
sult that the armatures move A / F
in the oppositedirection and the
local battery circuit is broken
so that the sounder is “out”
(this current is referred to as
the “ spacing ” current).

The principle of action of

one type of domble current 1 ,'Il
key is shown in Fig. 384. The ="'+
brass bar A B is carried on Fig. 384.

the end of the lever of the

key: it is really in two halves separated by vulcanite V. In the
figure the positive pole of the battery is to line and the negative pole
to earth: this is the *spacing” direction so that the distant sounder
is unaffected. On depressing the key, A B rises and makes contact
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with E and F so that the negative pole is to line and the positive to
earth: this is the “ marking” direction and the distant sounder is
affected. On releasing the key, A B falls to C and D again and the
reverse current flows breaking the local battery circuit at the distant
sounder. *

In another type two batteries are used. When the key is depressed
the negative pole of one battery is put to line (marking direction) and
when the key is released this battery is cut out and the positive pole
of the second battery is put to line (spacing direction).

“Duplex ” is also worked on the double current system.

326. Principles of the Central Battery Omnibus System.—A system of
telegraphy largely used in
this country is that known

gov 80v 8ov as the Central Battery

1000 Omnibus System (Fig.
385). In thissystem, which

A y § 4 enables a number of the
- smalleroffices to be grouped
' on one circuit, only one
e battery is required, and
this is located at the head

office.
o) c To) Normally the line and

condensers are charged to

77, & potential of 80 volts (neg-

Earth - ative). When any one sta-

Fig. 385. tion depresses its key all

the condensers discharge

through their respective polarised recorders, thus recording a mark at each office.

On the release of the key the condensers again become charged, but this charge,

passing through the recorders in a ‘“spacing” direction, leaves the sounders

unaffected. The object of the 1,000 ohm resistance at the head office is to ensure a
sufficient drop of potential at all stations when any one key is depressed.

327. Miscellaneous.—The Wheatstone Automatic System is much used
in the British Post Office. The message is sent by passing a perforated tape
through the sending machine, the tape being perforated beforehand in a punching
machine—a special arrangement, of circular holes distinguishing between dotsand
dashes. The perforated tape may be passed through the sender very quickly,
and the receiving gear sends out another slip on which a broken inked line
conveys the message by means of & Morse code. A speed of signalling as high as
650 words per minute has been reached with this apparatus, but the usual
maximum working speed is about 400 words per minute.

In addition to the above, there are various systems in use by means of which
the message is reproduced at the distant end printed in ordinary characters on a
tape. One such method is the Hughes' Type-printing System, of which the
common working speed is about forty words per minute. Another method is the
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Bandot System now extensively employed throughout the United Kingdom by
which two to six operators are enabled to send messages over a single line. To
effect this the station at either end of the line is fitted with a ‘‘distributor”
consisting of a metallic disc divided into concentric rings which again are divided
up 1nto segments. Over these a series of brushes are made to pass. The two
distributors are caused to run in unison so that the brushes at either end are
passing over corresponding segments at the same time. At the ‘sending” end
each keyboard, consisting of five pianoforte keys, is connected to five segments
on the distributor, and positive and negative combinations from the five keys are
sent to line when the brushes pass over the segments. These currents, at the
‘“‘receiving ” end are passed on by the revolving brushes to five segments con-
nected with electromagnets, the operation of which brings printing mechanism
into play and records the message in Roman capital letters. The system admits
of being ‘‘duplexed.”

In submarine cable telegraphy condensers are used in the line and the Syphon
Recorder is employed for receiving the messages. This is really a D’Arsonval
galvanometer in which the moving coil carries a style which leaves a trace in ink
on a moving sheet of paper.

328. Principles of Telephony.—As in Telegraphy, only the
simplest reference to one or two general principles can be given here.
For fuller details the student must refer to some modern book on
Telephony.

A section through the Bell Mag-
neto-Telephone is shown in Fig. 386.
Here M is a permanent magnet carry-

ing at one end a piece of soft iron S. gé,,,f,{/ %%%{%
This forms the core for a coil C which ; R

has leads to the “line ” and “return.”
In front of S is fixed a very thin soft

iron disc DD. The main body of the Fig. 386.
instrument is of vulcanite.

The action is as follows: When a person speaks into the orifice the
waves of sound cause the disc to vibrate, and as it moves to and from
the soft iron core the distribution of the lines of force in the coil is
altered. A current is therefore generated in C, the EXM.F. of which is
determined by the rate at which the number of lines of force passing
through C is changing. At the distant end of the line is a similar
instrument, the terminals of which are directly connected to those at
the transmitter, so that as the currents generated in C vary with the
sound, so also do those received at the distant station. The reverse
operation then takes place at the receiver. The current in its coils
varying, the field in the neighbourhood varies, and the soft iron piece
of the receiver attracts with varying strengths the vibrating disc
immediately in front of it. Thus the disc at the receiver copies the
movements of the disc at the transmitter. These movements being
transferred to the air, the sound also is reproduced. No battery is
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needed to work the instrument, as the vibrating plate generates all the

TRANSMITTER
RECEIVER

current required.
If sound waves are produced near a loose electrical contact, notably
in the case of one or more sticks of carbon supported lightly by twc
: fixed blocks of carbon, the vibrations
—J|_Line cause the resistance of the point of
A ) contact to vary enormously, and thus
= a battery in series with the loose car-
ol |lm i . bon will send a varying current to line
T as long as the vibrations continue; this
varying current passing through a Bell
B LINE magneto-telephone will actuate it in the
manner described above so that the
Fig. 387. sound is reproduced. Such an arrange.-
ment is shown diagrammatically in
Fig. 387. Modern Microphone Transmitters act on this principle;
they contain granules of carbon between two plates of carbon, one of
which is attached to the diaphragm of the transmitter and therefore
receives the air vibrations.
In practice the microphone is used as the transmitter and the Bell
magneto-telephone is used as the receiver. Further, the microphoneis
not directly connected to

the line as in Fig. 387, TO_LINE
but to the primary of RECEAVER HOOK

an induction coil, the

secondary of which is RECEIVER

connected to the line; by
this device the E.M.F.
is magnified in the ratio
of the secondary to the
primary turns (Art. 278),
and thus can overcome a

MICROPHONE

SECONDARY
PRIMARY

i) —>

high resistance in the BELL

line. Further, in this

way the resistance of the

microphone may be kept TO LINE
low, and the constant Fig. 388.

current does not find its
way to line but only the varying component.

A simple circuit i1s shown diagrammatically in Fig. 388. When the
receiver 18 on the hook the circuit is as shown and the “calling up ”
bell can be rung by current coming in from the line. When the
receiver is taken off the hook the latter moves to the other contact and
the “ speaking ” circuit is then complete. A switch is included in the
microphone circuit so that the battery is only sending current when the
telephone is in use.

Another method of calling up the far end is by means of a magneto
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machine which is attached to the instrument. This is shown in
Fig. 389; the student will be able to make out the action for himself.
A further method is by means of

one battery which is at the exchange MAGNETO BELL
(central battery system). In telephone
exchanges small electric lamps light up
automatically when the instruments are
lifted from the hooks, and the exchange
then rings up the other person with
whom speech is desired connecting the
two subscribers together. Other lamps
indicate to the exchange operator when
conversation is finished so that no ring
off is necessary. There are many recent
developments in central battery working which lessen the work of the
operator and increase the efficiency of the system, but these cannot
even’ be mentioned here.

Transmitter

329. A Simple Telephone Circuit.—Fig. 390 will serve to explain a simple
arrangement for five subscribers with a special device to secure, as far as possible
secrecy in conversation. For II to call up I, the seleotor switch S is turned to
sontact (1) and P is depressed. This connects the battery of the called instru-
ment through the switch hook O, which is held down on Y, by the weight of the
receiver, to the bell B, and back through the common return, P, S and line. To
answer the call the receiver at I is taken from the hook (which then rises making
contact with X;) and 8, is slowly rotated over the studs, until a loud olick is
heard (in both receivers) which indicates that the stud of the calling instrument
has been reached.

The current circuit at this stage is as follows: from battery B to switch S,
thence to line (1) to switch hook O, contact X, coil C, transmitter, battery B,
switch S, line (2) to switoh hook O, contact X, coil E, transmitter and baok to B.

T. E. 20
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In addition a portion of the current flows through the relays R and R,, the amr:
tures I and I, are attracted and the sudden flow of current in the receiver ciroui:
produces the signalling click referred to, thereby indicating that the ‘‘calling
and *“called ” circuits are in connection. The conversation can now be carrie
on in the usual way and a third party will be unable to overhear the conversatior
for being unable alone to establish a complete circuit, the short circuit across th
receiver will not be released, and the receiver will therefore not be affected.

If several instruments happen to be in use at the same time, ciroumstances ma
arise which render it possible to overhear if desired. As an exercise the reade
should think out the case of' A calling up B at the same time that Bis callin

Calling Circuk Multipte Jacks —
P
0 [==1
Local Jack
Line
/ ’/ / 7 Lamp
' m alay §
i T
Fig. 391

330. The Central Battery S8ystem.—Only the simplest reference to this car
be given here.

(1) Calling Circuit.—The usual multiple switchboard is utilised, that is, the
internal wiring in the exchange is oarried right round the switchboard, and at
stated intervals wires are tapped off and terminated on two metallio springs
called a jack, thus allowing connection to be made with the line when a plug it
inserted. Every line is within reach of any one operator, but the arrangement:
are such that a subsoriber, when he calls, does 8o in front of one operator only.
The outline of the operations will be gathered from Figs. 391 and 392.

When the subscriber takes his receiver from the rest, current flows from the
battery to one armature of the out-off relay, thence to the line, round the sub.
scriber’s instrument, along the other line to the second armature of the cut-of
relay, thence to & 60 ohm line relay, and back to the battery. The line relay
being thus actuated, ourrent flows from the battery to the line relay armature,
thence to the 24 volt line or calling lamp, to a 1:25 ohm pilot relay and back tc
the battery. When the line lamp glows the operator knows that a subseriber is
calling, and also to what class of service he is entitled.

The actuating of the 1-25 ohm pilot relay results in current passing through a
*45 ohm night bell relay, a ‘45 ohm automatioc lighting relay, and a 24 volt pilot
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lamp. One pilot lamp is fitted per panel and is common to 60 line lamps: when
it glows, it indicates that one of the 60 line lamps on the same panel is calling.

Each of the remaining two relays is now affected. The night bell relay closes
a oirouit which results in a bell or buzzer being actuated by current from a small
alternator. This bell or buzzer is common to the %ntire exchange, and is only
made use of during periods when business is very quiet. It indicates that there
is at least one pilot lamp glowing, and therefore at least one linelamplit. The re-
maining relay closes the lighting circuit, and thus lights up the switchboard.
The reader should make a careful study of these circ}xits from Fig. 391.

Cord Circuit

Repeaatin

Calling Plug

L
=

AT e

e

{ Supervisory

£ tame

Fig. 392,

(2) Cord Circuit.—When a line lamp glows, the operator inserts the answering
plug in the jack just below the lamp, and current then flows through the 30 ohm
cut-off relay to the bush of the jack, through the cord, the supervisory lamp, and
an 835 ohm resistance and back to the battery (Fig. 392). Both armatures of the
cut-off relay being attracted, it will be found on reference to the calling circuit
diagram that all the calling equipment is now cut out, and therefore all relays
fall back to their normal position. The line current is now supplied as follows :
—From the battery through one leg of the repeating coil to the tip of the plug,
through the short spring of the jack and out to the line, thence round the
instrument and back to the ring of the plug, through a 30 ohm supervisory relay
shunted by a 70 ohm non-inductive resistance, through another leg of the repeat-
ing coil and back to the battery. This ourrent actuates the supervisory relay and
causes it to shunt the supervisory lamp, and the current through this lamp is thus
too small to render it incandescent.

Should the line required be disengaged, the calling plug is inserted into the
jack in connection with the particular number required. As the receiver of the
subscriber required is still on the rest, no current flows round the line, the super-
visory relay in this cord is not actuated and this supervisory lamp therefore
glows. The operator thereupon depresses a ringing key and an alternating
current flows to the condenser in the instrument, which immediately discha: ges
through the bell coils. When the subscriber called removes his receiver from the
rest the supervisory relay is actuated, the lamp is shunted and immediately
extinguished. When the conversation is completed and the receivers returned to
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the rests both supervisory lamps will again glow. The operator then withdraws
both cords from the jacks.

Other details relating to the registration of the calls, the question as to whethe:
the subscriber required is already engaged, and the complicated circuits in con
nection with junction worknig are too lengthy to be discussed here.

For fuller details and modern improvements—¢‘manual” and ¢ machine ”—
the student must refer to some modern book on Telephony.

331. Principles of  Wireless Telegraphy.—Here again, only
the simplest reference to one or two general principles can be given
For fuller details the student must refer to the Advanced Text-Book
of Magnetism and Electricity (Chap. XXII.) and to specialised works
on the subject. Imagine the prongs of a tuning fork to be pressed to-
wards each other, between the finger and thumb. They are now
“ charged ”” with a quantity of energy stored up as potential energy of
strain in the material of the prongs. When the prongs are let go this
energy is “discharged” by a rapid series of oscillations in each of
which there is a transformation of the potential energy of strain intc
kinetic energy of motion and re-transformation of this kinetic energy
into strain potential energy. During each oscillation also there is dis-
sipation of energy, as heat due to molecular friction in the prongs and
during the vibration of the fork energy is radiated out into the air as
sound waves. The velocity (v)is 1,120 ft. per second. The frequency
(n) is the number of complete vibrations in one second, the period ()
is 1/n and the wave length is v/n: the latter is of course the distance
the sound travels during one complete vibration. The student must
note that these are waves in the air.

