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PREFACE.

THIS
book is mainly a reprint of a series of articles

which appeared in The Electrician under the title of

** Letters for Learners and Unprofessional Readers." The

series was begun in November, 1887, by Mr. A. E. Kennelly

but subsequently relinquished on his appointment to Mr.

Edison's laboratory in America. In the beginning of the

following year, at the Editor's request, I undertook the

task of carrying them on under the same title, although I

found the last two words in the title somewhat ambiguous.

If a general and popular style of writing was looked for

by the unprofessional readers, I cannot hope to have

pleased them
;
but if, while engaged in other professions,

they wished to become acquainted with some of the laws

underlying this rapidly-growing science, then I may hope

that they have found something worthy of their attention

and interest.

To serve this purpose, I started with the good resolution

to exclude all mathematical expressions, and endeavour to

put into words anything expressing a relation between

quantities. Unfortunately, this good resolution was speedily

broken, although not for the want of trying to keep it.
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The reader may, however, be reassured by the fact that

only simple equations are used, and the three simple

functions of angles. The only class of men that I could

think of in another profession who could be sufficiently

interested to follow up such a series were those learned

gentlemen who square up some of our little differences for

'us not very far from Temple Bar.

On the other hand, to those who are, in common with

myself, students of Electrical Science and Practice, I may

hope that, in whatever branch of its application they arc

engaged, some good may accrue through these pages ;
not

on account of anything which might be termed novel, for

this will not be found, but on account of the pains I have

taken to explain in plain language some of the funda-

mental laws and processes, and the more modern terms

in use at the present day.

The great disparity between the lengths of some of the

chapters may strike those who are accustomed to write

books, and divide up equally the matter treated upon, as

ludicrous. This, however, must stand as it is, the subjects

handled having been developed as it was thought necessary

at the time of writing. The length of the last chapter

somewhat appalled me, but I could not well leave the

subject without adding what I considered to be of use

and interest under that heading, although at the expense

of being somewhat theoretical at times.

The experiments mentioned were conducted at the School

of Electrical Engineering in Hanover Square, London, and
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I have to thank Mr. Lant Carpenter, Mr. L. Drugman and

the Students there who assisted me, amongst whom I

recollect with great pleasure Mr. Webb-Watts, Mr. Ernest

Tidd, Mr. Thomson and Mr. Blakeley.

It will be observed that the present volume contains

several hints of continuation, and, indeed, by itself, cannot

be called a complete treatise. I hope, therefore, as soon as

time and opportunity permit, to take the matter up once

more, and continue the work under its new title.

H. D. WILKINSON.
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ELECTRICAL STUDENTS.

I.-LAWS, UNITS, AND SIMPLE MEASURING

APPARATUS.

CHAPTER I.

1. Early Ideas. Notwithstanding the numerous applica-

tions of electricity, our knowledge of its nature remains of

the most scanty description. In the earlier stages of in-

vestigation it was supposed to have a material existence in

the form of an extremely attenuated fluid that could readily

permeate conducting substances, but which found obstruction

in passing through non-conductors; in the same way that

liquid might pass freely through fibrous material, but be com-

pletely arrested by a densely solid barrier. Hence the terms
" Electric Fluid,"

"
Current," &c., which are still retained, not

only on account of their widespread acceptation at a time when
their application was more accredited, but also for the con-

venience with which they serve to connect our ideas in dealing

with the more intricate conceptions of modern theory. There

is, as we shall see, considerable analogy between the laws of

the flow of water and the laws of the transmission of elec-

tricity ; but in employing the terms suggesting fluids it is

necessary to remember that they are only convenient symbols

by which we represent and express a totally different class of

phenomena,
B
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2. Electrical Energy. It is now generally agreed that elec-

tricity is immaterial in its nature, but is an inherent property
of matter, through the medium of which, as with heat, gravita-

tion, or chemical affinity, matter may acquire energy and exhibit

force. This conclusion is supported by many considerations.

For example, if electricity were matter we should expect it to

exert gravitation like all other known forms of matter, but no

one has ever been able to detect any increase in the weight of

a condenser after charging it. On the other hand, every
evidence of the presence of electricity, since its very first

recorded discovery by Thales, in the attractive power of rubbed

amber, has been, and is, through some manifestation of force ;

while it is always found that the production of a certain

quantity of electric force requires the expenditure of a corre-

sponding quantity of energy in some other form. Thus, to

obtain electricity from a frictional machine or a dynamo, we
have to turn the handle of the one or the armature of the

other, and if we leave out of consideration the energy wasted

in friction and heat, the power of the electricity produced will

be the exact counterpart of the power mechanically expended
in the turning process.

3. Electricity Produced by Chemical Energy. When we
obtain electricity from a battery, however, we expend no

power in direct mechanical action, but we find zinc and other

chemicals consumed. In this case it is chemical force and

energy of combination which is expended. The zinc com-

bines with the oxygen of the water in the cells, and is thus

practically burnt; while for every grain weight of zinc usefully

consumed a definite quantity of electric power is generated.

4. Electromotive Force. In different kinds of batteries

the same weight of zinc consumed may yield very different

quantities of electrical energy, since the chemical affinity of

the elements varies in different combinations of metals and
solutions. The greater the resulting chemical affinity, the

greater will be the energy expended in the union of a given

quantity of the elements, and the greater is the corresponding

quantity of electrical energy developed in other words, the
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greater the electromotive force of the cell. This electromotive

force is conveniently expressed by the abbreviation E.M.F.,

and is practically measured in definite units, called volts.

5. Requirements in a Good CelL A good type of galvanic

cell should fulfil the following requirements :

(1.) The total useful chemical affinity, and thus the

E.M.F., should be as great as possible, and constant under

all rates of current supply.

(2.) None of this energy of affinity should waste itself

in forming combinations while the cell remains idle. In

other words, there should be no loss of material by local

action.

(3.) The cell should offer in its own elements and

solutions as little obstruction as possible to the liberation

of the electricity it develops that is to say, its internal

resistance should be as low as possible.

(4.) The materials for its consumption should be cheap
and readily obtainable.

(5.) The cell should require no inspection or super-

vision to keep it in good order until all the energy of its

chemical affinities is exhausted.

(6.) The form and dimensions of the cell should be

convenient, and no noxious chemical products should be

formed in it by action.

No battery fulfils all these conditions with any degree
of completeness, but we may discuss one or two of the more

general forms and compare them by this standard.

6. Simple Cell. The simplest form of cell consists of a plate
of zinc and a plate of copper plunged in water. As water

is not a very good conductor, it may with advantage be

acidulated, or rendered saline by the addition of common
salt. No electrical action takes place if the metals are pure
as long as the plates are kept apart, but the moment they are

brought into contact, either in the water or above its surface,

a current will immediately be generated. It is not necessary
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that the plates themselves should be made to touch each other,

for the wire F G H (Fig. 1), usually copper connecting wire,

may be considered as an extension of the copper plate, making
contact with the zinc at the point H.

7. Difference of Potential. The contact of these two metals

is said to set up a difference of potential, and to be the source

of the E.M.F., although the explanation of this observed fact

cannot be said to be known. Difference of potential is with

electricity precisely like what difference of level is with water
;

and just as water flows in virtue of difference of level from

the higher to the lower, and the greater the difference of level

the greater the force or head of water, so electricity flows in

virtue of difference of potential from the point of higher to the

point of lower, and the greater this difference of potential the

greater the electromotive force. In fact, difference of potential

constitutes electromotive force.

G

Fm. 1.

8. Direction of Current. The difference of potential set up

by the contact of the copper wire with the zinc causes the

latter to become positive and the copper wire negative ; in

other words, the zinc takes the higher potential and the copper

wire the lower, and an electromotive force is thus determined,

generating a current from the zinc plate to the copper wire.

There are obviously two paths by which this current from B
can reach H one direct across the junction, the other cir-

cuitous through the water, copper plate, and wire, B E F G.

The current is prevented by the E.M.F. itself from taking the

direct path across the surface of contact, and is therefore com-

pelled to take the second and longer route. It is therefore
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important to notice that the zinc plate, being positive to the

copper wire as regards the junction H, is usually spoken

of as the positive element, and the copper as the negative

element of the cell
;
while externally, because the current is

flowing in the wire F G H from F to G, the potential at F,

though lower than that at B or E, is higher than that at H,

and is therefore positive relatively to H. Consequently, on

cutting the wire at G, the portions H G on the zinc and F G
on the copper are called the poles of the cell, and F G, being

positive to H G, is called the positive pole. So that, while the

zinc is internally the positive element, the copper is externally

the positive pole.

9. Chemical Action. If the difference of potential due to

contact at H were only temporary, the current flowing from

B round to H would re-establish equilibrium and cease, just as

the flow of water from a higher to a lower level tends to equalise

the level; but it is generally considered that the current having,

once started is maintained by the chemical energy of the

materials in the cell. Thus, in our typical case represented in

Fig. 1, after the current has commenced to flow, bubbles of gas

will be seen to form on the copper plate, and to rise to the

surface of the water. The water is being decomposed into its

constituents, oxygen and hydrogen, the oxygen attacking the

zinc and uniting chemically with it, forming a coating of zinc

oxide on its surface
;
while the hydrogen, not being able to

form any chemical combination, forms in bubbles on the

surface of the copper plate, these bubbles rising to the

surface of the water as their buoyancy overcomes their

attraction to the metal. If the water has been pre-

viously acidulated by the addition of a little sulphuric

acid, the insoluble coating of oxide on the zinc plate is con-

verted by the acid into sulphate of zinc, which, being soluble,

disappears into the water, leaving the fresh surface of the zinc

free. Thus in the action of the cell we find that the zinc

plate is gradually consumed and loses weight, sulphate of zinc

accumulates in the solution, the copper plate undergoes no

change, and bubbles of hydrogen rise on its surface.
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10. Polarisation. Such a cell fairly satisfies the above re-

quirements except the first two
;
in fact, this was the original

form of the galvanic cill, and the ancestor of all the numerous

types in modern use. Its great weak point lies in its low and

variable E.M.F., for the hydrogen bubbles in contact with the

copper plate set up a counter E.M.F., opposing the current

maintained by the original E.M.F. due to the contact of the

zinc and copper. This phenomenon of gaseous contact and
counter E.M.F. is commonly called polarisation, and the amount
of polarisation varies with the quantity of hydrogen in contact ;

consequently, the resultant E.M.F. is very variable. The first

attempt to overcome this difficulty was roughening the surface

of the copper plate, so that the bubbles of gas were more

quickly liberated upwards, and thus the limits of the variation

in the E.M.F. were kept more confined. The early Smee cells

were of this nature, but it was not until the invention of the

Daniell cell that any approach to constancy of E.M.F. was

arrived at.
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CHAPTER II.

BATTERIES.

11. Daniell Cell In the Daniell cell polarisation is over-

come by surrounding the copper plate with a solution of

sulphate of copper, so that the hydrogen at the moment of its

development, instead of accumulating on the surface of the

plate, attacks this copper sulphate, turning out the copper,

which deposits on the plate as a metallic layer, and chemically
takes its place, forming hydrogen-sulphate i.e., sulphuric acid.

The plate is thus kept clean during the action of the cell by
the addition of pure metal, while the sulphate of copper is con-

sumed and the solution acidulated. Under these circumstances

scarcely any polarisation (see para. 10) takes place, and the

E.M.F. of the cell is nearly constant under every rate of current

supply. It is convenient to remember that the volt (see para. 4)

Is approximately the E.M.F. of one Daniell cell. Even with

care in the choice of pure materials and in the strengths of

solutions, differences of as much as 2 per cent, will be found

in the E.M F. of a series of cells, but the average under most

favourable conditions is 1 '08 volt each.

12. Local Action. This cell's chief disadvantage lies in the

fact that zinc, like hydrogen, decomposes copper sulphate,

forming zinc sulphate and throwing out the copper. If, there-

fore, any copper sulphate reaches the zinc plate it is imme-

diately converted into zinc sulphate, and the copper is

thrown down upon the plate. Each separate particle of

copper so deposited sets up, by contact with the zinc plate,
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a separate E.M.F., by which a local current is established,,

flowing from the particle through the area of contact to the

plate, and from the plate back to the particle through the

surrounding solution, as shown in Fig. 2, which gives a mag-
nified representation of such a particle, C, on the surface of the

plate Z. This local current continues as long as the contact

between Z and C is maintained, and the zinc in the vicinity

of the particle is consumed, while the main current of the-

cell, receiving no accession through this source, is rather im-

peded by the obstacle C. This local current, decomposition,

and wasted consumption of zinc is termed local action. It is-

FIG. 2.

clear that any metallic impurity in the zinc plate, and at

its surface of contact with the solution, tends to set up local

action ;
and a plate of zinc containing such impurities con-

sumes irregularly in action, and will show signs of pitting

after merely remaining plunged in water for some time. Local

action due to metallic impurity may be got rid of by cleansing

the zinc plate and rubbing it well with mercury amalgamat-

ing it, as it is termed. The superficial amalgam or alloy of

zinc so formed has practically the same E.M.F. with copper
as unprotected zinc, but the impurities are kept covered and

separated from the solution by a metallic film of mercury, and

no series of metallic contacts in a circuit from which liquids

are excluded will give rise to an E.M.F. Impurities, however,
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that are deposited from without as, for example, particles of

reduced copper from stray copper sulphate in the solution

round the zinc plate are not so readily imbedded in the mer-

curic film as to pass out of free contact with the solution, and

so local action from this cause takes place in spite of amalga-
mation.

13. Porous Partition. It would, of course, be possible to

prevent the copper sulphate solution surrounding the copper

plate from straying towards the zinc, by setting a partition or

barrier of impervious substance between the plates, thus keep-

ing them and their solutions entirely separate ;
but if this

partition were of non-oonducting material it would effectively

prevent the current set up by the cell's E.M.F. from passing
between the plates, and if, on the other hand, it were of con-

ducting material, such as metal, then hydrogen would be thrown

up on its surface, and polarisation would take place, so that

the plan of introducing copper sulphate would be rendered

useless. The difficulty is met by employing a partition of

porous earthenware, a material in itself non-conducting, but

containing numerous small channels, which become filled with

liquid, so that, while the solutions on each side are kept apart,

no great obstacle is interposed to the passage of the current.

Cells which thus employ a separate solution for each plate are-

called double-fluid cells.

14. Internal Resistance. All such porous partitions do,

however, allow the liquid solutions to mingle to a greater

or less extent, the process of so doing being termed diffusion.

This diffusion takes place more slowly as the density of the

separated solutions becomes more nearly equal, and as the

porous barrier becomes thicker
;
but by increasing this thick-

ness we add to the obstruction which is offered to the current

in traversing the partition. This obstruction is termed

resistance, and as electricity flows in virtue of E.M.F., so that

flow is obstructed and diminished in rate in virtue of resistance.

The flow of water presents an analogy, for if a current of water

be flowing through a pipe from one tank to another owing to

a difference of level at which the water stands in them, the
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rate of flow will depend, assuming this difference of level

artificially maintained, upon the dimensions of the connecting

pipe. By altering the length and calibre of the pipe, or by

altering, as with a tap, the amount of obstruction in it,

we can make the current of water as great or as

small as we please ; in other words, we can make the

quantity of water which passes through the pipe in a given
time as great or as small as we desire. Just in the same way,

having a certain E.M.F. in a circuit, we can, by increasing or

decreasing the resistance in that circuit, make the current

generated by the E.M.F. as great or as small as we please ; or,

in other words, we can alter at will the quantity of electricity

which passes through the circuit in a given time. A good

conductor, offering little obstruction to the passage of an

electric current, has little resistance
;
while a bad conductor is

one that has, on the contrary, great resistance. We shall

consider the nature of resistance more fully at a later period,

but it will at present suffice to observe that it is measurable in

terms of a definite unit, called the ohm, after the German

scientist of that name. An ohm is roughly the resistance

offered by a column of mercury one metre long and one square

millimetre in section, or of 120 yards of ordinary No. 8 over-

head iron telegraph wire, or of 200 yards of ordinary cable

core, whose conductor weighs 1201b. per nautical mile ;
in

other words, each of these three lengths of conductor would

offer approximately the unit amount of obstruction to the flow

of electricity through them.

15. Types of Daniell. We have seen that the Daniell cell,

by the diffusion of its solution, infringes the second condition

of para. 5, page 3, by the waste of material which goes on

when the cell is not at work, but it has otherwise so many
advantages that various forms have been adopted for different

purposes and conditions of current supply.

16. Gravity Daniell. One of the simplest types is the

gravity Daniell, shown in Fig. 3. The liquids are kept apart

by gravitation only, the solution of copper sulphate being
denser than that of zinc sulphate. A flat plate of copper, C,
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is placed on the floor of the cell as the negative element,

and covered with crystals and solution of sulphate of

copper up to L, about one-fourth of the cell's height. The
zinc solution of acidulated water or sulphate of zinc is then

carefully added, and the zinc plate Z supported last of all a

little below the surface H. Diffusion of the solutions proceeds

rapidly if the cell is out of action, but sustained work tends to

keep the diffusion in check owing to the more active consump-
tion during current supply. The cell is therefore well suited

for yielding continuous currents, and has always been much in

favour for telegraphic purposes in the United States, where

the circuits are worked on the closed-circuit principle that is

to say, with the current from the battery always flowing to

line, except in the spaces or pauses of manipulation separating
the signals.

FIG. 3. FIG. 4.

17. Minotto Cell The Minotto cell, shown in Fig. 4, is a

derivative of the gravity type, more especially adapted to

transport and discontinuous work. The outer cell is com-

monly of gutta percha, which is a substance less liable to injury
than glass. Above the copper plate and sulphate crystals wet

sawdust is packed, and the zinc plate rests above the sawdust

with the pressure of its own weight, and with its upper surface

about level with the top of the cell. Whereas the gravity cell

cannot be moved without disturbing the solutions and assisting

their diffusion, the Minotto suffers little by transport. The
sawdust takes the place, in fact, of the porous earthenware

partition in the typical Daniell cell. The internal resistance

is, however, greater, varying from 10 to 30 ohms per cell,

according to the quality and packing of the sawdust. If the



12 PRACTICAL NOTES

cell is first set up with sawdust soaked in fresh water, the

internal resistance (see para. 14) will be 100 ohms or more,
until by working the zinc sulphate and sulphuric acid have

time to form and impregnate the sawdust. The cells, if

made up in this way, should, therefore, be left on short

circuit, i.e., with the poles (see para. 8) directly connected

for twenty-four hours or so before they are brought into

use. If required to be set up for more immediate use,,

the sawdust may be soaked in acidulated water. They
tend to increase in internal resistance after a time, owing
to the drying up of the sawdust, and fresh water has to be

added when necessary, the right condition of moisture existing
when the sawdust is thoroughly saturated, and a layer of liquid

just rises round the base of the zinc.