Picture now a charged condenser, and let its plates be connected by
a wire so that the condenser begins to discharge. If the resistance be
large the discharge consists of a steady flow from one plate to the other
the charges thus neutralising and the potentials of the plates botl
becoming zero. If, however, the resistance be below a certain value
the discharge consists, not of a steady flow, but of a number of rapid
oscillations or surgings to and fro: the first “rush” more thar
neutralises the opposite charge and charges the condenser in the
opposite direction; this is followed by a reverse rush which agair
“ overshoots the mark "’ and charges the condenser in the same way as
it was originally, and so on. Each successive oscillation is weake
than the preceding; thus, after a number of such surgings the dis
charge is complete and the potentials of the plates equalised. At eacl
oscillation the electrostatic energy of the condenser field is convertec
into electromagnetic energy accompanied by the dissipation of a smal
quantity of energy as heat in the conductor (and also by electri¢ radia
tion as explained below). These oscillations take place very rapidl
(very much more rapidly than in the case of the tuning fork above) an:
gradually cease, but the time of each is the same.

As the result of these transformations of energy it is evident tha
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the portion of the medium involved primarily in the transformations
must undergo a definite periodic variation of state. This variation of
state is propagated with finite velocity throughout
the surrounding medium, that is, it is the origin __1
of a set of electric or electro-magnetic ‘waves

which travel outward in all directions through the
medium with a definite velocity.

The student must note that these electro-
magnetic waves are (like light waves) in the
aether, i.e. they are not waves in the air like sound
waves. Their velocity (v) is 8 x 10* cm. per
second, the same as the velocity of light. In fact
these waves and light waves are identical ex-
cept as regards wave length and frequency, the
former consisting of much slower vibrations and
longer waves than those of light. The wave length
of tHe visible spectrum ranges from -39u (violet) to
“75p (red), where p is the symbol for one micron
or *001 millimetre. In the ultra violet waves have
been detected as short as *1p possessing properties
similar to light waves. In the infra red waves have
for some time been known as long as 61-3. Some
distance beyond the infra red come the electromag-
netic waves dealt with above, the shortest being
about 8 mm. (3000x), whilst those used in wireless
telegraphy range from a few hundred feet to several
miles. Fig. 393 shows diagrammatically, within the
limits of the sketch, the range of ether waves, V to R
being the range of the visible spectrum.
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Incidentally, it may be mentioned that the frequency (and
therefore the period and wave length) depends upon the
three properties of an electric circuit already referred to,
viz. resistance, inductance and capacity: in fact the fre-
quency (n) may be taken as approximately given by the
expression :— o

_ 1 1 _ RY

T Or YV CL 4l
where the letters have their usual meaning. The period is
of course 1/n, and the wave length v/n.

ap

.2"

.‘/’

Hertz investigated electric oscillations and waves
by means of an apparatus in which the osecillator,
vibrator or transmitter was a dumb-bell shaped
brass conductor joined to an induction coil as shown
(Fig. 394). When the coil is worked, Aa say, is charged to a higher
potential than Bb, then a spark passes at ab, and the path of this spark
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on account of its comparatively low resistance practically connects Aa
and Bb as one conductor, and the potential is equalised by very rapid
electric oscillations in this conductor
The cycle of changes that go on iv
the medium near the vibrator during
one complete vibration is that as.
sociated with the transformatior
of electrostatic to electromagnetic
energy, the re-transformation ol
electromagnetic to electrostatic en.
ergy, and, during these, a gradual dissipation of energy as heat. This
cycle of changes 1s transmitted out into the medium, and the sequence of
states so transmitted constitutes the electric waves. When these waves
pass a conductor they tend to reproduce the electrical conditions in it
that is, electrical oscillations are induced in the conductor and smal
sparks may be caused between conductors placed close together.

Hertz took advantage of this to detect the waves. One form of
detector or receiver used by him was a piece of thick copper wire bent
into a circle, but with a small air-gap between the ends of the wire
the width of the gap could be adjusted. As the waves passed througl
this circuit small sparks were observed at the gap, and it was founc
that the sparks were strongest when the dimensions (and therefore R
C, and L) of the detector were such that its period of oscillation as ax
oscillator was the same as that of the oscillator originating the waves
This is an example of the general principle of resonance, and a circuit
showing electric resonance is specially effective in detecting electric
waves. By the proper adjustment of inductanceand capacity it is possible
to adjust the period of the detector within wide limits, and so tune it
resonance in any particular case. Further, it was found that the gaj
in the detector must be parallel to the gap in the oscillator to obtair
the best results.

For the detection of the waves, a coherer the principle of which wai
discovered by Lodge and utilised by Branley, Marconi, and others maj
be used. A simple form is shown

Fig. 394.

‘

in Fig. 395. Two brass, copper, or g d d g
silver discs d, d, each soldered to the -H_LTF;'4+
end of a copper wire w, are fitted .
into the glass tube gg, and & thin Fig. 395.

layer of filings rests lightly between )

the discs. If this coherer is placed in the circuit of a battery and a
electric bell, the contacts made by the filings between the discs may b
so adjusted that the current passing will not be strong enough to riny
the bell. If, however, waves from a distant vibrator fall upon th
coherer after this adjustment is made, the coutact at once becomes goo
and the bell in the circuit rings. If the coherer is slightly tapped th
contact again fails and the arrangement is again ready to detect th
incidence of the waves. In Marconi’s coherer the plugs d, d are o
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silver, the filings are a mixture of nickel and silver, and the tube is
exhausted and sealed. In laboratory work a suitable galvanometer
may take the place of the bell above. Evidently with the coherer
joined to a battery and relay (thence to recording apparatus) and fitted
with a tapping device to “decohere” the ilings, and further with a
Morse or other suitable key in the transmitting circuit we have all the
fundamentals of wireless telegraphy.

For the various steps in the development of * wireless” from the
above, more or less, experimental stages t<i its present commercial
position, some specialised book on the subject must be consulted.

ALTERNATOR

I —o,
L
S

T

GOUPLED CIRGUIT
K

= b

PRINGIPLE OF ROTARY SPARK GAP
Fig. 396.

One form of transmitting circuit is shown in Fig. 396. The con-
denser C and spark gap S are in series with one winding of the
transformer T, the other winding of the transformer being joined to a
long (originally vertical) conductor A (known as the antenna or aerial)
and to earth. The contact K and therefore the inductance in series
with the aerial is adjusted until the aerial circuit and condenser circuit
are syntonised, 1.e. until the period of oscillation of the aerial circuit is
equal to that of the condenser circuit. The *charging” is effected
from the secondary of the transformer T, the primary of which is
connected to an alternator; this circuit also includes an inductance I
and a switch 8, the latter being used to produce the required *longs ”
and “ shorts "’ of the Morse code. At each discharge oscillations occur
in-the condenser circuit; these induce oscillating electromotive forces
and currents in the aerial circuit, and the two being syntonised the
aerial becomes a powerful source of radiation of electric waves. At
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the receiving station the waves encounter a similar aerial und produce
electric oscillations in it.

In place of the simple spark gap S a rotary spark gap is often em-
ployed. A wheel carrying a number of projecting studs is rotated
between two fixed studs in the condenser circuit, and arrangements are
such that the fixed and moving studs come opposite each other at the
instant when the condenser is fully charged, i.e. just when the spark
is required.

The coherer as a detector has been replaced by others more suitable
for the purpose and known as magnetic, thermal, and rectifying
detectors. The latter, one type of which consists of a carborundum
crystal between two brass plates, depend for their action on the fact
that their conductivity is different in different directions, so that an
oscillatory current may be partially changed into a direct current by
choking down the flow in one direction. These are now extensively
used in practice, and Fig. 397 shows the arrangement of a receiving
circuit fitted with such a detector.

The aerial circuit is adjusted to syntony with the arriving waves.

The other coil of the
transformer T and

thecondenser C, form

> 1 an oscillatory circuit

syntonised to the

A aerial circuit. The

}'l detector D in series

T D with a second con-

B denser C, is in paral-

_____ > . c lel with C, and the

2 connections to the

telephone ¢ are as

indicated. The waves

““““ > arriving at the aerial

set up oscillations in

it which induce oscil-

lations in the con-

denser circuit. This

tends to cause cur-

Fig. 397. rents to flow to and

. fro through D into

and out of C,, but owing to the property of D mentioned above

current in one direction only passes, so that C, is charged. This

charge in one direction, due to the arrival of a train of oscillations, is

given out to the telephone circuit as a single unidirectional current

flow. Many such detectors work better if they have a small current
flowing through them; hence the insertion of the battery B.

Another type of rectifying detector is the Fleming Valve. This

consists of a 12-volt carbon filament lamp, the filament being surrounded
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by (but not touching) a metal cylinder connected to a separate terminal.
The filament is joined toa battery of accumulators, and when it glows,
negative ions are projected from the filament to the cylinder, so that we
may say the rarefied gas possesses unilateral conductivity, i.e. a current
can pass in one direction between the plateand filament but not in the
other direction. Between the negative terminal of the lamp and the
cylinder terminal are connected, therefore, the circuit with the high
frequency E.M.F. and the telephones in series, so that the high
frequency alternating current is cut down in one direction and travels
as a unidirectional current through the teléphones as in the preceding
case.

The Lee de Forest Valve or “ Audion ” consists of a filament and
a metal plate, with a wire grid between them, the three being quite
separate from each other. The filament is made to glow by the current
from an accumulator battery. A small primary battery with telephones
in circuit is joined to the plate and filament, the positive pole of the
battery being joined to the plate: thus a small current passes-in this
circuit. If now an oscillating circuit is connected between the grid
and filament the conductivity of the rarefied gas in the preceding
circuit is altered, the current in the telephone circuit is altered, and
sounds are produced in the telephones. Potentiometers are used for
adjusting the various voltages.

Modern thermionic valves contain as above a filament (usually
tungsten), a metal plate or its equivalent (the anode), and a grid
between the two. They are used in various ways and for various
purposes, viz. (1) as detectors, (2) as high frequency amplifiers, (3) as
audible frequency amplifiers, (4) as high frequency generators, (5) as
combinations of the preceding. Further particulars cannot be given
here, however, and some standard book on “ Wireless”’ must be
consulted.

332. Rontgen or X Rays.—These “rays,” discovered by Pro-
fessor Rontgen in 1895, have now become an important technical appli-
cation of electricity, so that a brief and elementary treatment here is
desirable. Attention must first be drawn, however, to a few phe-
nomena which preceded the discovery of Professor Rontgen, and
which, perhaps, are of even more far-reaching importance, particularly
m the domain of electrical theory, than X rays themselves.

333. Electric Discharge through a Gas at Low Pressure.—
Most gases at ordinary atmospheric pressure are good insulators (bad
conductors), but their dielectric strength is only moderate however, <.e.
under suitable conditions they are fairly readily pierced by a spark.
If the pressure be increased above atmospheric pressure, they become
better insulators, and improve also in dielectric strength. If the
pressure be reduced the dielectric strength becomes less, reaches a
minimum value at very low pressures, and then begins to increase
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334. Kathode Rays: Electrons.—When the condition men-
tioned in (4) above is reached, certain experimental facts indicated
that some emanation must be coming from the kathode, and to this the
name kathode rays was given (Crookes ‘“radiant form of matter”
or “fourth state of matter,” i.e. neither selid, liquid, nor gas). The
kathode rays were really discovered by Pliicker in 1859, and the main
properties may be summarised as follows :—

(1) The rays are shot out normally from the kathode, their direction being in
no way connected with the position of the anode.?

(2) They travel in straight lines, and cast shadows of objects placed in their
path ; in Crookes’s experiment a hinged Maltese cross was placed opposite the
kathode, and a shadow appeared on the opposite end of the tube.

(3) A body placed in their path experiences a force tending to urge it away
from the kathode.

(4) The rays produce heat when they fall upon matter.

(5) They produce phosphorescence. Lead glass phosphoresces blue, soda glass
yellowish green. Phosphorescence is also produced in barium platino-cyanide
and the rare earths (cerium, lanthanum, ete.).

(6) When the rays strike a solid obstacle, the latter becomes a source of aether
pulses known as Rontgen or X rays.

(7) The rays are deflected by a magnetio field, the direction of deflection being
that in which a stream of megatively charged particles would be deflected. The
deflection, under like conditions, is independent of the gas in the tube before
exhaustion. The rays are also deflected by an electric field and the direction of
deflection is again that in which negatively charged particles would be deflected.

(8) The rays can ‘“‘jonise” a gas and render it a conductor (Art. 22, ete.).

Goldstein (1876) regarded kathode rays as waves in the aether, a
view long upheld in Germany, but in England, Varley (1871) and
Crookes (1876) contended that they were charged particles. Recent
work has confirmed the latter view; the rays consist of negatively
charged particles of mass about 5gt55 that of a hydrogen atom, moving
with a velocity about % that of light, and carrying a (negative)
charge equal to the smallest quantity or ““atom of -electricity ”
(465 x 107 e.s. units). They are, in fact, ‘electrons” (Art.
15, etc.), identical with the electrons met with in many other
phenomena : further, they are not matter as ordinarily understood,
but simply “ electricity.”

335. Rontgen or X Rays.—When the condition mentioned in (4)
Art. 833 was reached, Rontgen in 1895 found that a photographic
plate lying near the apparatus was affected : he attributed this to some
unknown form of radiation coming out of the tube and to this he
applied the term X rays. It is now considered that the X rays are
aether pulses (shorter than the wave length of violet light—see
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Fig. 398) which originate at a solid substance when it is struck by
kathode rays. An early X ray
tube is shown in Fig. 399; the
kathode on the left is concave
and a platinum plate (which may
be the anode) 1s placed at the
centre of curvature with its plane
Fig. 399. at an angle of 45° to the axis;

the X rays are given off as in-

dicated by the dotted lines.”
The main points about these rays may be briefly summarised as

follows :—

(1) The rays are not deflected by a magnetic or electric field. This dufferen.
tiates them from kathode rays ; they are not charged particles.

(2) They can penetrate a layer of air several feet thick and can pass through
many solid substances. The transparency of substances to X rays depends upon
the density of the substances ; thus lead is practically opaque to the rays, but
aluminium is transparent. Soda glass is transparent to them, but lead glass
is opaque. Tlesh is much more transparent to the rays than bones, and bones are
more transparent than, for example, metal ; hence their use in surgery to examine
the bones, to detect fractures and foreign bodies, ete. (See ¢ radiograph” facing
this page.)

(3) They excite fluorescence in many substances. e.g. barium platino-cyanide.
If the rays fall on a screen coated with this and the hand be interposed, a shadow
of the bones appears on the screen, the fluorescence being less here than at other
parts owing to the rays being more absorbed by the bones.

Fig. 400.

(4) The rays are not refracted. Very httle trace of regular reflection has been
noted. Quite recently, and with difficulty, signs of polarisation have been
detected. Sharp shadows due to them indicate rectilincar propagation, and
investigations seem to indicate a velocity equal to that of light.
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Compound comminuted fracture of upper arm (gunshot wound 1n Flanders)
showing also numerous particles of bone and hullet.
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(5) They ionise a gas through which they pass.

(6) When they fall upon any material they give rise to other rays of a some.
what similar character known as sccondary X rays,

(7) Recent work on X ray diffraction and crystal structure, ete., confirms the
wave (or aether pulse) nature of X rays: the ™ wave” length is of the order
1078 ¢cm, which is much less than the shortest light wave, viz. 4 x 10~5 cm.
(see Fig. 393).

A modern X ray tube is shown in Fig. 400. The kathode on the
right is a concave cup of aluminium so arranged as to focus the elec-
trons of the cathode stream on the anti-kathode or target seen near the
centre of the bulb. The target is of tungsten, a metal of high atomic
weight : it also acts as anode although another anode is provided as
shown. Since kathode rays have a considerable heating effect, the
anti-kathode is frequently fitted with a water-cooling (or air-cooling)
device (Fig. 400a). In the “ Coolidge tube” the supply of electrons
is increaséd by using an incandescent kathode. :

Ing. 400q.

‘When the vacuum is very high the X rays are very penetrating and
are spoken of as ‘“hard” rays: with a relatively lower vacuum they
are less' penetrating and are spoken of as “ soft” rays. With pro-
longed use X ray tubes become more and more exhausted and the rays
become harder. A spark gap in parallel with the tube is now used in
almost every instance, partly to serve as a safety valve and partly to
indicate the condition of the vacuum.

Fig. 401 depicts a compact arrangement of coil, interrupter, and
switchboard. In the type shown the primary of the coil (which is
seen on the top of the pedestal) is joined to the town supply at
220 volts: the coil is a 16 in. one and the output 80 ma. The inter-
rupter is of the motor mercury type and is fitted with a mechanical
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rectifier to suppress inverse currents. The board carries all the
requisite appliances for the primary circuit—ammeter, voltmeter,
rheostats, main double pole switch, switch for motor, fuses, etc.—and
a foot switch is also provided so that the operator may manipulate the
apparatus at a distance if necessary. :

Fig. 401.

trolley wires stretch right across the room from oné wall to the
opposite wall from which, however, they are thoroughly insulated. The
secondary terminals of the coil (seen at the top of the coil in the
figure) are connected to these trolleys ( via a milliammeter, device for
the suppression of inverse current, etc.), and at any point of the
trolleys, movable connectors (manipulated by insulating handles) can
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be taken down to the X ray tube, the positive trolley to the anode and
the negative trolley to the kathode. The tube is usually carried by a
suitable stand (Fig. 402) which can be moved from place to place and
the tube itself arranged in various positions according to the position
of the patient under examination. For many examinations a suitable
couch is essential, preferably with a support which is transparent to
X rays so that the tube may be placed below the patient and the
fluorescent screen or photographic plate above the patient if necessary.
It 1s, of course, not necessary for a patien}’. to undress provided the
part under examination is not covered by some metal, e.g. buttons,
belts, corsets, and the like.

Fig. 402.

Fig. 408 depicts the *dioscope” for vertical screening or upright
radiography. The carrier, seen at the back, contains the X ray tube;
it can be raised or lowered, and by means of the three handles in the
front, it can be moved horizontally, and the aperture through which
the rays pass can be adjusted and arranged to be either horizontal or
vertical. The patient stands upright in the apparatus, and is examined
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by means of the fluorescent screen of willemite seen 1 the front of the
apparatus. The screen may be removed and a photographic plate
substituted if a radiograph 1s to be taken.

The descriptions ab~~ ~=~ »urely elementary and refer to some of
the more important parts of the
equipment of the X ray Depart-
ment of the Smethwick Techni-
cal School, the apparatus for
which was mainly supplied by
Messrs. A. E. Dean and Co. of
London. Numerous other ex-
cellent designs are in daily use
in hospitals and private work.
The use of high tension trans-
formers (in place of induction
coils) with Coolidge tubes and
special accessories 18 rapidly ex-
{ending.

X rays have also been suc-
cessfully applied in dental work
and to the cure of rodent ulcer,
lupus, ete., but in this latter
connection they cannot be played
with, for they can also inflict
severe injury to the skin, destroy
the hair, and so on. In the
hands of an experienced operator
the patient is now, however,
perfectly safe, but the operator
himself who is subject to re-
peated exposure should avail
himself of all protective devices.
We have seen that lead is opaque
to the rays, and in Fig. 402 the
tube rests in a lead glass shield
provided withan opening through
] which the rays can pass only in
the required direction: other tube shields are made of Eea,d. Lead
glass spectacles, full length lead-lined aprons, and leather and rubber
lead-lined gloves, etc., are regularly used by the operator of to-day.




APPENDIX.

(1) Specific Resistances, Conductivities, and Temperature Co-
efficients.

Sp. Res. at Cond
. v onductivity Temperature
Substance. ng 0(131; (gggg at 18° Coefficient.
Silver ... 165 x 10~¢ 6-06 x 10° -0040
Copper (dmwn) 178 x 108 562 x 10% 0043
Zino e 61 x 10-6 16 x 10% 0037
' Iron 14 x10-% 71 x 10* ‘0062
Lead 21 x10~3 48 x 104 -0043
Mercury ... 9:41 x 103 1:06 x 10* 0009
Platinum 116 x 108 86 x 10% ‘0037
Aluminium 30 x10°¢ 33 x10% ‘0038

Manganin (Cu = 84, Ni=4, Mn = 12):—Sp. Res. =476 x 10~5 at 0°C. ;
Lemp. Coeff. = -000018.

Platinoid (Cu = 62, Ni =15, Zn = 22) :—Sp. Res. = 3'44 x 10-5 at 18°C. ;
Temp. Coeff. = "00021.

Resista (Fe = 80, Ni =15, Mn = 5) :—Sp. Res. = 12 x 10-5; Temp. Coeff.
= -00109.

Qerman Silver (Cu = 4, Zn = 1, Ni = 2) :—Sp. Res. =3 x 1073 ; Temp. Coeff.
= +0004.

Note :—Specific Resist. per inch cube = '3937 x Specific Resist. per cm. cube.

(2). Conductors in the order of their Conducting powers and Insu-
lators in the order of their Insulating powers (approximately).

(a) Conductors :—Silver, Copper, Gold, Aluminium, Brass, Silicon Bronze,
Zinc, Nickel, Phosphor Bronze, Platinum, Iron, Tin, Lead, German Silver,
Platinoid, Manganin, Eureka (Copper and Nickel), Constantan, Tantalum,
Tungsten, Mercury, Carbon, Acids, Water, Human Body.

(b) Insulators :—Dry Air, Paraffin Wax, Quartz, Resin, Flint Glass, Sulphur,
Micanite, Porcelain, Pure Rubber, Shellac, Silk, Marbla, Amber, Vulcanised
Fibre, Ordinary Glass, Gutta-percha, Mica, Asbestos, Slate, Hard Wood.

T. B, 481 31
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(8) Illustrations of Wire Gauges.—For fuller detail complete tables must
be consulted.

BRITISH STANDARD BIRMINGHAM AMERICAN FrENCH DECIMAL
GAUGE. €avee. GAUGE. GAUGE.
No. Diameter | No. Diameter | No. | Diameter| No. |Diameter
S.W.G. |in Inches. | B.W.G. | in Inches. |A.W.G. |in Inches. | F.W.G. | in Mm.
1 300 1 300 1 2893 1 ‘6
2 276 2 284 2 2576 2 7
3 252 3 259 3 2204 3 8
4 232 4 238 4 2043 4 ‘9
5 212 5 220 5 1819 5 10
6 192 6 203 6 1620 6 1'1
7 ‘176 7 180 7 1443 7 12
8 ‘160 8 ‘165 ] 1285 8 13
28 -0148 28 014 28 -0126 18 34
29 ‘0136 29 013 29 0113 19 39
30 0124 30 012 30 0100 20 44
(4) Resistance of Pure Copper Wire per 100 yards.
S.W.G. Ohms. S.W.G. Ohms. S.W.G. Ohms.
8 1195 16 ‘7478 24 6324
9 *1476 17 ‘9762 25 7:654
10 *1868 18 1-328 26 9:449
11 2275 19 1913 27 1139
12 2831 20 2362 28 13-98
13 3617 21 2990 30 19-9
14 4784 22 3905 32 , 2625
15 5904 23 5316 34 3617
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(6) Approximate FPusing Currents (Sir W. H. Preece).
. - -
Current | Tin Lead | Copper | Current | Tin Lead | Copper
in Wire. | Wire. ire. in Wire. Wire. | Wire.
Amperes.|S.W.G. | S.W.G. | S.W.G. JAmpercs.| S W.G. | S W.G. |S.W.G.
1 36 35 47 45 13 12 22
2 31 30 43 50 125 115 22
3 28 27 41 60 11 10 21
4 26 25 39 70 10 95 20
5 25 23 38 80 95 85 19
10 21 20 33 920 9 8 185
15 19 18 30 100 85 7 18
20 17 17 28 120 7 6 175
25 16 15 26 140 6 b 17
30 15 14 25 160 5 4 16
35 1445 13'5 24 180 4 3 16
40 135 13 23 200 35 2 15
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APPENDIX,

(6) Dimensions and Safe Currents.

Size Capacity ab 1L.E.E.
of Copper Diameter. Sectional 1000 Amperes Capacity
Conductor. Area. per Square with Rubber

« Inch. Insulation.

S.W.G. Inch. Square Inch. Amperes. Amperes.
& 35/40 028 *000616 062 17
= | 23/36 036 00102 10 26
2{ 40/36 048 *00181 18 42
= | 70/36 064 ¢ 00322 32 6'8
; 110/36 080 005 50 98

3/24 047 ‘0011 11 45

3/23 052 0013 13 53

1/18 048 “0018 18 79

3/22 060 0018 1-8 79

7/25 060 0022 29 86

3/21 ‘069 0024 24 95

117 056 0025 25 98

7/24 066 0026 26 10°4

3/20 078 *0030 30 120

7/23 072 0031 31 12°4

1/16 ‘064 0032 i 32 129

3/19 *086 *0037 37 14'8

1/15 072 0041 41 16'3

7/22 ‘084 ‘0042 42 170

1/14 080 0050 50 19

3/18 103 0053 53 20

7/21 ‘096 0055 55 21

7/20 ‘108 0070 70 24

7/19 120 *0086 86 28

7/18 14 ‘0125 12'5 34

717 ‘168 017 17 40

19/20 180 ‘019 19 43

7/16 192 022 22 46

7/°068" *209 -025 25 50

7/16 *216 028 28 53

19/18 *240 ‘034 34 59
19/16 360 075 76 97
19/14 *400 094 94 113
19/-083" — 100 100 118
19/13 *460 125 126 134
37/15 504 150 160 1562
37/14 560 ‘182 182 172
37/-083" — 200 200 184
37/18 644 *260 250 214
87/112" — *350 350 264
91/-108” - 800 800 488
91/-112" — 900 900 540
91/-118” —_ 1:000 1000 595




ADDITIONAL EXAMINATION QUESTIONS

(from the City and Quilds of London and from University Examinations).

1. What is an electromagnet ? In what way doed its magnetism depend on its
core? In what way does its magnetism depend on its coil? What are the
reasons which determine, in any case, whether the coil should consist of few turns
of thick wire or of many turns of thin wire ?

2. State Ohm’s law, both in symbols and in language. Show how you would
apply it to find the relation between the current through the working coil of a
shunted ammeter and that in the main circuit.

3. If electric bells are to be made to ring by a ma,gnet,o ringer through a line
many miles in length they must be wound with fine wire; why is this? Show
also why it is that the coils of the ringer itself must also be wound with many
turns of fine wire.

4. Distinguish between the electromotive force of a battery and the potential
difference between its terminals when working. A hot-wire voltmeter can be
used with accuracy for measuring the electromotive force of a storage battery : is
the same instrument equally suitable for measuring the electromotive force of a
battery of Leclanché cells ? If not, why not?

B. State how the resistance of each of the following substances is affected by a
rise of temperature :—Copper, manganin, platinum, carbon, platinoid, glass. How
would you measure the change of resistance of any metallic conductor when
heated ?

6. Define permeability, explaining fully the several terms you use in the defini-
tion. What are the advantages, if any, of using iron of high permeability in the
construction of dynamos and motors ?

7. Make a sketch diagram of the three-wire system of supplying current to
glow-lamps, including disposition at a station or a sub-station.

8'. In what manner do (a) the conductor resistance and (b) the insulation resist-
ance of a uniform electric light cable depend upon the length of the cable? A
55-yard length of such a cable when tested gave 0°11 ohm and 10,000 megohms,
respectively, for () and () ; find the corresponding values for a mile length of
similar cable. *

9. A straight wire carrying a continuous current of 200 amperes, lying in a
direction north and south, is subjected to a vertical magnetic field the intensity
of which is 8,000 lines per square centimetre, downwards. Find the direction
and amount of the force to which each centimetre length of the wire is subjected.

485
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10. Enumerate the various kinds of glow-lamps with which you are acquainted,
and mention the amount of power per candle normally required for each kind.
What considerations would influence you in deciding which type to use ina
concert hall where light is required only four hours per week on the average ?