FIG. 5.

18. Tray Cell. The Thomson tray cell is another form of

Daniell, of the gravity type, adapted for supplying strong and
continuous currents. Shallow trays, 22in. square and 2|in.

deep, form the outer cell. A square sheet of copper rests on
the floor of the tray, and the sulphate of copper in crystal and
solution rises above to a height of some 2in. The zinc plate,
in the form of a stout grating 16in. square, shown in section at

Z in Fig. 5, is supported horizontally on stoneware blocks,

BB, at the corners of the tray. Stout parchment paper,

p p, covers the lower surface and sides of the zinc

grating to asists in separating the solutions, on the

principle of a porous diaphragm, and the zinc solu-

tion fresh water, or, preferably, a solution of sulphate
of zinc is poured in above until the upper surface of the grat-

ing is covered to the depth of about a quarter of an inch.

The resistance of these cells is about one-tenth of an ohm each,
or even less when in good working order. They require charg-

ing with sulphate of copper at regular intervals, and the
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density of the zinc sulphate solution should also be kept down
to a sp. gravity of 1*12, or about one-quarter saturation, by partly

drawing off from time to time, and replacing with fresh water.

19. Leclanche CelL A type of cell much in use for discon-

tinuous work is the Leclanche'. This is a single-fluid cell in

which zinc is the positive element (see para. 8), carbon the

negative, and a solution of salammoniac the exciting liquid.

The carbon plate is surrounded by crushed carbon in intimate

admixture with black oxide of manganese, either by being
inserted into a porous jar with those materials, or, in what is

1

FIG; 6.

Called the agglomerate cell, by having those materials solidly

cemented round the carbon plate in a cylindrical form under

pressure. The zinc element is generally in the form of a rod,

placed in one corner of the cell, which is represented in section

at Fig. 6. During the cell's action the salammoniac, which is

a compound of ammonia and chlorine, is decomposed, the

chlorine attacks the zinc, forming zinc chloride, which,

being soluble, disappears into the solution, while the

ammonia developing at the surface of the carbon also

forms a soluble compound with oxygen, which it seizes from

the oxide of manganese. Thus, in action, the zinc is con-
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sumed, its chloride accumulates in solution, the carbon is un-

altered, and the oxide of manganese loses some of its oxygen.

Practically, however, when the supply of current from

the cell exceeds a certain rate, and consequently when
the chemical decomposition reaches a certain degree of

activity, the above simple set of reactions is not strictly

carried out ; secondary and more complex chemical products

form, which soon culminate in the development of hydrogen
at the surface of the carbon plate, and polarisation (see para. 10}

sets in, unless resting time is allowed for the secondary

products to dissolve. For this reason the Leclanch6 cell is not

suited for strong and continuous current supply, and its

E.M.F. (see para. 4), normally about 1 -48 volts, soon falls

under hard work. For more limited, and especially for inter-

mittent current supply, however, the cell has many advan-

tages. Its internal resistance is generally between 2 and 5

ohms, and can be made much lower if, with this object, the

cell be heated. It requires very little supervision, and when

engaged on light work, such as the occasional ringing of bells,

will not unusually continue to operate for two years without

any attention or recharge. If the zinc rods be of good material,

there is also exceedingly little local action.

20. Fuller's. Fuller's bichromate cell is a double-fluid form
of the zinc-carbon combination. The outer cell is a stoneware

jar, as shown in section at Fig. 7. In it stands the carbon plate

0, and the porous potpp, filled with water to the level L, hold-

ing the zinc plate Z, which is usually of conical form, and kept

permanently amalgamated by dipping into mercury placed for

that purpose at the bottom of the porous cell. The solution

for the outer jar is of bichromate of potash in water acidulated

with one-ninth of its volume of sulphuric acid. During hard

work polarisation takes place to some but not as a rule to any
serious extent, and the E.M.F. of the cell is approximately
2 volts, and its internal resistance from about 2 to 5 ohms.

21. De la Rue's. A very convenient form of cell for testing
and light signalling work is De la Rue's single-fluid chloride

of silver cell, shown in section at Fig. 8. The outer cell
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is a glass tube one inch in diameter, with a flat bottom. It

contains a solution of 200 grains of salammoniac to the pint of

water, and the elements are zinc and silver. The latter is in

the form of a wire, w, fused into a cylindrical mass of chloride

of silver, which is further protected by a paper tube, pp, to

keep it from coming into contact with the zinc rod, z z. If set

up with care, and not subjected to very hard work, the E.M.F.

of this cell is remarkably constant at about T03 volts, and the

average is so well maintained by different cells that in the

absence of a standard of E.M.F. more accurate, it may be

\

FIG. 7. FIG. 8.

generally relied upon for that purpose to a limit of 1 per cent,

when comparing measurements made at different places. Its

internal resistance in good order is from 1J to 5 ohms. The

dimensions of the plates prevent the use of these cells for hard

work, as the zinc would soon be entirely consumed
;
but they

take up so little space, are so easily insulated, and, once care-

fully set up, require so little attention, that they are admirably

adapted for testing and signalling, particularly on board ship.

As the zinc should never touch the paper tube in the

cell, it is a good plan when setting up the latter to first

pour in melted paraffin wax to the height (H, Fig. 8) of about
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half an inch, and then to lower the elements into their proper

opposite positions, so that they remain fixed at their lower

ends as the wax solidifies. It is also well, in order to prevent

corrosion, to whip with silk the external loop of silver wire

which connects cell with cell.

22. Standard Cell. A cell which is most usdul in testing,

but used almost solely for the purpose of supplying a reliable

standard of E.M.F., is the Clark standard cell. This is a com-

bination of pure zinc and mercury, and its E.M.F. is 1-45

volts at 66 F., diminishing very slightly as the temperature
rises. This E.M.F. is very constant, and the amount of its

variation between different cells is generally exceedingly small.

To maintain its constancy this cell should never be allowed to

send a strong current. Its internal resistance is therefore

immaterial ;
but as it tends ultimately to increase enormously

with age through the drying up of the exciting salts, it is

necessary to ascertain when employing the cell that its resis-

tance is not excessive.
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CHAPTER III.

ELECTROMOTIVE FORCE AND POTENTIAL.

23. Cells in Series. The usual mode of connecting cells

together to unite their powers is by joining the positive pole

of one cell to the negative of the next all through the series.

The E.M.F. and resistance between the terminal poles of the

battery so formed will be the sum of the E.M.F/S and resis-

tances of the individual cells. Thus, if the zinc pole of a

Fuller cell, whose E.M.F. is 2 volts and resistance is 3 ohms,

be connected to the carbon pole of a Leclanche", whose E.M.F.

is 1*5 volt and resistance is 5 ohms, then between the carbon

pole of the Fuller and the zinc pole of the Leclanche" respec-

tively the positive and negative poles of the two-celled battery

so formed there will be an E.M.F. of 3 -5 volts and a resistance

of 8 ohms. Similar reasoning applies to any number of cells.

So that if we connect up in series, as it is termed, 20 Daniells,

each having an E.M.F. of 1'05 volts and a resistance of

10 ohms, we shall obtain a battery of 21 volts E.M.F. and 200

ohms total internal resistance.

24. Leakage. It is important to remember that the

necessity for the insulation of cells increases with the total

E.M.F. accumulated, or, in other words, with the number of

cells connected in series. For although a slight film of mois-

ture on the outer surface of a glass cell may only allow an

inappreciably small current to pass from pole to pole of that

cell singly, the loss of current may become serious when that

leakage may form the path of escape to a large E.M.F. ;
in the

same way that a small leak at the base of a tank may cause
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only a trifling escape of water when the tank is nearly empty,
but might allow of serious loss as the level of water and con-

sequently the pressure is raised from within. It should be

the object, therefore, with large batteries, especially when they
are employed in delicate measurements, to place them on insu-

lating supports, and also to prevent leakage from cell to cell

by keeping the outer surfaces of the cells clean and dry. A
good method is to coat with paraffin wax the outer surfaces

of the cells and the trays or brackets on which they stand.

25. Potential While the poles of any cell are insulated

their potentials will be equal and of opposite signs. For

example, if an insulated Daniell cell has an E.M.F. of 1-08

volt, the potential of its copper or positive pole will be 0-54 +
,

or positive, and that of its zinc or negative pole 0-54-,,
or negative, the difference of potential between them being
thus 1 -08, equal by definition to the E.M.F. Similarly with

an insulated battery of 100 volts E.M.F., the potential of

the positive pole will be + 50, that of the negative pole
-50. Consequently, if the battery be homogeneous, the

potential at its centre must be zero. This zero potential i&

really the potential of the earth and of all neighbouring con-

ductors in connection with it. So that, like the effect of the

moon's gravitation on the ocean, which produces in the tides a
fluctuation of level above and below the normal level of the

sea, the effect of the contact of the different metals of a cell,,

either singly or as accumulated in a battery, is to produce at

the insulated poles potentials equally deviating above and
below from the potential of the earth, which, being constant,

is reckoned as zero. So that when we speak of potential we

tacitly refer to this earth potential zero, but no such allusion

is necessarily made when we discuss difference of potential

viz., E.M.F. ; just in the same way, when we speak of the

level of a position as being 3,000ft. high, we refer to the

mean level of the sea, while difference of elevation is an idea

in which the sea level may have no part.