11. Define the term spectfic resistance of a metal. A wire made of a certain
alloy, of diameter 0-09 inch, has a resistance of 0047 ohm per yard. Find the
specific resistance of that alloy. How many yards of the same material if drawn
to a diameter of 0-018 inch would have a resistance of 100 ohms ?

12. A series dynamo has ¢ts direction of rotation reversed ; will it still act as
a generator? If it does, explain why. If it does not, explain how it could be
made to do so. Give diagrams illustrating your answer.

13. Explain the causes to which is due the spark seen on breaking any circuit
in which there is an electromagnet at work. Why do not the same causes
produce & spark when the circuit is made ?

14. Quantity meters and energy meters are used in electric supply systems ;
show by simple diagrams the essential differences between the two classes.
Describe one device which is used in motor meters for improving the aceuracy of
such meters at low loads.

15. A certain continuous-current amperemeter has a resistance of 0°01 ohm,
and may be used for measuring currents up to 2 amperes. Explain how the
range of readings may be extended by the use of a shunt, and give the resistance
of the shunt that would enable currents to be measured up to 20 amperes.

16. Draw up a list of the various materials that are used as insulators in the
construction of dynamos, and describe briefly how their suitabilities to their
various purposes should be tested.

1%7. Define the terms “intensity of field,” ¢ permeability,” and ‘‘ampere-
turns,” Calculate the intensity of the field at the central point of a solenoid 100
centimetres long, of small diameter, wound with 6,000 turns of wire, traversed by
a current of 5 amperes.

18. To what point should accumulators be discharged? What is the suitable
density of the acid that should be used in them? How would you test a set of
accumulators to discover whether they were fully charged? What is the
particular harm that results if accumulators are left long in a discharged state ?

19. Draw up a comparative statement of the advantages and disadvantages of
carbon filament glow-lamps and metallic filament glow-lamps.

20. What is an electrostatio voltmeter? Describe the construction and opera-
tion of any one with which you are familiar. .

21. Under what conditions is it permissible to determine, by means of the
indications of an ampere-hour méter, the money value of electrical energy sup-
plied to a consumer? Why do the managers of continuous-current central
stations generally prefer such meters to watt-hour meters?
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22. Explain what is meant by the terms ‘¢ series-dynamo,” ¢‘ shunt-dynamo,”
and ¢compound-dynamo.” Give diagrammatic sketches of the circuits of four-
pole machines of each of these kinds. State approximately what you would
expeot the resistances of each of the different parts of the circuits to be for
machines of 60 kilowatts to work at 220 volts. .

23, Describe the electrodynamometer as used for measuring currents, and
explain why the amount of turning of the torsion head is proportional to the
square of the current. May this instrument be used for alternating currents ? If
it may, why ? If it may not, why not? .

24. State and explain the principle on which a three-phase non-synchronous
motor works.

25. Define the terms ‘“ one joule,” ‘‘ one kilowatt-hour,” ‘“one Board of Trade
unit.” The price of electrical energy in a certain town is fourpence per Board of
Trade unit, and the supply pressure is 200 volts. An electricity energy-meter on
this cjreuit has a resistance of 10,000 ohms in its pressure coil ; calculate the cost
of the energy wasted in this coil in a quarter of a year.

26. Explain the relations that exist in continuous-current motors, between
the direction of current in one armature conductor, the direction of the magnetic
field in which it lies, and the direction of the driving force. Why does a shunt-
motor, when supplied at constant voltage, run slower if the magnetism of the field
is increased ?

27. A cell of 1'5 volts electromotive force and 5 ohms internal resistance is
connected to two resistances of 100 ohms and 10 ohms respectively in parallel.
How much current will pass through the cell and through each resistance ?

28. Prove the law that the number of watts wasted in a resistance, when a
current is supplied at a constant voltage, is inversely proportional to' the resist-
ance. An electromagnet used on a constant voltage of 30 volts has a resistance
when cold of 8 ohms. After being on circuit for half an hour the resistance has
increased to 12ohms. Find the rate at which energy is being wasted at first, and
when the coil has thus warmed up.

29. Describe some form of amperemeter suitable for a switchboard. State
whether the deflection of the pointer will be proportional to the current or not
and give reasons for your answer.,

30. Describe some simple experiment to show that while the resistance of an
iron wire increases with temperature, that of a carbon filament decreases as the
temperature is raised.

81. What is the relation between the current in a single turn of wire made in
the form of a ocircle of large diameter and the density of the magnetio field (due
to the current) at the centre of the circle?

382. Sketch the connections for the experiment of charging a condenser from a
battery, and discharging it through a galvanometer. Make a second sketch
showing the change necessary if the galvanometer is to show both the charging
and the discharging current.
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88. What are the chief points of difference between a flame arc lamp and an
ordinary arc lamp? To what is the golden colour of the light from some flame
arc lamps due?

84. What is a back electromotive force? Give examples of the occurrence of
such. Why is no electric work (except heating) ever done by a current without
the presence of a back electromotive force ?

88. Sketoh a motor starting switch with no-voltage and overload release coils,
and show its connections to a shunt motor and supply mains.
1]

86. Sketch the form and distribution of the lines of magnetic force in the field
surrounding & long straight conductor which carries a current. Give a second
sketch showing similarly the lines of force in the field of two parallel straight
conductors carrying currents flowing in the same direction,

87. Explain the action of the commutator of a continuous current dynamo.

88. Draw up a table of the different classes of liquids, classified according to
their power of conducting currents, giving examples of each class. How does a
rise of temperature affect the conductivity of the different classes ?

89. Two resistances of 5 and 8 ohms respectively are placed in parallel, and
in series with this combination is a resistance of 4 ohms. If the potential
difference between the extreme terminals is 100 volts, what will be the current
in each resistance and the difference of potential between the terminals of each
resistance ?

40. An overhead transmission line consists of two wires, each 2 kilometres
long and 150 square millimetres cross sectional area. If the continuous current
flowing in one and returning in the other is 150 amperes, what will be the power
in watts wasted in the line? The specific resistance of copper is 172 microhms
per centimetre cube.

41. Mention the most important insulating materials used in electrica
engineering, and discuss their suitability for specifio purposes.

42. Describe, with sketches, some form of moving coil ammeter, and explair
(@) how a uniformly divided scale is obtained, (b) how the instrument would be
arranged to measure a very large current.

43. Sketch, approximately to scale, the magnetisation and permeability curve
of wrought iron and cast iron.

44. An iron ring of 10 centimetres mean diameter and 1 square centimetr:
cross sectional area is wound with 100 turns of wire. What will be the value o
the magnetic induction in the iron when a current of 3 amperes flows in th
wire? Take the permeability of the iron as 860.

4.8. Describe the construction of a secondary cell, and explaih the chemica
and electrical changes which occur during charge and discharge.
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46. Describe, with sketohes and diagram of connections, one form of automatic

switch for use in a battery circuit during the process of charging the battery,
and explain its action.

47. What are the relative advantages and dxsadvantages of carbon filament
and metal filament glow lamps ?

48. Explain how you would proceed to test an incandescent lamp for
efficiency. Describe the photometer you would use, and the standard of light

you would employ. Why does the light from a metal filament lamp appear
whiter than that from a carbon filament lamp? °

49. Suppose you wind additional turns on the field coils of a shunt motor,
using the same size wire, what will be the effect on (a) the efficiency, (b) the
speed ?

50. Explain what is meant by the terms ¢ series dynamo,” *‘shunt dynamo,”
¢ compound dynamo,” and state which of these is most suitable for (a) charging
a battery, (b) supplying power to an electric tramway system.

51. Two wires in parallel, which have resistances of 2 and 4 ohms respectively,
are connected to the terminals of a battery which has an electromotive force of
6 volts and an internal resistance of 1 ohm. Find the current in each of the
resistances.

52. Explain the principle and method of measurement of resistance by the
Wheatstone bridge, and give a diagram of connections.

B3. Mention the operations which an arc lamp mechanism has to perform, and
describe the essential parts of one type of mechanism showing diagram of con-
nections with the supply cirouit.

B4. Describe some form of incandescent electric lamp, giving figures for volts,
amperes, and candle-power, and state how the resistance varies with change of
temperature.

B5. A field coil of a dynamo has a resistance of 850 ohms at 20 degrees
centigrade. After the dynamo has been running for six hours the resistance
increases to 908 ohms. What is the average tempers.ture of the coil under this
condition? The temperature coefficient of copper is 0'4 per cent. per degree
centigrade.

56. What is “*specific resistance”? State the effect of temperature on the
specific resistance of the following materials :—German silver, copper, iron, and
carbon. What is the effect of temperature on the insulation resistance of the

following materials :—Glass, indiarubber, paper as used fér the insulation of
cables, mica and marble?

B7. Define ‘‘ magnetising force” and *‘magnetic induction,” and state the
relation between them. How many ampere turns are required for an air gap
200 square centimetres in area and 5 millimetres long when the magnetic flux
is 1 megaline ?
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58. Describe some form of armature for a continuous current dynamo, stating
the material of which each part is made and the reason why that material is
used. Why is the armature core made up of a number of thin plates instead of
a solid cylinder ?

B59. What is the ¢ counter” §r “ back” electromotive force of a motor and on
what does it depend? What change takes place in the speed of a series motor
if the load is reduced ?

60. Describe carefully, with sketches of connections, some form of starting
switch suitable for a 220-volt shunt motor of about 10 horse-power.

61. Two coils, connected in parallel, take & total current of 10 amperes at 230
volts from the supply mains. If the power absorbed by one coil is 950 watts,
what is its resistance, and what is the resistance of the other coil ¢

62. Mention the principles on which the action of different types of volt-
meters is based, and state the conditions for which each type is most suitable.

63. How does the presence of self-induction in any circuit affect & continuous
ourrent therein (¢) when the current is switched on; (b) while the ourrent is
flowing regularly ; (c) when the current is switched off? What has self-induction
to do with the possible danger that there may be in breaking the circuit in which
there is a large current?

64. Six hundred horse-power, at 600 volts, is to be delivered at a place two
miles distant from an electric generating station. Find the power and voltage
of the generator required if the loss in transmission is to be 14 per cent. of the
power generated. Also determine the cross-section of the cable required.

65. What considerations determine the proper rating of the capacity of a
storage battery? In what way is the capacity dependent upon the rate of
discharge? What are the conditions which limit the rate of charging ?

66. A compound-wound dynamo is to be used as a compound-wound motor,
with the direction of rotation unchanged. What alterations, if any, will be
required in the machine? Give full reasons and, if need be, diagrams also, to
explain your answer.

67. A ring-shaped electromagnet has an air-gap 6 millimetres long and 20
square centimetres in area, the mean length of the core being 50 centimetres, and
its oross-section 10 square centimetres. Calculate approximately the ampere-
turns required to produce a field of strength H = 5,000 in the air-gap. (Assume
permeability of iron as 1,800.)

68. Describe any potentiometer you are acquainted with, and show how to use
it for calibrating (1) an ammeter reading to 230 amperes, and (2) & voltmeter
reading to 600 volts.

69. Explain briefly the principal phenomena of the continuous current are,
How are they affected (a) by inverting the electrodes; (b) by putting the elec-
trodes horizontal ; (c) by enclosing the arc in & nearly air-tight vessel ?
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%70. Twelve wires, each having 1 ohm resistance, are joined up to form the
edges of o cube. The joints are electrically perfect. Show that the total
resistance of this system taken between two corners of the cube on the same
edge is 5 of an ohm.

71. State the Law of Helmholtz for the valtie of currents while growing to
their steady value. A battery having 15 volts electromotive force and no
appreciable resistance is suddenly switched on to an electromagnet having
13 ohms resistance and a co-efficient of self-induction of 2} henries. Find the
value that the current will have reached in '5 seconds. [N.B.—e = 2718,
€ = 7-388, 3 = 20-08.]

72. Show that the torque given by a continuous-current motor is proportional
to the following three quantities: (a) flux emanating from one pole, (b) total
number of armature conductors, (c) current in one armature conductor. If these
three things are fixed, will it make any difference to the torque whether the con-
ductors are sunk in slots or bound by binding wires on to a smooth core ?

73. State the relation that cxists in an arc lamp (using ordinary carbons)
between the length of the arc and the voltage between its poles, if the current
is kept constant. Also state how the voltage between the poles varies in an arc
of constant length if the current through it is varied. What is the necessary
arrangement of the mechanism in those arc lamps that have a shunt electro-
magnet only, in order that the striking and feeding shall occur properly ?

74. What do you know of the maximum demand system of charging for
electrical energy ? What are the advantages and what the disadvantages of it ?

75. A feeder has to supply 100 kilowatts, at 440 volts, at a distance of half-
a-mile from the generating station. What must be the oross-section in order
that the loss may be exactly 6 per cent. of the power put into the feeder?
[N.B.—Work this out on the assumption that the resistance of a bar of copper
1 foot long and 1 square inch in cross-section is 7'9 microhms.]

76. Define the terms :—Watt, ampere, volt, joule. Prove that the product
of volts and amperes is equal to the power in a circuit and that one horse-power
is equal to 746 watts. [N.B.—One foot = 80'48 centimetres, and 1 pound
= 458°6 grammes.]

77. Sketch the form of the curve of magnetisation of a specimen of mild steel,
giving numerical scales to your diagram. Give a second sketch showing a corres-
ponding curve for & specimen of very hard steel.

78. Explain how you would calculate the excitation required for the magnetic
field of & dynamo. The air gap area of each pole of a smooth-core four-pole
dynamo is 300 square centimetres, and the distance from pole face to core is
5 millimetres. How many ampere turns must be used on each pair of poles for
air gap excitation alone if the magnetic density in the air gap is 10,000 lines per
square centimetre ?

79. A solenoid, 12 in. long, wound on & brass tube 1} in. external diameter, is
coiled with a No. 13 S.W.G. wire, having 10 layers with 115 turns in each layer,
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and can carry 5 amperes without undue rise of temperature, Calculate the
strength of the magnetic field produced (e) at the centre of the coil, (b) at the
open mouth of the coil. What is the maximum pull you would expeot it to
exert on a oylindrical rod of soft iron half an inch in diameter and 15 in. long?
In what position of this rod willsthe pull be a maximum ?