26. The Distribution of Potential in a Battery.

Fig. 9 shows how we may graphically represent the rise of

potential in an insulated battery. The thick lines similar
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to zz across the dotted line AB represent the zinc plates, and
the thinner lines similar to c c the copper or carbon plates of

the battery. Now, holding up the paper so that its plane is

vertical, the upright lines similar to AD represent in length
and direction the .potential in the battery at the points on
which they rest. Positive potentials are represented by lines

above A B, negative potentials by lines below. Suppose we
take a scale of measures such that a difference of potential of

one volt shall be represented by one-eighth of an inch. As
we may select any horizontal scale we please, it will be con-

-Htff

FIG. 9.

venient to make it correspond to the internal resistance of the

battery, and our diagram will then embody both E.M.F. and

resistance. Let us take a horizontal scale along the line AB
of 8 ohms to the inch. Now let us consider the case of an
insulated battery, A B, of nine cells, numbered as shown, the

first four being Leclanche''s, each of 1'5 volt E.M.F. and
3 ohms resistance, and the last five Fuller's, each of 2 volts

E.M.F. and 2 ohms resistance. Then the total E.M.F. will be

16 volts and resistance 22 ohms, so that the latter will be

represented on our scale of 8 ohms to the inch by placing the

poles of the battery -8̂
inches apart, so that the line

c 2
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A B must be 2f
"
long. Each cell may now be marked off along

this line, the distance from one connection to the next being

|" for the Leclanch6s and J" for the Fullers. The plates may
then be sketched in their right positions, as shown. The ver-

tical scale has now to be considered. We have seen in the

preceding paragraph that the points A and B will receive equal

and opposite potentials, each equal to half the total E.M.F.,

which in this case is 16 volts ; consequently, B being the

positive pole will have a potential of + 8, represented on our

scale by a point one inch above A B, while the negative pole

FIG. 10.

A will have a potential of -
8, indicated by the point D one

inch below A. By then carrying horizontal lines from D and

II parallel to AB, and altering the potential opposite each

junction of plates by the exact amount of E.M.F. that

junction generates to scale, we shall produce the zigzag line

D E F G H, every point of which represents by its distance

from A B the potential of the point opposite to it in the battery.

27. Zero Potential in a Battery. In the particular case

of the battery we have been dealing with, we see from

the figure that the potential line in the first Fuller cell,

No. 5, coincides with the line A B, and since A B is also,
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as explained in para. 25, the earth potential or zero line,

the potential of cell No. 5 must be zero. Consequently, the

potential line DEFGH will not be disturbed if this cell be

connected with the earth by dipping a wire into it whose other

end is deeply buried in the ground, for example ; for by so

doing we simply connect two bodies at the same potential,

and no current tends to flow under ordinary circumstances

between two bodies at the same potential any more than water

tends by gravitation to flow between two points at the same

level.

ML



22 PRACTICAL NOTES

cannot alter the difference of potential existing between the

poles A and B
;
so that as B has lost a potential of 8, A must be

augmented by that amount, and will therefore become -16,
as shown, and, filling in the sections of the potential line as

before, we find that it has descended bodily from its previous

position through the distance H B. Similarly, if B be insu-

lated and A instead earthed, as in Fig. 11, the potential of A
becomes zero, that of B makes up for the loss by becoming +16,
and, all other points retaining their relative potentials to these,

the potential line is moved bodily up to the position shown.

-,+13

FIG. 12.

Again, Fig. 12 shows the effect of putting to earth a particular

point in the battery otherwise insulated. We thus see that in

all cases of connecting to earth, the potential of the point

earthed is brought to zero, and the potentials of all the remain-

ing points in the battery follow from this point by the simple

summation of the individual E.M.F.'s as they are met with.
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CHAPTEE IV.

RESISTANCE.
',

29. Relative Resistance of Metals. We have already seen

{see para. 14) that the resistance of any electric path is the

obstruction which a current traversing it encounters, and we
are now in a position to examine the nature of this obstruction

more closely.

Of all known substances metals offer the lowest resist-

ances, and the more common of these may again be compara-

tively classed in the following list, which commences with the

least resisting and ends with the most resisting metal :

Relative Specific Relative Specific

Conductivity. Resistance.

1-000 Silver (hard drawn) 1-000

0-996 Copper T005

0-780 Gold 1-283

0-290 Zinc (pressed) 3-446

0-168 Iron (annealed) 5-949

0-131 Nickel 7-628

0-124 Tin (pressed) 8-091

0-083 Lead 12-131

0-046 Antimony 21-645

0-016 Mercury (liquid) 62*500

0-0125 Bismuth (pressed) 80-000

30. Relative Specific Resistance and Conductivity. Since

in this list, taken from Clark and Sabine's tables, silver is

the metal offering least resistance to a traversing current, it

must also be the metal which most facilitates its passage

that is to say, which conducts it best. Silver is therefore said to
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be the metal of greatest conductivity. The table therefore gives
the metals in diminishing order of resistance by ascent, and in

diminishing order of conductivity by descent. The figures in

the column on the right hand represent the resistance of each

metal relatively to that of silver taken as unity, or, as it is

called, the relative specific resistance while the figures in the

left hand column give the conductivity of each metal relatively

also to that of silver as standard, or, as it is termed, the relative

specific conductivity. Thus iron is shown to have a resistance of

nearly six times that of silver, so that if a conductor made of

pure hard-drawn silver were of such dimensions as to offer a

resistance of one ohm, a conductor of annealed iron of exactly
the same dimensions would offer about six ohms resistance.

Consequently, since iron resists a current six times as much as

silver, the conductivity of silver must be six times that of iron ;

therefore, calling the conductivity of silver 1, that of iron

must be six times less, or one divided by six that is, -, or
6

0-167, the more exact number being, by the table, 0'168

=
. Similarly, the relative specific resistance of mer-

cury being 62*5, its relative specific conductivity is
,

or
62*5

0'016 that is to say, 1-6 per cent, of pure silver ; so that in

all cases the specific conductivity of any material relatively to

a standard material is the quotient found by dividing into-

unity the specific resistance of the substance relatively to the

same material ; and, further, the conductivity of any path is

found from the resistance of that path in the same manner

and is expressed in terms of a unit, to which the name of

mho has been given by Sir William Thomson, the term convey-

ing the inverse idea of resistance by being an inversion of the

word " ohm." Thus, if a certain conductor had a resistance

of 0-2, 1, 50, or 7,000 ohms, its conductivity would be ,
-

0*2 1

, or
*

mhos respectively that is, 5, 1, 0-02, or 0-000143
OU

mhos.
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31. Decrease of Conductivity with Impure Metals and

Alloys. The relative specific conductivity of metals is always
reduced by impurity, and even a very slight degree of

impurity will suffice to palpably lower the conductivity, or, in

other words, add to the conductor's resistance. It is by no

means impossible to find a sample of impure commercial

copper which will only possess the specific conductivity of

zinc, owing to the admixture of foreign and non-conducting

material, or of baser and more resisting metal. Also a con-

ductor composed of an alloy of different pure metals in known

proportions has generally a greater specific resistance than

would be furnished by an estimate made on the supposition of

its being a bundle of separate and purely metallic conductors-

of proportional dimensions.

32. The Use of Copper for Conductors. The table also

shows that pure copper is so close to pure silver in conduc-

tivity as to scarcely make it desirable to select the latter and

rarer metal for conductors, even were the matter of cost

entirely set aside. In telegraphy, therefore, copper is the.

metal employed as the conductor for submarine and sub-

terranean purposes, while both iron and copper are used for

overhead wires.

33. Resistance of a Wire at Constant Temperature Not
Affected by Strength of Current. The resistance of a con-

ductor of homogeneous material depends only upon its dimen-

sions and temperature. So that if the temperature of a fixed

conductor be constant, its resistance will be the same for every

strength of current.

34. Eesistance of a Given Wire Proportional to its Length.

As regards dimensions, the resistance of a conductor of

homogeneous material depends upon its cross-section and

length. If its cross-section be constant, the resistance will be

proportional to the length. Thus, if a mile of a certain wire

had a resistance of 10 ohms, then the resistance of 02, 0'4,

7, or 5,000 miles of the same material and cross-section, would

be 0'2, 4, 70, or 50,000 ohms respectively.
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35. Resistance of a Given Length of Wire Inversely

Proportional to its Cross Section. With conductors of

the same length and material, the resistance increases as

the cross-section is reduced, just as the resistance to the

flow of water through a pipe is increased as the pipe is

reduced in cross-section. Thus, if two wire?, A and B, are

of the same length and material, but B has twice the

cross -sectional area of A, then B may be regarded as being
made up of two wires very close together, each of A's cross-

section, and therefore equal to A in every respect. Obviously
the double wire would convey under the same E.M.F. double

the current that would traverse the single wire A, and its

conductivity being doubled, its resistance would be only half

that of A. Similarly, another wire, C, of the same length
and material, but of three times A's sectional area, would offer

one-third of A's resistance; and in the same way, if C had 0'25,

0'7, 3, or 15 times the cross sectional area of A, it would

offer -L * *
or-L; that is, 4, 1-43, 0-33, or O'OGl times

(J'ZO \) I o lO

A's resistance respectively.

36. Conductivity of a Given Length of Wire Proportional

to its Weight. Further, since in doubling the sectional area of

a given length of homogeneous wire we double the quantity of

metal in it, we necessarily double the weight of the wire, so in

every case the conductivity of a wire of fixed length and material

will be proportional to its weight. Thus, if a wire, A, one

mile long, weighing lOOlb., offers 10 ohms resistance, then

another wire, B, of the same material, one mile long, and

weighing 2001b., would have double the cross-sectional area,

double the conductivity, and consequently half the resistance of

A, namely, 5 ohms ;
and in the same way, if B were to weigh

0-51b., 2lb., or 5001b., it would offer ^,152, or times;

that is, 200, 50, or 0'2 times the resistance of A respectively.