80. What is the relation between the currents in two parallel wires and the
force of attraction or repulsion between them? The leads from an accumulator
cell carry 200 amperes and run parallel to each other, 8 centimetres apart from
centre to centre. What is the force acting on these wires per metre run?

81. Giveadimensioned hand-sketch of a commutator, and state the appropriate
number of its segments for a 4-pole lap-wound armature, having an output of
50 kilowatts at 110 volts at 720 revolutions per minute, and having 288 armature
conductors.

82. Describe how you would measure the insulation resistance of the wiring in
a building. Give a diagram of connections of the apparatus used for the purpose.

83. Explain the principles and uses of a magnetic blow-out.

84. How would you calibrate a wattmeter, using a Clark standard cell, a
potentiometer, a volt box and a standard resistance capable of carrying the
maximum current of the circuit for which the wattmeter is required? Give a
diagram of conneotions.

85. Describe the factory process of insulating the coils that are to be used for
the windings of the armatures of tram-car motors or similar machines.

86. What is meant by the terms ‘‘hysteresis loss” and ‘“eddy current loss”
in the iron cores of dynamo armatures? Why are these cores laminated, and
how are the losses affected by the thickness of the plates? In what magnetic
and electrical qualities do the silicon-iron alloys now often used for transformer
and dynamo core-plates differ from the ordinary iron generally used for the same
purposes ?

87. An electric kettle has an efficiency of 95 per cent. With current at 3d.
per Board of Trade unit, how much will it cost to raise two pints of water from
15 degrees Centigrade to 100 degrees Centigrade? Find the time required for
this operation with a current of 2 amperes at 220 volts.

88. Define the terms :—Volt, ampere, watt, joule. Prove that 746 watts is
equivalent to one horsc-power, and that 736 watts is equivalent to 75 metre
kilograms per second. ’

89, Derive a formula for the electromotive force developed by a continuous
current dynamo in terms of the number of poles, flux per pole, number of arma-
ture conductors, number of parallel circuits in armature winding, and revolutions
per minute.

90. A bar of wrought iron, 1 in. square and 15 in. long, is made into a horse-
shoe magnet with centres of poles 3 in. apart. The pole ends and keeper are
faced to make good contact. What force is required to tear off the keeper if the
excitation is 1,000 ampere turns and the permeability at this excitation is 400?
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91. How would you proceed to calibrate an ammeter by a Crompton potentio-
meter and a standard cell? Give sketches of connections and state what other
apparatus is required.

92. Define the term ‘‘ocapacity” as applied to a battery of storage oells.
How is the capacity affected by the rate of discharge? What do you under-
stand by the term *‘ sulphating ”? How is it caused and how is it remedied ?

93. In a 4-pole direot current motor the number of conductors on the arma-
ture is 180, and there are 2'9 megalines per pole. What torque, in kilogram
metre units, will the motor exert when a current of 50 amperes flows in each
conductor ?

94. Describe the principle of the potentiometer. Make a neat sketch of the
connections tor measuring resistance, current, electromotive force and power by
means of & potentiometer, standard cell and standard resistance.

95. Explain under what conditions it is possible to get nearly constant speed
under varying load at the motor of a power transmission with series wound
machines.

96. Sketch a typical curve of the candle-power given at various angles above
and below the horizontal by a continuous current arc lamp, and show how the
mean hemispherical candle-power is obtained from it. If you were selecting an
arc lamp for a given position would you be satisfied to know that it gave the
required mean hemispherical candle-power, or would you also take the candle-
power at the different angles into consideration? Give reasons for your answer.

97%7. A 100 eandle-power glow-lamp requires an alternating current of 6 amperes
at 60 volts. The supply is at a pressure of 100 volts, at a frequency of 76 com-
plete cycles per second. To give the lamp the right voltage, a choking-coil is to
be inserted. Calculate how much self-induction, in henries, this choking-coil
must have.

98. Calculate the number of alternating volts needed to drive an alternating
current of 10 amperes through a choking-coil having a coefficient of self-induction
of v35 henry, the frequency being taken at 80 periods per second.

99. Define impedance and reactance as applied to alternate current cirouits,
and draw a clock diagram showing the place-relation between E.M.F, and cur-
rent in & circuit whose impedance is 5 units and reactance 4 units. What is the
resistance of the circuit ?

100. An alternate ourrent transformer has 200 turans in its secondary winding,
the induced E.M.F. in which is 102 volts, the frequency being 100 periods per
second. Assume that B will not exceed 4,000 lines per square centimetre. What
must be the sectional area of the core?

- 101. An alternating (virtual) pressure of 100 volts is applied to a cirouit con-
taining a resistance of 120 ohms and an inductance ‘8 henry. If the frnqeceny
be 50 cycles per second, find the virtual ourrent and the angle of lag.
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102. A circuit has a resistance of 200 ohms and capaocity 20 miorofarads.
An alternating pressure of 100 volts is applied at a frequenoy of 70 oycles per
second. Find the ourrent and the angle of lead.

103. Find the ourrent obtained when an alternating pressure of 200 volts is
applied to a circuit of resistance ‘4 ohms capacity, 20 microfarads, and induotance
‘025 henry. The frequenay is 60 cycles per second. .

104. Write an essay on “‘armature reaction” in dynamos and motors.

. (Univ.)
105. Explain the action of ‘‘interpoles” and ‘‘compensating windings.”
Why do carbon brushes assist commutation ? (Univ.)

108. Define the terms—magnetio force, magnetio flux, flux density, and per-
meability. Find the ampere turns required to produce a flux of 100,000 lines in
a steel ring of 8 square centimetres cross-sectional area and 60 centimetres mean
circumference, if H =7 when B = 12,500. If a saw-cut 2 millimetres wide is
made across the ring at one place, find the total ampere turns then required for
the same flux. (Univ.)

107. Find the cross-sectional area of copper wire and number of turns in a
coil which has to give 7,000 ampere turns with a constant potential difference of
35 volts between its terminals and a loss of power of 105 watts. The temperaturc
of the coil is 56° C., and mean length of one turn is 40 centimetres, (Univ.)

108. Describe the parts of a direct-current shunt motor which are essential to
its action. Why is the armature core made of a number of thin disks, while the
remainder of the magnetio circuit is usually of solid iron ? (Univ.)

109. What fixes the speed at which a shunt motor runs and the current it
takes? How are these affected by inserting a resistance in the field coil cirouit ?
(Univ.)

110. A four-pole shunt motor takes 58 amperes at 440 volts and has an
efficiency of 88 per cent. at that load. What is the output in horse-power? If
the armature is wound with 123 coils each of 5 turns, lap connected, and has a
total resistance of 0°2 ohm, and the flux is 275 million lines per pole, what will
be its speed at the above load ? (Univ.)

111. Make a neat diagram of connexions of all the apparatus required for
starting and controlling the speed of a shunt motor. Describe the operation of
starting the motor, stating the use of each part of the apparatus during the start.

ing period. (Univ.)
112. Define the following terms :—lumen, candle-power (including spherical
and hemispherical), lux, brilliancy, absorption, reflection. (Univ.)

118. Describe a method for measuring the hemispheriocal candle-power of an
arc lamp. (Univ.)
114. Describe the construction of the so-called ‘‘half-watt lamp,” and give
reasons for its high efficiency. (Univ.)
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115. A circuit contains in series & resistance of 100 ohms, an inductance of
62 henrys, a capacity of 1 microfarad. If an E.M.F. of 1,000 volts at 50 fre-
quency is impressed, what will be the current and the power tactor? At what
frequenoy will there be maximum current, and what will be its value?  (Univ.)

116. A factory takes single-phase A.C. at 530 volts and 50 frequency. The
current is used for power and light. The motors give a mechanical output of
25'5 kw. at & power factor of 0-75, their efficiency being 0-85. The lighting load
is 10 kw. at unity power factor. What is the total current taken by the factory,
and what is its power factor ? (Univ.)

o
117. Desoribe and give the theory of a method of testing the insulation resis-
tance of the positive and negative side of a private D.C. installation without
interrupting the service. The supply of power is a dynamo on the premises, and

there is no connexion to an outside supply. (Univ.)
118. Write an essay on ‘ Armature Windings for Direct Current Machines.”
(Univ.)

11s. Explain briefly the advantages of the multipolar type of construction for
dynamos over the two-pole type, and establish & formula for the E.M.F. induced
in the armature of a& multipolar dynamo. A six-pole lap-wound armature
running at 500 revolutions per minute has 760 conductors, and the flux from each
field-pole is 7-74 x 10® C.G.S. lines. Calculate the E.M.F. induced in the
armature. (Univ.)

120. Calculate the magnetising ampere-turns required for a six-pole machine,
given—

Effective length of air-gap, including slots, -4 em.

Effective area of pole-face, 800 square cm. Reluctance of rest of magnetio

cirouit is ‘2 of the whole.
Flux density in gap, 7,500. ' (Univ.)

121. Enumerate the requirements which should be fulfilled by a good form of
motor-starter, and give a sketch showing in detail the construotion of such a
starter for a shunt-wound motor. (Univ.)

122. Explain what is meant by ¢ feeders ” and ¢‘ distributors.” A distributor,
*5 square inch in oross-section, is loaded uniformly with ‘5 ampere per foot run.
What is the maximum permissible distance between two feeding points along
this distributor, if the drop from a feeding point to the point of lowest potential
is not to exceed 6 volts? Assume the conduotivity of copper at the working
temperature of the distributor to be *75 x 10~% ohm per inch cube. (Univ.)

123. Give sketches showing the method of wiring which you would propose to
adopt for & building. Explain by a diagram of connections, what arrangement
you would adopt for the purpose of enabling a lamp to be controlled inde-
pendently by either of two distant switches. (Univ.)

124. The maker of a storage battery guarantees its capacity to be 400 ampere-
hours at the 10-hour rate. What do you understand by this statement? Show
by means of curves how the voltage of a cell varies with the time for different
ourrents of charge and discharge. (Univ.)



496 ADDITIONAL EXAMINATION QUESTIONS.

128. At what price of electrical energy will the two types of glow lamps herc
.specified be equally economical ?

Type of 25 c.p. glow lamp Carbon Metal
Cost in shillings ... oor o 1 4
Watts per .p. ..., ... 4 11
Useful life in hours ... ... 800 1,200 (Univ.)

126. A motor has its field separately excited by a constant current. The
resistance of the armature (allowing for any effect due to brush resistance and
field distortion) may be taken as 0-8 ohm. When 125 volts are applied to the
brushes the steady speed of the armature is 850 r.p.m., and the armature
current is 14 amperes. What will be the speed when the terminal pressure
applied is 120 volts and the load such that the armature takes 11'2 amperes?
In the latter case, if the field strength were increased by 10 per cent., what
would you expect the new speed to be? (Univ.)

127%7. Explain what is meant by ¢ Electrical Resonance.” If a capacity of
10 microfarads is placed in series with a choking coil and the whole circmt
supplied with current at a frequency of 50 oycles per seccond, what value of the
inductance of the choking coil will give resonance ?

128. Between two terminals with a potential difference of 1,000 virtual volts
at 50 frequency are connected in parallel a resistance of 200 ohms, an inductance
of 0°5 henry, and a capacity of 206 microfarads. Give the currents in each of
these cirouits, and the total current taken from the terminals and its power
factor. Illustrate your answer by a vector diagram.

129. What capacity must be placed in parallel with an inductance of ‘05 henry
so that there will be no current in the main circuit, the resistances being
negligible and the frequency 75 per second ?

130. The outer conductors of a three-wire feeder have each 0'25, and the
middle conductor has 0'5 ohm resistance. The load is 100 amperes on one, and
80 amperes on the other side. It is desired to have at the feeding-box & total of
twice 230 volts. What total voltage must be kept at the home end of the feeder,
and how must it be divided between the two sides? (Univ.)

131. State and prove the law of attraction between a magnet and its armature
when in contact. If the surface of contact is 5§ square inches and the total num-
ber of lines through this area is 400,000 C.G.S. units, calculate the force of
attraction in kg. (Univ.)

183. Describe carefully how you would determine by the potentiometer
method the error of a voltmeter at the reading denoting 110 volts. (Univ.)



ANSWERS.

Exercises I. (Page 12).
11. 250 lamps. 12, 2,640,000 ft.-pounds. 13. 81 lamps. 14. 965 h.-p.
15. 820'6. 16. 7375 ; 13,825 approx. ; 735 approx.
18. 13,563,039; (13,563,039 x 550) ergs per second.
Exercises IXX. (Page 36).
1. 121 units; 2928 dynes.
2. Ip air: 2'663 e.s. units ; 7659 volts. In wax: 1°11 e.s. units; 333 volts,
3. 1,350 ergs. B. Heat from No. 1: Heat from No. 2 = 3:58: 1.

First conductor: ‘00085 coulomb; 2,650,000 e.s. units. Second conductor;
4 m.farad; 300,000 e.s. units. Third conductor: 5 volts; 5 e.s. unit.

19. 4% h.-p.

First Conductor. Second Conductor. Third Conductor.

'0361265 joule 1'5 joules *00025 joule
02664 ft.-pound 1'106 ft.-pounds *00018 ft.-pound
4 x 1077 B.OT. unit 69 x 10~1° B.O.T. unit

10~% B.O.T. unit

9. 89 5 e.s. units. 10. 1 dyne.

8. ‘000016 h.-p. ; *5563 ft.-pound.
12. %5, 3, %

11. 1 dyne parallel to the line joining the two charges.

ART 38 (Page 49).
(a) Separately: 1,2, and 3 m.fs. (b) Three in parallel: 6 m.fs. (c) Two in

parallel: 8, 4, and 5 mfs. (d) Three in series: % m.f. (¢) Two in
series: %, 3, and 1 m.f. (f) Two in parallel with one in series: 13},14,
g m.f. (g9) Two in series with one in parallel: 3%, 23, 2 m.fs,

Exercises IV. (Page 53).