"37. Relation Between Length, Diameter, and Weight of

Telegraph Conductors. The conductors employed in telegraphy
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are wires that is to say, are cylindrical in form, so that their,

dimensions are generally

(1) Length (on land in statute miles of 1,760 yards, at sea

in nautical miles of 2,029 yards), and

(2) Either the Diameter or the Weight per mile.

If the diameter is given, the sectional area is found by

multiplying the square of the diameter by 0*7854. For

example, a wire O'OSin. in diameter would have a sectional

area of 0*03 x 0*03 x 07854, or 0-00071 square inch. The
sectional area and weight of a wire are directly connected,

for in the case of iron wire the sectional area in square inches

multiplied by 17,500 gives approximately the weight in

pounds per statute mile. For copper wire the similar

multiplier is 20,000, but for cable core, whose conductor is

usually a strand of seven copper wires, the approximate weight
of conductor per nautical mile is found by multiplying the

sectional area found from the diameter as above by 18,100.

For example, a copper strand of cable core has a dia-

meter of O'lSin. Its area will therefore be approximately
0-13 x 0-13 x 0-7854, or 0-01327 square inch, and 0-01327

multiplied by 18,100 gives 240-2, the approximate weight in

pounds of one nautical mile of this strand.

38. Practical Problems in Telegraph Conductors. The

problems which practically arise for solution in the case

of telegraphic conductors are generally of the following
form : Having given the metal of which a wire is made, and

any two of the three following particulars dimensions, resist-

ance, and conductivity relatively to pure metal, it is required
to find the third. Leaving the effect of temperature at present
out of consideration that is to say, supposing that the tem-

perature remains constant we shall find no difficulty in solving

any such problem, as the following cases will show :

(a) Having given the dimensions and resistance, to find the

conductivity.

Example. A copper strand conductor of cable core 5 knots

long and 0'096in. in diameter gives a resistance at the
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standard temperature of 48-42 ohms. What is its conductivity

compared with pure copper ?

The sectional area of the strand is 0*096 x 0*096 x 07854, or

0-007238 square inch approximately. Its weight per knot is

therefore 0-007238x18,100, or 1311b. As may be seen in

electrical tables, the resistance of a wire of pure copper one

knot (nautical mile) long, and weighing altogether lib., would
be 1196-7 ohms at the standard temperature of 75 F. ; con-

sequently, the resistance of a wire of pure copper one knot

long and weighing 1311b. would be (see para. 36) at the standard

temperature , or 9*135 ohms, and hence its conduc-
131

tivity would be mho that is, 0-10947 mho. The wire
y *ioo

in question offering 48-42 ohms, is five knots long, so that one

knot would offer
, or 9-684 ohms, and the conductivity

5

of one knot would therefore be
,
or 0-10326 mho. The

9*684

conductivity of pure copper is to the conductivity of this wire,

therefore, in the proportion of 0*10947 mho to 0-10326 mho
that is, as 1 is to 0*9433, or as 100 is to 94-33 ; so that

the wire's conductivity is thus 94J per cent, that of pure

copper.

(b) Having given the dimensions and conductivity, to find

the resistance.

Example. A copper wire 600 yards long and 0'25m. in

diameter has a conductivity 96 per cent, that of pure copper.

What will be its resistance at the standard temperature ?

The sectional area is in this case of a cylindrical wire, not a

strand, strictly 0-25xO'25xO-7854, or 0-0490 square inch,

so that its weight per statute mile will be 0*049 x 20,000, or

9801b. approximately. The resistance of a statute mile of pure

copper weighing one pound will be found in electrical

tables to be 872 ohms at the standard temperature, which

for overhead land lines is generally taken at 60 F. A wire of

pure copper weighing 9801b. per mile would therefore have a
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872
resistance of T-, or 0-8898 ohm, and its conductivity will

thus be ,
that is, 1-1238 mho ; but its conductivity,

0*8898

being only 96 per cent, of pure copper, will be 96 per cent.

of 1-1238, or 0-96x1-1238 that is, 1-0789 mho, or L_,
j. *u7oy

namely, 0-9268 ohm per mile. But the wire in question is

only 600 yards long, and will therefore have less than this

resistance in the ratio of 600 to 1,760, so that its resistance

will finally be
600 *

gf
68

, or 0-316 ohm.
1760

(c) Having given the resistance and conductivity, to find the

dimensions.

Example. A length of homogeneous cable strand conductor,

0'133in. in diameter, is known to be of 97 per cent, con-

ductivity compared with pure copper, and has a resistance at

the standard temperature (75 F.) of 37 -5 ohms. What is the

length of the conductor ?

The area of this wire is approximately 0*133x0-133

x 0-7854, or 0-013893 square inch. Its weight per knot is

therefore 0-013893x18,100, or 251*51b. The resistance of

a wire of pure copper one knot in length and of this weight

would be
,

or 4,759 ohms at the standard tem-
251*5

perature. Its conductivity would therefore be , or
4*7&y

0-21013 mho. The wire in question, however, having 97

97
per cent, of this conductivity, would have only 0*21013 x __

100)

or 0-20382, and therefore a resistance of ?
-, or 3988

0'20382

ohms, but its total resistance being 37*5 ohms, its length must

be greater than one knot in the proportion of 37 '5 to 3*988, so

that its length will be -?!^_, or 9'425 knots.
3-988
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The steps in all these calculations can of course be very
much abbreviated when the method is clearly understood.

Thus, the example in (5) is capable of being worked out

directly by one fraction in the following form :

872 x 100 x 600

0-25 x 0-25 x 0-7854 x 20000 x 96 x 1760

that is, 0-316.

39. Multiple and Sub-Multiple Units of the Ohm. Since

the resistances which are dealt with in telegraphy may
sometimes be exceedingly small (perhaps that^ for instance,

of a short length of thick copper wire offering a minute

fraction of an ohm), and on the other hand may be very great,

(such as that of the insulating gutta-percha covering of a short

length of cable core amounting, it may be, to billions of ohms),
it is convenient to adopt two secondary units, one a multiple
and the other a sub-multiple of the ohm. Thus a million

ohms is spoken of as a megohm, and is usually represented for

brevity by the last capital letter, omega, of the Greek alphabet

(ft) thus, 227-50 means 227,500,000 ohms. The ohm itself

is commonly represented by the small letter omega (to).
One-

millionth of an ohm is called a microhm, and has at present no

representative symbol. Thus, 7,560 microhms is the same as

0-00756o>.

40. Resistances in Series. Resistances that are connected

in series or simple circuit are always directly additive. This

is obvious from the fact that any resistance may be re-

garded as an equivalent length of some particular wire,

and we have seen that the resistance of a wire is pro-

portional to its length. Thus, if a circuit be composed of

a battery of 40w total internal resistance, an overhead

conducting wire of 50o>, and the copper wire wound on the

coils of a sounder of 35 w, then we may regard that circuit as

being equivalent to 135 miles of wire whose resistance is 1 ohm

per mile, the resistance of forty such miles being in the

battery, fifty in the line, and thirty-five in the receiving

sounder.
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41. Resistances in Multiple Arc. Resistances that are

not connected in series, but side by side, or as it is

termed " in multiple arc," cannot of course be additive,

for between the points they connect there is more than

one path, and the conductivity is increased by each addi-

tional path so introduced. We therefore have in this case the

conductivities additive. Suppose ABC and A D C to be two

wires connected at A and C, and each offering 5w, then the

conductivities of these wires are each i or Q-2 mho. The

double conductor may be regarded as a smgle conductor of

double sectional area, so that we know its conductivity will

FIG. 13.

be doubled that is, 0*4 mho and the resistance of the two

together, or, as it is termed, their joint resistance, will be --. or

2'5(D, half that of either branch. So that the joint

resistance of two equal wires is half that of one, of

three equal wires one-third that of one, of ten one-tenth, and

so on. When, however, the wires are not equal, the case,

though not so simple, is similar. Thus if in Fig. 13 ABC
had 10o>, while ADC had 20w, then the conductivity of ABC

would be or O'l mho, that of ADC A- or 0'05 mho.

The joint conductivity is their sum, O'l + 0'05, or 0'15 mho

that is, , or 6'667w, and similarly with any number of
U'lo
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parallel conductors. For example, in Fig. 14 five resist-

ances are shown in multiple arc, of 150w, 60w, 55o>, 2,000w,

and 80o> respectively ; their conductivities will therefore be

FIG. 14.

11111_ mhos respectively that is,
150 60 55 2000 80

0-016667, 0-018182, 0-000500 and 0-012500 mhos. The joint

conductivity will be the sum of all these, namely, 0'054516

mhos, and the joint resistance will be , or 18-343o>.
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CHAPTER V.

CURRENT.

42. Effect of "Opening" or "Closing" a Circuit. Having
examined the nature of electromotive force as supplied by
batteries, and of resistance, we are now in a position to

deal with the laws which relate to the current which

flows in any given circuit, laws which are among the simplest

yet most important considerations of the subject.

Eeverting to our typical form of simple cell at Fig. 1,

page 4, we saw that no current flowed in the circuit B E F G H
if the wire F G H were severed at any point. When a circuit,

is interrupted at any point it is said to be opened or broken, and

when re-established to be completed or dosed. Every possible

circuit, even though it may embrace, as in telegraphy, hun-

dreds of miles of conductor, and the earth itself between that,

conductor's terminals, may be regarded as a simple extension

of that wire F G H, and hence a current in a circuit ceases

and recommences upon the complete opening and closing of

that circuit at any point, even though in the battery itself, as,

for example, by withdrawing and replacing a battery plate in

its cell.