6. 2 m.fs, 7. % unit of capacity.
9. B = QV = 0V? = 8 joules. E,; =31QV = 4 joules.
The air condenser has the greater energy owing to its smaller capacity

10.
(B =3Q?0). 11. 26 e.s. units. 12, 4'4s8q. in.  18. ‘043 m.f.
14. 133 ergs. 18. 1:9. 16. 2:3; 2:8.
17. Three in parallel with one in series. 18. ‘015 in. 19. ‘314 m.f.
497 32
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498

5.

ANSWERS,

Exercise V. (Page 65).
12,500,000 dynes.

Exercises VII. (Page 95).

1. 1(%33';; fs Ib. } attractive.
2. (@) 120 umts of moment. (b) 13} units of intensity.
3. (a) 16 dynes. (b) 240 dyne cm. 4. 327 = 100'5.
8. T = 148 sec., ./, n = 00677, 6. a:b::0198:1. 10. 001 unit.
11. d =3 cm, F =1 dyne.
15. M= 3702'85, or (neglecting ) M = 385875 and m = 185 1 or 192'9.
Exercigses VIII. (Page 116).
6. 10 ergs. 8. 433 amp. 9. 2,235 ampere turns.
Exercises IX. (Page 128).
5. 00111. 6. 1,382,605 coulombs ; 384 amp. hr.; 15°36 amp.
7. 54136 grm. ; 1 hr. 39 min, 34 sec. 8. 887 1b. of silver; 241 lb. of nick
9. ‘0083 ohm; "000083 ohm ; 1'66 volts. 10. 32 volts. 11. 16% ohms.
12. 975 volt, 109025 volts ; 104'8 volts ; 4'225 volts ; 1'612 ohms. 13. 6% ohn
14. 6 ohms; 648 X 10! ergs; 648 X 10* joules; 1'8 B.O.T. units; 10°8 pence.
Exercises X. (Page 145).
SERIES A.
1. *498 amp. 2. 36,000 coulombs ; 5459 grm.; 13'1 pence.
3. 133177 ohmn ; 39'95 volts. 4. 240 amp., ‘24 gq. in. ; ‘0396 ohm ; 1095 voli
B. ‘0475 s8q. in. 6. 200 volts. 7. “0384 sq. in. 8. 370hm ; 1142 voli
9. "0973 &q. in. 10. A. 1} amp.; B. § amp.; C. 1% amp.
11. 2amp.; 45 watts; 1°08 B.O.T. units ; 54 pence.
12. 12,000 watts; 12 B.O.T. units. 13.13'3 pence. 14. 12 lamps.
Skries B.
6. 127 6 megohms. 7. 17,500 ohms.
8. ‘0875 amp.; ‘14 amp.; ‘28 amp.; ‘56 amp.; 10675 amp.
9. 22857 ohms ; 1428'6 ohms; 714°2 ohms; 357'1 ohms; 187'3 ohms.
10. ‘305 ohm. 11. ‘065 sq. in. 12, ‘094 in, 13. 1:279,
14. ‘092 sq. in. 18. 16 sq. in. ; ‘4 sq. in,
18. 218'18 ohms; 66 watts; 237,600 joules; 3,300 watt hr.; 6:6 B.0O.T. units ; 2/
1%7. 1/6 at 4 watts per candle. 18. 9'65 h.-p. 19. 100'5 h.-p.
20. 2,123,324, 21. 1622 h -p, 22. 3% pence. 23. 577 yd. (approx
24, 31'5 ohms; 114 watts; 5/8'4. 25. 3055 ohms,
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Exercises XI. (Page 167).

11. 533,333% ohms. 12. 1,500 ohms,
13. % of the distance from the nearer end. 18. ‘02 ohm.
Exercises XII. (Page 487).
7. 4162 ohms. 9. 111 ohms; 10773 ohms; 355527 ohms.
10. 6,000 chms; 4. 11. 70 divisions; 2. 12. 39: 20.

Exorcises XIII, (Page 203).
7. (2) 2 amp.; # amp.; 8 volts. (b) A% amp.; z%z amp.; 197 volts
(¢) & amp.; & amp.; 7.3 volts; (d) 43 amp. ; & amp. ; 3-77 volts.
8. 68 cells at 1'1 volts per cell. 9. In series; 3 amp
10. 10 cells in series in a row, the two rows being in parallel ; 12 amp.
11. 80 cells. 12. 1 cell is wrong.
13. Copper: 65606 grm.; 3280'3 grm. Mercury: 20,747 grm.
Hydrogen: 103'8 grm. Caustic soda: 4153'5 grm.
14. 48 sec. (approx.) taking z for Na = "00024. 18. 77 h.-p.; 22:2 h.-p. hr.
16. 5 amp.; 333 volt; 83 volt; % volt.

Exercises XIV. (Page 222).
8. 130 volts; 92'5 volts. 9. 70'1 per cent. 10. 26 ohms; 2 ohms.

Exercises XV. (Page 266).
14. Res. of A = 15 ohms. Res. of B = 6 ohms. Heat in A:Heatin B= 5:8.
18. ‘2499 pence ; 1,499 watts (taking 1 quart of water = 2'5 pounds, and 1 pound

= 453'6 grm.),
Exercises XVII. (Prge 296)
1. 14-3. 2. 1428'7 metres and 1257 dynes.
3. (1) 18855 units. (2) 188'55 dynes. (3) 56565 lines.
5. 1'8 dynes. 6. 0°00157 henry.

7. Primary (a) 0'0038 henry, nearly. Secondary (b) 0:0008 henry, nearly.

8. Final current = 25 amp. After 5}g seo. = 0'31 amp.  After 1 sec. = 22'95
amp. 10. 874 amp. turns, approx. ; 7806.

Exercises XVIIX. (Page 340).
8. Elec. efficiency = 96 per cent. Commercial efficiency = 867 per cent.
9. 62'6 per cent. 10. (1) 436 h.-p. (2) 6005 h.-p. 11. 385 amp.
14. Coils in parallel 104°6 rev. per min. Coils in rows of five 1644 rev. per min.
21, 836 x 108, 22. Q%ﬁ) = 017 ohm (if two pole machine),

23. Resistance (armature) = 0°0359ohms Resistance (shunt) := 12:96 ohms
- Current (shunt) = 926 amp. Current (armature) = 176 amp,

24. ¢t =001, 28. ¢ = 2 volts, 26. 17,600 (approx., using curves),
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Exercises XIX. (Page 364).
3, 893h.-p. 4 701lvolts. 8, 1358amp. 7. 1:819 pence,
8, 1727 amp. £42 0s. 5d. perannum, 9. 877 per cent. 11, 92:'8amp.
12. 127 h.-p. 100 amp. 95 per cent. 50 per cent. 13. 250 dynes.
14. As dynamo, 923 per cent. As motor, 917 per cent,

Exercises XX. (Page 388).
6. 10537 amp. 1667 volts on choker. 1054 volts on resistance,
8. (1) 252 amp. (2) 82° 4R, (3) 79'3.
9. n = 856. 10. % = 86, v = 214095 volts.

11. I = 1 amp. Condenser P.D = 800 volts nearly. P.D. on resistance = 600
volts nearly.

Exercises XXI. (Page 411),
13. Series resistance = 4,600 ohms.

Exercises XXII. (Page 430).
4. For economy in copper, the high-pressure system. For economy in running
expenses, the low-pressure system. 9. 120 per cent.

10. Using, say, a dynamo overcompounded to give 200 volts always at the mill
and generating at 250 volts, the answers are (allowing 90 per cent.
efficiency for both dynamo and motor) : Drop = 50 volts, Current = 100
amp. approx., Cross-section = 0095 sq. in., H.-p. of wheel = 37.

11. 18in.; "44in. 1. (@) 40l sq. in.; 5145'51b, () 1 sq. in.; 23169 Ib.

13. 577 yd. (approx.). 14. ‘17 sq. in.; 1,028 1b. (approx.).

Exexcises XXIII. (Puge 452).

10. ‘103 sq. in.; "01 sq. in ; ‘001 sq. in.

11. Assuming 200 volt supply and mains reduced after the first three floors, we
have :—Mains for 1st, 2nd, and 3rd floors = $} cable ; mains for 4th and
5th floors = 13 cable; 10 circuits in each room, each supplying 8 lamps;
proportionate variation for 100 volt supply.



INDEX.

Acceleration, 4
Accumulators, Advantages and disad-
vantages of, 220
Accumulators, Automatic switch for,
216
, Cadmium test for, 222
’ , Capacity of, 210
, Charge and discharge
cuarves for, 218-220
’ , Charging, 216
, Chemical changes in, 206
. , Chloride, 213
" , D.P., 214
, Dynamo for charging,
330
" , Bdison, 217
, Effect of heat on, 220
' , Effect of light on forma-
tion of, 220
, Efficiency of, 210
, B.P.S,, 210
' , Experimental investiga-
tions on, 218
» , Faure, 207
, General remarks on, 208
, Hart, 211
, Planté, 205-207
» , Practical hints on, 216
, Principle of, 205
» , Separators for, 209
. , Utility of, in central
station work, 221, 861
Action, Local, 191
»  of a magnet in a uniform fleld,
82
Activity, 9, 141
Addenbrooke low-pressure electrostatic
voltmeter, 60

Advantages of electrostatic measuring
instruments, 61
Air gap, 302
» » Ionisation of, 26, 237, 254, 473.477
Alarms, Burglar, 466
» y Fire, 456
Alloys, Effect of heat on, 17, 132
Alternating current circuits, Power in,
877
motors, 380-385
’ »  problems, 874
’ currents, Chapter XX.
» Laws of produc-
tion of, 371
s Long  distance
transmission
by, 426
» Measurement of,
369
s Preliminaryideas
on, 125
, Virtual valuesfor,
870
Alternators, Delta wound, 879
” , Single phase, 378
» , Star wound, 879
" , Three phase, 879
” , Two phase, 879
Aluminium, 17, 183
Amalgamation, 191
Ambroin, 18
Ammeters and voltmeters, 891
’ , Classification of, 890
' » Dynamometer (Weston),397
” , Hot wire, 892
" » Nalder and Thompson, 396
” , Recording, 390
” , Schuckert, 396

” ”

» »

601



502 INDEX.

Ammeters, Shunts for, 302
s , Siemens, 396
» , Testing of, 407
. , Weston moving coil, 394
Ampere, 119, 282 .
»  balances, Kelvin’s, 185
Ampere-hour, 120
’ meters, 390
Ampere’s laws, 184, 272
» rule, 269 n
Ampere turns, Back, 320
,» » Calculation of, 289
, 5 Cross, 320
» , Virtual, 370
Amplitude, 125
Andrew’s concentric system, 444
Anode, 119
Armature, Bipolar drum, 307

”

”»

1 ’ ”» ring, 303

» ,Cross magnetisation of, 317,
356

,» »De-magnetisation of, 317,
356

,» ,Drum and ring (introduc-
tory), 301

, Lamination of core of, 301
, Measuring resistance of, 162,

164
, Multiple winding of, 315
, Multiplex winding of, 315
, Multipolar drum, 311
) ” ring, 305
reaction, 317, 356
, shuttle, 300
winding, 303-316

" » » Re-entrancy, 317
Aron clock meter, 404 .
Arrangement of cells, Best, 198
Arrestors (Lightaing), 415
Atomic Weight, 200
Attracted disc electrometer, 63
Automatic cut-out for arc lamps, 248
reversible boosters, 363

,  switch for accumvlators, 216
Auto-transformers, 388
Ayrton-Mather gravity control electro-
static voltmeter, 568

B.A. unit of resistance, 123
Back ampere turns, 320
» B.M.F. in aro, 288
» electrolysis, 201
' »  motors, 344-848
Balancers on three-wire systems,
426
Balances, Kelvin composite, 187
w sy ourrent, 185
Balancing wire, 422
Ballistic galvanometer, 179
Bar winding, 308
Bastian electrolytic meter, 400
Bearings and pedestals, 333
Bells, Continuous ringing, 464
» » Diagrams for wiring, 456
» » Indicators for, 456
» » Magneto, 4565
» » Relay for, 456
» » Single stroke, 454
» » Trembling, 454
Bergmann conduits for house wiring,
444
Best arrangement cells, 198
Bi-polar drum armatures, 307
”» ﬁng ” , 308
Bitumen, 18
Blackening of glow lamp bulbs, 231
Blow out magnet, see Flame lamp and
Lightning arrestor
Boosters, Automatio reversible, 363
» » Battery, 361
» , Feeder, 360
» » Milking,
» s Negative, 364
B.O.T. unit, 8, 141
Brake, electrio, 346
»  horse-power, Testing of, 410
» » Track, 346
Break, Electrolytic, 369
» » Mercury motor, 369
Bridge-Megger, 167
Brightness, Intrinsic, 263
Broadside-on position, 86, 87
Brush holders and rockers, 334
Brushes, 332
Bus bars, 412, etc,

” »



INDEX.