43. Telegraph Signalling on the American Closed Circuit

System. Fig. 15 represents the simplest form of telegraphic
circuit. A, B, and C are supposed to be three stations connected

by the overhead conductors A B and B C. At each station

there is a key, K, a sounder, S, and a switch, s. AtA there is a

battery, F, one pole of which goes to the key and the other is
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connected to the earth, say by a large metal plate buried in

the ground. A similar earth connection is made at C. The

switches have each two positions : when turned to the right, as

at B, they break connection between the key terminals ;
and

when turned to the left they re-establish it by making con-

tact at c. The keys remain up while at rest through the

action of a spring. If, now, all the switches are turned to

the left or closed, a complete circuit is formed from the

battery through s
x Sj A B, s

2
S
2
B C, s

3
S
3

and the earth,

and a current will therefore flow through all the

three sounders. The action of the current on the sounder

we shall not at present consider, but it will suffice to observe

that when the current passes through the wire of its coils,

those coils attract the soft iron cross-piece or armature on the

beam above, and pull it down against the attraction of the

spiral spring p. If, now, B. opens his switch by turning it to

the right the circuit is completely interrupted at his key,
the current ceases, and the spiral springs reassert their con-

trol over the armatures, which rise to their upper limit-

ing stops. If, now, B. depresses his key for a single

moment and releases it again, he will have closed the

circuit during that moment at the key contact, the cur-

rent will have passed during that interval, and caused the

armatures of all three sounders to be attracted down to their

lower stops, only to recoil again when the key K
2 rises

; so

that whatever contacts B. makes, whether long or short, at his

key, will be faithfully reproduced on all three sounders, whose
armature levers follow, in fact, all the up and down motions of

B's key. When B. has finished sending he closes his switch,
and either A. or C. can open their switches and reply to him in

the same way. Thus, with one battery, F, any convenient

number of stations can communicate with each other along
a line of conductor by inserting a key, switch and sounder.

This system is called the closed-circuit system, already alluded

to in para. 16. It is in almost universal use in the United

States, but is not so suitable for the conditions of European
telegraphy, and is scarcely employed at all in England, one

great disadvantage being the waste of battery power while
D 2
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the circuit is silent, as the current is normally always

flowing.

44. Retardation of Current Slight on Overhead Lines ex-

cept at High Signalling Speeds. The instant such a circuit

as that in Fig. 15 is closed a current commences to flow, but it

does not instantaneously arrive at its full ultimate strength.

A certain amount of time is required for the current to rise to-

its constant maximum limit, and this period of time is called

the variable period of the current's flow. The duration of the

variable period depends not only upon the nature of the

circuit itself, but also upon the nature of the space sur-

rounding it; other things being equal, however, it increases

with the length of the conductor. Practically, however, the

variable period is in the case of overhead land lines exceedingly
short. For example, with an ordinary No. 8 overhead wire

100 miles in length, with a battery and earth at one end and

earth at the other that is to say, with no telegraph instru-

ments the current at the end distant from the battery would

arrive at 99 per cent, of its ultimate maximum value in
-0021

second, or about -J^th part of a second, so that although the

duration of the variable period is increased by the introduction

of receiving apparatus into the circuit, still that period is, with

overhead lines, so short that it may be neglected, except on

lines worked at a very high signalling speed.

45. Retardation Considerable on Submarine and Subter-

ranean Lines. With submarine and subterranean conductors,

however, the conditions are such, for reasons we need

cot at present enter upon, that the variable period is gene-

rally very much greater than that for overhead wires

of the same length. The Thomson recorder shows this

very clearly, for supposing that the current received on

a long cable arrived immediately at its full strength, and

that the coil and siphon responded immediately that is to

say, had no retarding friction or inertia then the received

signals would always be as shown in Fig. 16, and the applica-

tion of a permanent current would produce a right-angled out-

line like a b c; but owing to the gradual rise and fall of the
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current during the variable periods preceding and succeeding
an application of the battery to the sending end, the slurred

signals and curved line, def (Fig. 16A), are actually received.

On a long submaiine cable the current which passes from the

cable to earth one second after the application of the battery
to the distant end may be perhaps only 40 per cent, of the

full ultimate current. After three seconds the current will

probably be very nearly at its full strength, but many seconds

must elapse before the maximum can be said to have been

reached.

46. Velocity of Electricity Variable. It is clear, there-

fore, that it is incorrect to speak of the velocity of

.electricity. If, for instance, an indicating instrument be

set at the receiving end of a line, and the time which

d
FIGS. 16 /m 16A.*

elapses between the application of a battery at the sending
end and the indication cf this instrument be measured,

we can say that this signal required that particular interval

of time to be produced over that distance of line under those

circumstances ;
but by altering the sensitiveness of the instru-

ment and the form, dimensions, and position of the line we
can make the time required to transmit that signal as great or

as small as we please ; and, so far as is known, there is no

time of transmission over any given distance so short that by
still further altering the conditions it might not be made yet

shorter
;
so that, under these circumstances, it is impossible to

assign any velocity as inherent to electricity, like that which

we attribute, for example, to light in its passage through

space.

* The curve d cfis accurately given on a larger scale at p. 329, Jenkin's
"
Electricity and Magnetism," 2nd Edition.
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47. Period of Constant Flow of Current. After the

variable period has passed, however, the current in a circuit

will continue to flow, under the control of much more simple

laws, at a constant rate, so long as the conditions of that

circuit remain constant.

48. The Strength of Current is Proportional to the Con-

ductivity of the Circuit when the E.M.F. in that Circuit is

Constant. This almost follows from our conception of the

term conductivity, for if a certain circuit offers a given degree
of facility to the passage of a current supplied by a constant

E.M.F., then it follows that by doubling that degree of facility

we double the current flow, and if we make the conductivity

0-2, 0-9, 15, or 1,000 times what it was at first, we shall

with the same E.M.F. obtain 0'2, 0'9, 15, or 1,000 times our

first current.

49. Current Strength Proportional to E.M.F. when Con-

ductivity Constant. When the conductivity of a circuit is

constant, then the strength of the current which flows through
it is proportional to the E.M.F., just as the flow of water

through a pipe is proportional to the difference of level or
"
head," which drives it. So that by doubling the E.M.F. in

a circuit of constant conductivity we double the amount of

current flowing through the circuit, and if we make the E.M.F.

0-005, 07, 16, or 1,000 times what it was at first with the

same conductivity, we shall get 0*005, 07, 16, or 1,000 times

the original strength of current.

50. Practical Unit of Current: The Ampere. The unit

strength of current is called the ampere, after the French

physicist of that name. It is the current which flows in

the circuit of unit conductivity containing the unit E.M.F.

that is to say, one volt in a circuit of one mho generates

a current of one ampere. It follows, therefore, from what

we have seen in para. 48, that the current in a circuit of one

volt and two mhos would be two amperes, with one volt

and 50 mhos, 50 amperes ;
also by what follows in para. 49

that with two volts and 50 mhos it would be 100 amperes,

with 50 volts and 50 mhos 2,500 amperes, and in the same
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way with J a volt and J of a mho Jth of an ampere ;
so that

in all cases the current in a circuit is found in amperes

by multiplying the E.M.F. in volts by the conductivity in

mhos. This simple and vitally important statement of

facts is named, after its discoverer, Ohm's law. Since,

however, we have seen in para. 30 that the conductivity

of a circuit is the same in mhos as unity divided by

the number of ohms in that circuit, we may, to find the

current, multiply the E.M.F., not by the number of mhos, but

by their equivalent unity divided by the ohms in the cir-

cuit's resistance ; in other words, divide the E.M.F. by the

resistance. Thus we have seen that a circuit containing five

volts and of 0'025 mho conductivity would sustain a current

of 5x0-025, or 0-125 amperes. But the resistance of the

circuit would be -
,
that is, 40 ohms, so that we arrive at

0-025

the same result if, instead of multiplying 5 by the conductivity

0-025, we divide it by the resistance 40, that is or -, or
40 o

0-125. So that, as it is much more usual to speak about a

circuit's resistance in ohms than its conductivity in mhos, the

common expression of Ohm's law is that the current in a circuit

is obtained in amperes by dividing the E.M.F. by the resistance.

Thus, in a circuit of 100 volts and 1,000 ohms, the current

100
would be

,
or O'l ampere, and by our previous rule, the

1000

conductivity being ,
that is, O'OOl mho, the current would

be 100 x 0-001, or 0*1 ; of course, precisely the same result.

51. Unit Quantity of Electricity : The Coulomb. This unit

current or ampere is that which transmits the unit quan-

tity of electricity in one second. The unit of electric

quantity is called the coulomb, and just as the unit flow

of water through a pipe might be taken as that which allowed

one gallon of water to pass any point in the pipe during one

second of time, so the ampere is the strength of current, the

rapidity of flow, which allows one coulomb to pass any point
in the circuit during one second. So that if a constant current
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of one ampere has been flowing for 100 seconds in a circuit,

then we know that 100 coulombs of electricity have passed

any point in the circuit during that time. In the same way a

steady current of five amperes flowing for one minute causes

a total transmission of 5 x 60, or 300 coulombs, and generally
the quantity of electricity in coulombs transmitted by a con-

stant current is the product of that current and the number
of seconds it has been in flow.