Cables, as condensers, 43
» , Capacities of, 47
» » Carrying capacity of, 227, 439,
484
» » Determination of capacity of, 50
,» , Determination of insulation re-
sistance of, 153-159
» , Faults in, 1569
,» , Insulation resistance of, 135
Cadmium test, 222
Calibration of ammeter, 407
’ ,» electricity meter, 408
i ,, voltmeter, 406
. ,, wattmeter, 408
Calorie, The, 8, 224, 269
Cambridge capacity testing set, 51
Candle-foot, 257
» -hour, 262
, -metre, 257
5 -power, 257, 258
, Mean hemispherical, 258
, Mean horizontal, 257,258
, Mcan spherical, 258
" » , Reduction factor, 258
' » , Testing of, 409
Capacity, 31
' , Electromagnetic unit of, 31
’ . Electrostatic unit of, 31, 40
’ , Measurement of, 50
” of a cable, 47, 50
” of a sphere, 32
" of accumulators, 210
" of condensers, 39, 44, 45, 49
' , Practical unit of, 31, 40
v , Specific inductive, 19, 40, 41,
50
Carbon brush and commutation, 322
Carrying capacity of cables, 227, 439,
484
Casing, metallic, 442, etc.
» , wood and capping, 441
Ceiling roses, 437
Cells, Agglomerate Leclanché, 194
. » Best arrangement of, 198
, , Bichromate, 193
" , Bunsen’s, 193
» » Chromic acid, 193

”» ”»

» »

”» ”»
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Cells, Clark standard, 196
» » Current given by, 196
» , Daniell’s, 191
» » Dry, 195
» » Kfficiency of, 198
. , Grove’s, 192
» » Leclanché, 193
» » Local action in, 191
» » Mixed arrf{ngement of, 198
,» , Parallel arrangement of, 197
» » Parallel arrangement of unequal,
199
,» , Polarisation in, 191
» > Series arrangement of, 197
» » Simple, 189
» » Theory of simple, 190
, Weston standard, 196
Central battery omnibus system, 462
Central battery system, calling circuit,
466
, cord cucuit,
467

» ” »

C.G.8S. system, 2
Characteristic curves for dynamos, 326
motor, 352
353
Charging for electrical energy, System
of, 418
Chemical equivalent, 200
Choking coils, 373
Circular coil, Polarity of, 269, 270
Clark standard cell, 196
Coeflicient of mutual induction, 294
» » self-induction, 291
Coherer, 470
Coercive force, 107, 108
Commercial tests of magnetic proper-
ties, 109
Commutating poles, 329
Commutation, 320
» , Carbon brushes and, 322
' , Interpoles and, 329
,, y Methods of improving,
322
” , Neutralising windings
and, 330
Commutator, 300, 304, 332

» » 1
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Comparison of capacities, 60
currents, Chap. XII,
E.M.F.’s, Chap. XII.
magnetio fields, 84, 88
magnetic moments, 84,
88 L}

resistances, Chap. XI,
Compa.ss, Errors of, 113

» 5 Kelvin’s, 113

»  Liquid, 113 e
Compensating windings, 330
Compound dynamo, 324

5 motor, 344-353

Concentric wiring, 444
Condensers, Capacity of, 39

” , Capacity of parallel plate,

45

” ”
» ”
» »

» »

. , Capacity of spherical, 44

. , Determination of capaci-
ties of, 59, 193

” in induction coils, 368

» » Pparallel, 48

. ,, Beries, 48

» , Methods of charging, 41

’ , Mixed arrangement of, 49
' , Principle of, 38

» , standard and practical, 43

' with electrostatic volt-
meters, 61, 62
s with induction machine,25

Conductance, 122, 123
» , Unit of, 123
Conductors and insulators, 16
» »Carrying capacity of, 227,
489, 484
» , Economy in, 420-428
» , Effects of heat on, 17, 181
» , Measurement of resistance

of, Chap. XI.
»  » Resistance of, 131-139
Conduits for house wiring, 442

Consequent poles, 73

Coulomb, 29, 81, 119, 834

Conservation of energy, Principle of,
11

Critical temperature, 75, 107

Crompton potentiometer, 172

INDEX.

Oross-magnetisation of armature, 317
856
Cumulative wound motor, 344, 846
Current, Absolute electromagnetic unif
of, 282

» , Effects of an electric, 117

,»  strength, Meaning of, 118
, Measurement of,

Chap. XII.
s , Units of, 118, 282

Currents, Safe, for conductors, 227, 484
Cut-outs, 216, 227, 248, 436
Cycle, Magnetic, 108

» v

Declination, 77
Demagnetisation, 111
Demagnetisation of armature, 317, 35¢
Demagnetising belt, 817
” effect of poles, 69

Demand indicator (maximum), 404
Detectors in wireless, 470-472
Determination of the magnetic proper-

ties of irom, 100
Diamagnetic bodies, 67
Dielectrie, 19, etc.
Dielectrio strength of insulator, 18
Differentially wound motor, 844, 846
Dip, 78

,, circle, Errors in, 112
, Kew, 112

»” » s Magnetic meridian by, 112

» 3 Determination of, 112
Distinction between P.D. and E.M.F..

121, 190
Distribution and transmission, Chap.

XXII.
Distribution board, 437

» , Indoor, 438
” of electrical charge, 26
Distributors, 412
Diverter, 828, 356
Divided circuits, Caloulations on, 137
” »  Complicated, 188
Dolezalek electrometer, 63
Double current generator, 386
» tariff meter system, 419

” ”»
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Double wound armatures, 315
Drysdale’s permeameter, 110
Drum armatures, 307
Ducter, Evershed’s, 162 .
Duplex wound armatures, 315

,»  telegraphy, 4569
Dynamo defects, 335
Dynamo for charging accumulators, 330
Dynamos, 298

» , Characteristic curves for,
326

” , Commutating pole, 329

» , Compensating windings for,
330

» , Efficiency of, 331
' , Paralleling of, 416
o5 , Preliminary ideas oa con-
struction of, 301
’ , Principle of, 299
' , Series, shunt componnd, 324
’ , Voltage regulation of, 328
» , Working and care of, 336
Dynamometer-type ammeters and volt-
meters, 397
Dyne, The, 6

Earth, Magnetic condition of, 77
Economies in an electrical undertaking,
427
Eddy Currents, 301
Effect of form and composition on
magnets, 74
mechanical surroundings on
magnets, 75
Efficiency of acoumulators, 210
' » battery, 198
” ,, dynamos, 331
» ,»» glow-lamps, etc., 231
» » lamp, Measurement of, 409
» ,»» motor, Testing of, 410
,» motors, 857
Elecmo absorption, 39
»  bells, 454-458
»  energy, 10, 32, 140
-, field, 22
. fleld strength, 33

” ”»
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Electric force, Lines of, 22, 23
»  power, 9, 141
»  telegraphs, 458.463
»  telephones, 463-468
Eleotmﬁcatlon, Two states of, 14
Electro-chemical equivalents, 120
Electrodes, 119
Electrodynamometer, 183
Electrolysis, 119, 200
" , Back E.M.F. in, 201
’ » Faraday’s laws of, 200
’ , Power spent in, 202
Klectro-magnetic induction, Laws of,
” 273.277, 284, 291-295
units, see Unit
Electro- magnetxsm Chaps. XVI,, XVII,
Electrometer, Attracted Disc, 63
» » Capillary, 63
» , Dolezalek, 63
» , Quadrant, 62
, Tilted, 64, 65
Electrometers and Electroscopes, 62
Electromotive force, 121, 122
Electron theory, 16
Electrons, 119, 475, etc.
Electrostatio induction, 18, 19
magchine, The
Wimshurst, 24
» measuring  instruments,
Advantages of, 61
” units, see Unit
” voltmeters, 55
yInoreasing

range of, 61
E.M.F. and P.D., Distinction between,

121, 190

E.M.F., Back, in cells, 191
» » Back, in electrolytes, 201
» » Back, in motors, 844.8348
» » Measurement of, Chap. XIT.
» of dynamo, 823

End-on position, 86, 87, 88

End rules, 270

Energy, 10

+ » . Electrical, 140
» » Kinetio, 10
»  meters, 390

” ”»

”» »
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Energy of a charged body, 32

» , Potential, 10

» » Principle of Conservation of,

11
Equalising bar, 417
’ rings, 317 ¢

Erg, The, 8
Extra Current, 275

Farad, The, 31, 40 ¢
Faraday Lines, 35
Faraday’s Laws of Electrolysis, 200
Fault testing in cables, 159
Faults in dynamos, 835
Feeders, 412
Feeding points, 412
Ferromagnetics, 67
Field breaking Switches, 414
,, due to a small magnet, 85
5 s 3 vertical bar magnet, 94
. » Electrie, 22
intensity, 89
magnet windings, 324
. » Magnetio, 70, 81
,» » Rotating, 382
, Strength of, 81, 82
, Comparison of, 84, 88
, Blectric, 33
, Measurement of, 99,
111
» » s Unit of, 81, 82
Fire alarms, 456
Five.wire system, 424
Flashing, 220
Fleming “left-hand rule,” 178, 271
»  ‘“right-hand rule,” 276
“Flinder’s bar,” 114
Flux density, 91
Foot-pound, 8
,» -poundal, 8
Force, 6
,» » Absolute units of, 6
, Electric lines of, 22, 23
, , Gravitational units of, 6
. , Magnetic lines of, 71
» s Magnetising, 91, 92

"

»

”
” ”
i) ”

1 »
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Force on conductor in magnetic field,
282

Force-de-cheval, 9

Former winding, 308

F.P.8. gystem, 1

Franklin theory, 15

Frequency, 125

Fringing, 290

Fundamental units, 1, 2

Fuses, 227, 436, 483

Fusing currents, Table of, 227, 483

Galvanometer, Astatic, 174
. , Ayrton and Mather, 178
” , Ballistic, 179
s constant, 180
» , Despretz and I’Arson-
val, 177
’ , Figure of merit of, 176
” , Kelvin Mirror, 175
” reduction factor, 180
» , Sensibility of, 177
' , Shunts for, 182
2 , String, 181
’ , Tangent, 179
’ , Thermo, 181
” , Unipivot, 180
Galvanometers and Galvanoscopes, 174
Gauss, 82
Gauss’ proof of inverse square law, 97
Generators, Chap. XVIII.,
German silver, 17, 133
Gilbert, 291
Gramme, 2
» -centimetre, 8
» Ring, 303
Gravity, Intensity of, 7
Grotthiis Hypothesis, 191
Ground detectors, 416

Hand rule: (Fleming left hand), 178, 271

(Fleming right hand), 276

(simple right hand), 269,
270

Heat, its effect on conductors, 17, 132

electrolytes, 233

insulators, 17, 233

” "

” ”

» » »

” ” ”
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Heat, its effect on magnetisation, 75,
107

Heating effects of currents, Laws of,
224

Heeling error, 115

Hefner, 257, 261

Helmbholtz law, 203

Henry, 292, 295

High pressure distribution, Advantages
of, 420

Hopkinson’s bar and yoke, 110

. divided bar and yoke, 110
Horizontal component of earth’s field,
77, 84, 99, 111

» distribution curves, 263
' illumination, 263
Horee-power, 0
. » » Relation between Watt
and, 9

House wiring, Chap. XXIII.
Hysteresis, 108
” tester, Ewing’s, 109

Illuminating power, 257
Illumination, Horizontal, 263
” , Intensity of, 256

Impedance, 371
Indicators, 456
Induced E.M.F. and current, 273

’ » » Magnitude of, 284

»  Magnetism, 68
Inductaunce, 274, 275, 201, 294
Induction, Coefficients of, 291, 294

" coil, 367

» » Electromagnetio, 273

» , Electrostatic, 18

»  Lines of force and, 22, 89

» , Magnetic, 89

» motors, 382

” , Mutual, 274

’ of currents by currents, 273

s 2 » magnets, 274

»w  Self, 276
Inductive circuits, Chap. XX.
T, coils, Modern breaks for, 853
Insulation, Practical, 16, 17

607

Insulation resistance of cable, 185
, live mains, 167

, Measurement of,
153-159

Insulat’;ors, Breakdown pressures of, 18
’ , Conductors and, 16
» , Effects of heat on, 17, 133

Intensity of magnetisation, 81

Internal resistance of cell, 164

Interpcles, 329

Interruptors, 369

Inverse square law, 28, 80, 97

Ions, 119

TIsolit, 18

» "

” ”

Jandus encloged arc lamp, 246

» Tregenerative arc lamp, 250
Jointing conduit, ete., 441-447
Joule, The, 8, 140
Joule’s law, 225

Kathode, 119
»  rays, 474, 475

Kelvin’s law for conductors, 428
Kelvin balances, 185

, electrometers, 62, 63

» » The, 141

,, voltmeters, 55-58
Kilogrammetre, 9
Kilowatt, The, 9, 142
Kilowatt-hour, 8, 141
Kinetio energy, 10

Lag of brushes, 356
,» ourrent, 126, 872
Laminated magnets, 76
Lamination of armature oores, otc., 301
Lamp-hour, 264
Lamp spinner, 260
Lamps, Arc, 237-2556
" » » Alternating current, 239
,, » » Automatic cut out for, 248
” » » Back EM.F. in, 238
” » » Crompton 8 type, 243
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Lamps, Aro, Differential, 242
' » » Enclosed, 240
’ » » Excello lame, 248
. s 3 Functions of mechanism
for, 241
” » » General remarks on, 237
” » y Jandus enclosed, 246
» » y Light distribution- curve
for, 260-264
» s » Magazine flame, 256
" » » Magnetite, 255
e » » Pointolite, 254
” » » Regenerative flame, 250
" » 3y Series, 241
» ,Shunt, 242
’ s 5 Testing, 259-264, 409
» » Caps and holders for, 230
» , Comparative costs for, 264
» , Constraction of carbon fila-
ment, 228
, Construction of metallic fila-
- ment, 235
» o Efficiency of, 231
s » Half-watt, 236
, Incandescent, 228-237
»  Life of, 231, 232
, Light distribution curves for,
260-264
, Metallic ilament, 233-237
, MH.C.P,, M.S.C.P.,, and
M.H.8 C.P. of, 232, 258
, Nernst, 232
, Smasghing point of, 232
5 » Testing, 2569-264, 409
» » Vapour, Bastian, 253
” » » Cooper Hewitt, 252
Lap winding, 811
Lead of brushes, 320
» current, 126, 373
Leakage coefficient, 290-
Leclanché, Agglomerate, 194
sy  cell, 103
Left hand rule, 178, 271
Lenz’s law, 274
Light distribution curves, 260
Lightning arrestors, 415

»  conductor, Resistance of, 166

INDEX.