52. The Milliampere. For convenience in telegraphy a

submultiple of the unit, the milliampere, is in very com-

mon use ;
it is the thousandth part of an ampere. To

give an idea of what a milliampere practically is in

telegraphy, it may be mentioned that on Morse land line

circuits receiving becomes difficult to adjust and sustain

when the received working current falls below one milli-

ampere, which may be regarded as a minimum working

current, while 5 milliamperes that is, 0'005 amperes is a good

average working current. The current which enters the line

at the sending end may be greater, and in the case of a long
line in wet weather perhaps much greater, than this

;
but the

difference escapes by leakage at the insulators along the line,

just as a quantity of water forced into a long pipe containing

many small leaks would be much reduced in amount before its

issue at the distant end.

53. Calculation of Strength of Current by Ohm's Law.

The working current in a telegraph circuit whose insulation

is good so that the current escaping by leakage need not

be considered is easily found by Ohm's law. Suppose, for

example, that we have an overhead land line 50 miles long, of

13w resistance per mile, worked in the manner represented at

Fig. 17 that is, on the open circuit principle,where no current

passes through the line, except in actual signalling. The
stationsA andB are each provided with aMorse key, K, for send-

ing the currents, a galvanoscope, G, of 30o> resistance, for

observing that those currents duly pass, a Morse inkwriter or

sounder, M, of 200o> resistance, and a battery, E, of 11 volts

and 200w total internal resistance. The levers of the keys are

normally kept back by the spring p on the receiving contacts r.
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Under these circumstances there is a complete circuit from A
over the line returning by the earth and both receiving instru-

ments, but in this circuit there is no battery. When A. de-

presses his key, however, the circuit is completed no longer

through the ba:k stop and receiving instrument but through
the front stop 5 and battery E, and a current from the latter

therefore flows to line and actuates the galvanoscopes and

instrument S. While A's key remains depressed we know
from Ohm's law that the strength of current at any point in

the circuit there being assumed no leakage will be the total

FIG. 17.

E.M.F., namely 11, divided by the total resistance, which we
can sum thus

A.'s battery B .............. ................... 200o>

A.'s galvanoscope G ........................ 30w

The line A B
Fifty miles at 13o> per mile ............... 650o>

B.'s galvanoscope G ........................ 30o>

B.'s instrument M ........................... 200<o

The earth connections and the earth

perhaps .................................... lo>

Total

The current flowing will therefore be

11

1111'

or TJrth part of one ampere that is, 0'0091 ampere or 9'1

milliaraperes.
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CHAPTER VI.

CURRENT INDICATORS.

54. General Uses. The laws of the current, and the relation

between E.M.F., resistance, and current having been considered,

we shall now examine some of the instruments used to indicate

the presence of a current, these being termed detectors or indi-

cators, in distinction from galvanometers or current measurers.

It will also be shown how detectors m&y be calibrated, so that

their indications may be made to show the exact strengths of

current passing through them.

Detectors are in constant use on land-line telegraph

circuits, one being fitted to each Morse instrument, so that

when the operator is sending a message he may observe that

his current is going out to line all right. And when the distant

station calls up, the call is shown on the detector as well as the

Morse armature, so that if the latter should fail for any reason

there will still be always a visual indication attracting the

attention of the operator.

Detectors are very useful for tracing a fault on an instrument

or line, or for identifying certain wires from a large number.

The manner of doing these will be explained as soon as the

instrument itself has been considered.

55. Direction of Current. One of the most useful and

common forms is shown in Fig. 18, which will indicate the

direction of a current by the needle being deflected one side

or the other. It is advisable to ascertain which way the

needle moves with a given direction of current through it,
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as we shall require to know this frequently when testing

with the instrument. Suppose that on connecting it to a

voltaic cell, as in Fig. 19, the needle moved to the right,

then, knowing that the current leaves the carhon plate in the

cell and enters the detector by its right-hand terminal, as shown

by the arrow, we should know that the needle would always
deflect towards the terminal where the current entered, or

towards the positive terminal. For if we reversed the wires

on the detector, so that the current entered by the left-hand

terminal, the needle also would be deflected to the left.

FIG. 18.

56. Direction of Deflection. All instruments do not deflect

the same way for the same direction of current through them.

The direction in which the needle of an instrument will deflect

when a given current is supplied to it depends on three

things :

1. The position of the poles of the needle relatively to

the coil when the former is at rest.

2. The direction of winding of the instrument coils.

3. The connecting up of these coils to the instrument

terminals.
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As an illustration, we might cause the deflection of the

above detector in Fig. 19 to be always towards the negative

terminal by altering either of the three conditions mentioned.

But if we altered the instrument by any two of these conditions,

say the position of the needle at rest, and the connecting up
of the coils to the terminals, we should not alter the direction

of deflection for a given current, since these two changes would

neutralise each other. Similarly, if we altered all three con-

ditions, we should reverse the deflection.

57. Mounting of Needles in Vertical Detector. There are

two needles to the instrument one, the smaller, NS, being of

hard steel well magnetised and weighted at the end N, this end

FIG. 19.

"being made broader. The use of this is to bring the needles

back to zero after being deflected, or, in other words, to act

as a controlling force (viz., that of gravity on the larger end)

to the system. Fig. 20 shows the needles and spindle detached

from the instrument. The longer needle, n s, which is seen out-

side in Fig. 18, has its poles reversed to those of the inner

needle N S. The reason of this is that when a current is

passed through the coil a magnetic field of force is produced
whose direction of flow is through the interior of the coil and

back again round the outside in a complete circuit. Hence

the direction of the force on a magnetised needle placed inside

the coil is opposite to that exerted upon it when placed out-

side
;
and the needles, which are fixed parallel to each other,

must therefore have their similar poles pointing opposite ways,
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in order that both needles may be deflected in the same direction

by magnetic forces in opposite directions. This will ba

explained more in detail when galvanometers are considered.

Both needles should be perfectly parallel, to ensure

which each is pierced with a square hole at its centre, which
fits over a square key on the brass hubs B B; and the

latter, having a very fine thread cut, permits of tightening up
the needles securely in position by a little square-headed nut

(shown at A A), which can be screwed on by means of a small

I
air of pliers.

FIG. 20.

53. Mounting of Coils. Turning now to the interior of the

instrument, the two coils are wound on brass bobbins, one of

which is shown mounted in position in Fig. 21, the other

having been removed to expose the needle, N S, to view. The

mounting of the spindle can also be seen, and the freedom of

the latter to turn can be adjusted to great delicacy by the

screw, T. The interior space of the coils in which the needle

moves is very little larger than the needle itself ; which brings

as much turning force as possible to bear on the needle when

the current is on ; this makes it important to fix the coils
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accurately in position, so that the needle may not touch the

sides during any part of its play. The brass bobbins are

therefore screwed on to the brass plate P, with little brass pins

to act as guides and keep them in position. The screw hole of

the removed coil is seen at H and the three guide holes round

it. The brass angle pieces B B serve to screw the plate and

coils when adjusted inside the wooden box of the instrument.

59. Direction of Winding of Coils. Eegarding the winding
of the coils, it should be remembered that the current must

B

FIG. 21.

flow through both coils in the same direction, since the two

coils should form virtually one electro-magnet; in fact, the

reason for the electro-magnet being made in two coils is only
for facility of construction and for getting at the needle conve-

niently. In order to be able to detach each coil separately

from the instrument (for convenience of adjustment) the coils

are not connected by a wire between them, but the underneath

end of each coil is soldered on to the brass bobbin. So that,

before starting to wind a coil, the end of the wire is soldered

to the brass bobbin, and when the coils are finished and
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screwed into their places electrical contact is made between

the two inside ends of the coils through the brass work.

60. Coils Connected "in Series." Now, if we intend the

coils to be joined electrically in series, a little thought
will show that they should be wound in opposite ways.

Eeferring to Fig. 22, each coil when its winding was

commenced had the underneath end soldered at C C1 to

the bobbin, the winding on each coil then being in

opposite ways. If, now, a current is sent, say from terminal

A to B, it will flow round the two coils in series, and in the

FIG. 22.

same direction through each, the points C C1
being connected

through the brass work.

61. Coils Connected in "Multiple Arc." If we required
to reduce the resistance of the coils, still utilising both,

we should connect them in parallel or multiple arc, their

combined resistance being then reduced to one quarter

(para. 41). To do this we could not alter the connections of

the coils in Fig. 22 without having wires between them to

connect them electrically. The inside end of either coil, say
that end attached to C

lt
would have to be removed and con-

nected to the outside end of the other coil, a short wire, w,

being used if the inside end exposed was too short (see Fig. 23).
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Then the outside end of the first named coil would have

a wire connecting it to the brass work at any convenient

point, say at C
2

. Now, passing a current from A to B, it is

seen to flow through both coils in "
parallel," and in the same

direction through each, and meet at the brass work C C
2, whence

it passes to B.

If, when the coils were being wound, they were intended

to be used in parallel, we should solder both inner ends to the

brass frame, as before ; but the coils would be wound the same

way, their outer ends, joined together, forming one terminal,

A, and the other terminal, B, being a connection simply to the

brass framework (see Fig. 24). It will then be seen that the

current traverses both sides simultaneously and in the same

direction.

62. Relation between the Sensitiveness of a Detector and its

Resistance. The resistance of the coils is an important point as

regards the sensitiveness of the instrument when we come to

employ it with batteries of different resistance. For instance,

any number of similar voltaic cells connected in series would

give the same deflection on the detector as a single one of
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those cells if their internal resistance was high and the resist-

ance of the instrument coils very low. No idea could be

formed, therefore, from such a test as to the number of cells

connected together.