Lines, Faraday, 85
» of force due to currents, Chap.
XVI.
, Electrio, 22
, Magnetio, 71, 72
, Number of, from unit
charge, 83
» Number of, from unit
pole, 82
» ” ) Tming: 73
» of induction, 22, 34, 71, 89-92
Linkages, 285
Live mains, Insulation resistance of, 166
Load curves, 417
» factors, 221, 417
Local action, 191
Loop, Hysteresis, 108
»  test, 169
Looping in, 446
Lumen, 261
Lumen-hour, 262
Luminous flux, 261
Lux, 267

Magnet, Action of, in a uniform field,
82
Magnetic circuit, 286-291
calculations, 289
EH) ” units, 290
’ bodies, 66
" cycle, 108
,  field, 70
. » of a circular current, 269,
279
" » » current, 268, 278
» long straight wire,
268, 278
» 8olenoid, 269, 280
on axis of circular cur-
rent, 280
, Strength of, 81, 82
” » Unit’ 81' 82
»  Helds, Comparison of, 84, 103
” » » Measurement of,98,111
,  flux, 91
’ induction, 890 91

i ”

2" ”



INDEX.

Magnetio meridian, 77

, Determination of,
112

,»  moment, 80

’ moments, Comparison of, 85,
88

, Measurement of,

98,111

” ”

” ”

» poles, 66
’ » » Demagnetising effect
of, 69
potential and magnetic po-
tential difference, 82
,  screens, 75
. storms, 78
» traction, 111
Magnetisation, Mechanical results of, 77
» curves, 105, 108, 416
Magnetising Force and Magnetic In-
duction, 90, 91
Magnetism, Effect of form, composition,
temperature, Treatment
on permanence of, 74, 75
' , Induced, 68
” , Permanence of, 74
Magnetometer, 98
» » Method for determin-
ing magnetic pro-
perties of iron, 103
Magneto-motive force, 286, 287
Magnets, Action between two, 87
5 » Constitution of, 68
» , Construction of, 77
» , Coupleexerted between small,
87
, » Effects of heat on, 75, 107
,» , Field due to vertical, 94
, Force exerted by small, 85
,» , Lifting power of, 76, 127
»  Natural and artificial, 66
»w , Oscillating, 83
4 » ,Rapid acting, 76
Mangaain, 17, 188
Marble, 17
Mass, 6, 7
Haximum eurrent rules of I.B.B., 227,
484
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Maximum demand indicators, 404
system of charging,
418
” temperature rule of ILE.E.,
3 227
Maxwell, 201 °
»  lines of force, 34
Megger, The, 165
Megomit, 18
Meridian, Magnetio, 77
» Determination of,
by dip circle, 112
Metallic filament lamps, 233
Meters (Eleotricity), 390
, Aron clock, 404
, Electrolytig, 400
, Testing of, 408
» Thomson motor,
401

”» »

» »

”» i)
” ”»
1 »

" i3]

Metre bridge, 150
s » » BErrors in, 151
Metrio system, 2
» » » Advantages of the, 4
» tables and conversion table, 3
M.H.C.P., s¢¢ Lamps
Mho, The, 123
M.H.8.C.P., see Lamps
Mica, 18
Miocanite, 18
» cloth, 18
» paper, 18
Microfarad, The, 31
Microphone, 464
Mil, The, 1, 136
» » Circular, 1, 136
Molecular theory of magnetism, 93
Moment of magnet, 80
Moments, Comparison of, 85, 88
» » Measurement of, 99, 111
Momentum, &
Motion, Laws of, §
Motor, Alternating current, 880
» s Armature reaction in a, 856
» > Back E.MM.F. of, 344-348
» , Oaloulations on the, 348
» » Characteristio ourves of, 352,353
, , Commutator-series. 3R%
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Motor, Direction of rotation of, 344
» » Dynamo run as a, 344
» , Bfficiency of, 357
, -Generators, 359
,» ,Induction, 382 .
,» » Principle of, 845
» » Repulsion, 883
, Series, Shunt and compound,
344-363
, Slip-ring, 883 .
, Speed regulation of, 355, 356
, Split-phase, 384
, Squirrel cage, 383
, Star-delta starting of 3-phase,
383
starters, 853
» s Synchronous, 380
, Testing b.h.p. and efficiency of,
410
M.8.C.P., see Lamps
Multiple armature windings, 315
Multiplex armature windings, 315
Multiplying power of shunt, 183
Multipolar dram armatures, 307
» ring armatures, 305
utual induction, 274, 204, etc.
, Coefficient of, 294
of two solenoids, 295
, Practical effects of,
295

” ”
” ”»

» ”

Tegative booster, 364

Teutral temperature, 265

leutralising windings, 330

[o-voltage release for motors, 854

fumber of lines of force and induct on
from unit charge, 34

'amber of lines of force and induction
from unit pole, 81, 90

erated, 201

hm, The, 123

hmmeter, 164

hm's Law, 130

soillation of magnet in uniform field,
83

INDEX.

Over-compounding, 325
Overload release, 354

Parallel, Cells in, 197, 199
» , Condensers in, 48
» » Plate condenser, 39, 45
»  Resistances in, 136
» » Wires in, 136
Paralleling of dynamos, 416
Paramagnetic bodies, 67
P.D. and E.M.F., Distinction between,
121, 190
Peak of the load, 221, 361, 418
Pedestals, 833
Peltier effect, 265
Period, 125
Permanence of magnetism, 74
Permeability, 765, 76, 90, 92
’ , Commercial tests on, 109
’ » Magnetometer method
for, 103
» » Ring method for, 101
’ , Variations in, 106
Permeameter, 109, 110
Phase difference, 126
Photometers, 259, 409
Pilot wires, 413
Pitch of armature winding, 307, ete,
Platinoid, 17, 133
Platinum silver, 133
Polar curves, 260
Polarisation, 191
Polarity of solenoid, 270
Pole, Unit, 80
Poles, Consequent, 74
» » Demagnetising effect of, 69
» » Foroe between isolated, 80
» s Magnetio, 87
Polyphase ourrents, 126, Chap, XX,
Porcelain, 17
Post office box, 151
Potential, 20, 29
» at & point, 30
. difference, 121
» Measurement of,
Chap. XII.

” ”



INDEX.

Potential due to neighbouring charges,
21

» » Electromagnetic unit of, 30,
121

»  Blectrostatic unit of, 30

» energy, 10

’ ' of a charge, 32

» » Magnetic, 82

” of a charged sphere, 30

. , Practical unit of, 30, 121, 123

» , Zero of, 20, 29
Potentiometer, 169- 174

» , Calibrating Ammeter
and voltmeter by, 406
” , Crompton, 172
" , Current by, 171
o , Large E.M.F. by, 170
» , Power by, 172

' , Resistance, 171
“ , Small E.M.F. by, 170
Poundal, The, 6
Power, 9
» » BElectrical, 9, 141
, factor, 377
, in A C. circuit, 377
Press-pahn, 18
Properties of an electric circuit, 276

Quadrantal error, 116
Quantity, Electromagnetic unit of,
282, 291
» s Electrostatic unit of, 29
5 Meters, 390
» , Practical unit of, 29, 120

Range of electrostatic voltmeters, In-
creasing, 61
Reactance, 371
Reduction factor, galvanometer, 180
" »w yillumination, 263
’ » , Spherieal, 238
Re-entrancy, 317
Regulation of speed of motors, 355, 356
” » voltage of dynamos, 328
Relay for electric bells, 455
» s telegraph work, 459
Reluctance, 288

511

Replenisher, 63

Repulsion motors, 383

Residual magnetism, 107, 108

Resista, 133

Resistance, 122, 123

, Ampeter and voltmeter
methods of measuring, 164

, Effects of temperature and
molecular changes on, 132

» , Formulae for caloulations

on, 134

’ , Insulation, of cables, 135,
137, 153-159

, of live mains,
166

.
”»

” ”

, Laws of, 131
, Measurement of, Chap. XI.
,, accumula-
tor, 164
,, armature,
165
pelectrolytic,
166
» high, 153.
1.9
,» insulation,
1534169
,, lamp, 164
) ”» ) » IOW, 162
» , Testing insulation, 153-159
" , Units of, 123
Resistances in parallel, 137
s in series, 136
Resistivity, 132, 134, 136
Resonance, 373
' , Peculiarities of, 376
Retentivity, 74
Reversing rotation of motors, 344
Right hand rule (Fleming), 276
b ay ,» (simple), 269, 270
Ring armatures, 303
Ring method for determining magneti-
sation of iron, 101
Rocker Brush, 334
Rotary converters, 384
Rotating field, 382
Rotor, 378

” ’ ”

”» b »
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Rupning costs, 419
. leads, 441

Scott’s rule, 426
Secondary cells, see Acoumulatoss
Seebeck effect, 264
Self-induction, 275, 291
» , Coeficient of, 291
’ of solenoid, 293 .
" , Practical effects of, 293
Semi-circular error, 114
Series arc lamp, 241
sy , Condensers in, 48
»  dynamo, 324
' motor, 344-353
»  parallel control, 856
,,  resistance for voltmeter, 392
» , Resistances in, 136
Shellao, 17
Shunt arc lamp, 241
»s » Constant total current, 183
5  dynamo, 324
,s motor, 344-363
» » Multiplying power of, 183
Shunts for ammeter, 392
s ,»» galvanometer, 182
Simplex conduits for house wiring, 442
Slate, 17
Slip-rings, 299
Slotted core armature, 810

Soaking in, 40
Sounders, 458
Specific inductive capacity, 19, 40, 50
» ”» »” 3M3&5ure'
ment of, 50

,  resistance, 182, 134, 136
Speed regulation of motors, 355, 856
Spherical candle power, 257, 268, eto.
condensers, 44

» hefner, 261
Standard condensers, 43
Standing costs, 419
Star-delta starting for 3 phase motors,
888
Starters for motors, 853
Storage cells, ses Acoumulators

”

INDEX.

Strain in electrio field, 22
Stress in electric field, 22
Susceptibility, 90
Switch, Automatic, 216, 248, 854
w 5 Field breaking, 414
»  for indoor wiring, 438
Switchboard (central station), 414

Table for rotary converters, 385
» Of breakdown pressures of cer-
tain insulators, 18
,»» oapacities of certain cables, 44
conductors and insnlators, 16
» 5 conversion, 3
» s dynamo efficiencies, 331
» » electro-chemical equivalents,
120
» 5 motor efficiencies, 368
resistance of copper, 482
safe currents for conductors,
484
» » sizes and fusing currents, 483
» » Specific inductive capacities,
41
specific resistances and tem-
perature coefficients, 481
s 5 Standard wire gauges, 483
Tables, Metric, 3
Telegraph naut, 2
Telegraphy, Baudor, 463
, Central battery, 462
, Coherer for wireless, 470
, Crystals for wireless, 472
, Double current working,
461
, Duplex, 459
, Hughes’ type-printing, 462
, Principles of, 468
, Valves for wireless, 472
, Wheatstone automatio, 462
" , Wireless, 468
Telephony, Central battery system, 466
, Principles of, 463
» , Bimple circuit, 464, 465
Temperature, Coefficient, 182
, Critical, 756

»

”

”

»
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‘emperature, Neutral, 265
rise in conductors, 225
mtmrf set, Bridge-Megger, 157
" ,» » Cambridge Capacity, 51
” ,» » Cambridge Omega, 157
, Evershed’s Ducter, 162
, Evershed’s Magnet, 154
» ,» » Evershed’s Megger, 155
[hermo-electricity, 264
'hompson’s permeameter, 109
homson effect, 266
[hree-wire system, 422
» ,» » Balancers on, 425
[ilted electrometer, 64
lorque, 347
[ransformers, 85
. , Auto, 388
' , Construction of, 387
. , Losses in, 388
4 , Mathematics of, 386
I'ransmission and Distribution, Chap.
XXIT.

” ”

”» ”

Unit, BOT., 8, 141
,  field, 33, 81
,, , Pole, 80

Units, F.P.S. system of, 1, 2
., , Fundamental, 1, 2
., Light, 257-263
, Magnetic circuit, 201
., Metric and C.G.S., 2
of acceleration, 4
,, capacity, 31, 39
,, conductance, 123
,, current strength, 118, 282
,, energy, 10, 140
,, force, 5,7
,, inductance, 291-295
,, momentum, 5
,, potential, 30, 121
,, power, 9, 141
,, quantity, 29, 118, 139, 282,
,, resistance, 123
,, velocity, 4
- ,, work, 8, 159
, True, mtema.honul and legal, 124

T.E.

Vacuum tube, Discharge in, 473
Valency, 200
Valves for wireless, 472
Velocity, 4
Vertical component of earth’s field, 78
Villari reverss), 77
Virtual values of current and pressure,
126, 370
Volt, 30, 121, 123
‘s box, 170
. s Vu'tual 126, 370
Voltameter, 119
" , Back E.M.F. in, 201

Voltmeter, Addenbrooke electrostatic,

60

’ , Advantages of electrostatic,
61

» and ammoter, 391

» y Ayrton Mather electrostatic,
58

” , Condensers with electro-
static, 61, 62

’ , Dynamometer  (Weston),
397

' , Errors of electrostatic, 61,
62

” , Hot wire, 392
” , Increasing range of, 61, 392
. , Kelvin multicellular electro-
static, 57
’ , Kelvin vertical electrostatic,
35
' , Nalder and Thompson, 396
. , Schuckert, 396
. , Siemens, 396
" , Testing of, 406
, Weston moving coil, 394
Vulca.msed fibre, 18
,, india-rubber, 17

Watt, 9, 142
, -hour, 8, 141
,» » Relation between h.p. and, 9
Wattless current, 377
Wattmeter, 390
» , Siemens, 398

33
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Wattmeter, Testing of, 408

. , Weston, 400
Wave winding, 311
Weber’s theory of magnetism, 93
Weight, 6, 7
Wheatstone bridge, 149 . ¢
Wimshurst machine, 24
Windings (armature), Chap. XVIII
Wiring diagrams, 448, 456

”
3

, Testing indoor, 154

of houses, etc., Chap, XXIIL -

Wood casing system of house wiring,
441

Work, 7, 8, etc.

Work in moving couduactor in magnetic
field, 283

X rays, 473-480
Yoke, Magnet, 302

Zirconia, 232
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