To take an example a Minotto cell (see para. 17) measures

when in actual work about 1 volt E.M.F., and 20w internal

resistance. Now, if we connect this to a low-resistance

detector say y^w the current through the instrument will

be
; ampere, or 497 milliamperes; and if we connect ten of

FIG. 24.

those cells in series the current will be
10

200-1
ampere, or

49-9 milliamperes. Now, as the current is practically the same

in the two cases, the deflections on the instrument will be equal,

and therefore we should be unable to tell from the indication

of the instrument alone what battery power was on.

If, on the other hand, the resistance of the coils was higher,

say 100o>, we should get with one cell ~^-^ ampere, or 8-3

milliamperes, and with ten cells in series

20 + 100

10

200 + 100
ampere, or
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33 milliamperes i.e., about four times as much current, and

therefore a sufficient difference in the deflections.

Similarly, if low-resistance batteries, connected in multiple

arc, were tested with a high-resistance detector, the deflection

would be the same for any number of cells. As an example,
take large-size bichromate cells which will measure about

2 volts E.M.F. and lw resistance per cell, and let the detector

coils measure lOOw. One cell connected to the instru-
o

ment would give - ampere, or 19*8 milliamperes ; and

2
ten cells in multiple arc would give ampere, or 19 -9

milliamperes, and therefore there would be no difference in

the deflection.

On the other hand, if we employ a low-resistance detector,

say one of TV>, one cell would give- ^ = l'S2 ampere,

2 ^
and ten cells in multiple arc = =10 amperes,

giving considerable difference in the currents, and therefore in

the deflections.

Speaking generally, therefore, we should conclude that

the more nearly the resistance of the detector coils approxi-

mated to the internal resistance of the batteries tested, the

more sensitive the instrument would be. We must, however,

go further than this, and see what are the exact relations of

the resistances for maximum sensitiveness.

63. Exact Determination of Best Resistance of Coil.

When we pass a current through a coil of wire we set up
inside, and in the space immediately surrounding that coil,

what is termed a "
field of force." The physical properties

and delineation of this field will be considered more in detaiJ

subsequently, but for the present it will suffice to say that this-

field resembles that surrounding a permanent magnet, and

exerts a turning force on any pivoted magnetic needle in the

centre of the coil, tending to draw it into a line parallel to the

axis of the coil. The actual force exerted on the needle depends



TOM ELECTRICAL STUDENTS. 51

as much on the strength of the needle poles as on the strength
of the field created at the point where the needle is placed in

fact, is the product of these two factors. The stronger the

field of force created in the coil the larger the deflectior ^f the

needle will be. We have therefore to consider what should

be the conditions of winding and resistance of the coils to give

the strongest field when any source of E.M.F., such as a

battery of known resistance, is employed to send a current

through it.

Now the strength of field produced at the centre of a coil

varies as the strength of current, also as the total length of

wire wound on, and inversely as the square of the mean dis-

tance of the wire from the needle, or, if the coil is circular and

the needle suspended at its centre, inversely as the square of

the mean radius.

Suppose now that the size of the bobbins and the space to

be occupied by the wire when wound on has been fixed upon ;

then the strength of magnetic field of the coils will vary simply
as the product of the current through them and the square
root of their resistance. The latter will be clear on consider-

ing that for a given weight or volume of wire the resistance is

proportional to the square of the length. As an example of

this, if we have two lengths, A and B, of different sized wire,

B being ten times as long as A, but weighing exactly the same,
it is clear that the sectional area of B must be -^ that of A.

Since B is ten times the length, its resistance would also be ten

times that of A if it was of the same size ;
but since it is only

j
1
^ the area of A, its resistance is increased tenfold more, and

therefore B measures 100 times the resistance of A in other

words, the resistance varies as the square of the length when
the weight or volume is constant, or conversely the length
varies as the square root of the resistance for a given weight.

We have then, as above, the field of the cpil propor-
tional to

current x length of wire, for which we may write

resistance of coil-

sum of resistance of circuit'
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the current being inversely proportional to the total resistance

of the circuit (viz., battery, leading-wires, and detector coil),

with a constant E.M.F. This expression for the field can be

easily shown mathematically to become a maximum when the

resistance of the coil is equal to the battery and leading-wires,

but it can be shown equally as well graphically without the

aid of mathematics by the plotting of a curve from a few

worked-out values. For instance, let us see how the field

varies for different resistances of the detector coil when the

total resistance outside the detector is lOOw.

FIG. 25.

Taking the resistance of the coil as 9w the field will be

and taking it successively as 49, 81, 100, 121, 225, 324, 400,

and 484 (these numbers having simple square roots), we
find the field becomes respectively '047, '0497, '050, -0497,

046, -0424, -040, -0376. These numbers are not in any par-

ticular units
; they simply give the relative strengths of field.

Multiplying each by some large number, say 500, will not

alter their relation to each other, and will give us whole num-
bers instead of fractions, which is more convenient for plotting
the curve. They will then become respectively 137, 23-5,

24-8, 25, 24-8, 23, 21-2, 20, and 18-8.

Marking off these values on the vertical ordinate (see Fig. 25)
and the corresponding resistances given to the detector coil
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on the horizontal ordinate, we get the curve shown, which

indicates that the maximum strength of field, and therefore

the maximum deflection, is produced when the resistance of the

coil is 100a>, i.e., the same as the resistance of the rest of the

circuit.

The curve shows also that if the actual resistance is any

given fraction of the best resistance, say one-fourth, the field is

the same as with the same multiple of it, viz., four times, both

of which in this case give a field of 20. Or a lOw coil detector

would give the same deflection as one wound to l,000o> for

the same size of coil, but the field would only be (by reference

15
to the curve) ,

or three-fifths of the maximum.
25

The above figures are all supposing 100o> to be the total

resistance in circuit external to, or outside, the instrument, but

the curve will necessarily be of the same shape for any
resistance taken, and will always show the field, and there-

fore the deflection, to be greatest when the coil (of given size

and given weight of wire) is equal in resistance to the rest of.

the circuit.

64. Detectors for Telegraph Work. For telegraph work,,

where comparatively high resistance batteries and instru--

ments are met with, the resistance in a detector circuit ,

when used for a battery or line test is more frequently

over 100o> than under
; they are therefore mostly used

from about 200 to 500 ohms. But occasionally much

lower resistance batteries require testing such, for instance,,

as Thomson's tray cells or Fuller's bichromate cells when a,,

lower resistance coil, say of 5<o or 10w, will be more sensitive..

Some detectors are wound with two coils of widely different

resistances for this purpose.

A portable detector, the size of an ordinary watch, has

recently been brought out by Messrs. P. Jolin and Co., of

Bristol, which is wound with two coils, one of fine wire

measuring 200'6w, and the other of thick wire being 0'65w.

There are two bobbins, which are first wound with the fine

wire coil, the underneath end of the wire being soldered to
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frame, and the upper end attached to one terminal, marked Z

(see Fig. 26). To use this high resistance coil alone, therefore,

the battery wires must be connected, one to the outside case

of the detector and the other to terminal Z, the winding being
so arranged that the needle points towards Z when this terminal

is connected to the zinc pole. The thick wire coil is wound
on next, one end being soldered to the brass bobbins as before,

and the free end taken to the other terminal. If, then, we con-

nect the battery wires between this terminal and the case the

thick wire coil alone is in circuit. It would really only be the

FIG. 26.

low-resistance coil that we should require to use alone ;
when

the high-resistance coil was required we should use both coils

in series by connecting the battery to the two terminals, by
which we should get the advantage of the extra turns of wire

and an inappreciable increase in resistance.

65. Detectors for Telephone Work. As regards tele-

phone circuits and instruments, the detector is an indis-

pensable item of an inspector's kit, as it is frequently

required to detect any fault in his instruments or to

examine the condition of the batteries. The more portable,
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while reliable, of course the better, and some of the telephone

companies have in use the pocket type described. As the

batteries used are generally Leclanche's and the resistances

met with rather under than over 50w, the detector would be

wound to that resistance or less, according to the resistance

of the induction coils and receivers and the type of battery

in use.

66. Indicators for Large Currents. For dynamo or accu-

mulator circuits where the resistances are very small,
detectors for showing the direction of the current, or ascer-

taining whether it is constant, are in use, and are wound
with a few turns of thick wire to resistances from Iw
to TJ<yW, or even less - IQ fact

>
with ordinary electric lighting

currents, say from 10 amperes upwards, no coil at all is

required for finding the direction of the current
;
an ordi-

nary pocket compass placed over the main wire at any

part of the circuit will show the direction of the current at

once. The compass-needle will try to set itself at right angles
to the wire in which the current is passing. If the north pole
of the needle turns to the right the current will be flowing

away from the observer, and vice versd (see Fig. 27). It will

easily be seen whether the current is strong by the rapidity of

the oscillations made by the needle when placed over the

main wire
;
and if the current is a feeble one, causing very

sluggish oscillations, as it would under the influence of the

earth's field alone, a portion of the main wire should be

selected which lies north and south, or a few inches of it may
be easily bent into this direction before applying the compass
test

;
it will then be seen quite clearly towards which direction

the needle tends to turn from the meridian, the earth's field

tending to keep it parallel to the wire, and the field pro-
duced by the current tending to move it away from a parallel

position.

On this principle an engine-room current indicator is

easily constructed with a magnetic needle freely suspended
over a single broad band of copper, the ends of which are

attached to terminals outside the instrument.. The writer
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recollects seeing an indicator of this kind, with a vertically-

suspended needle placed where it could be readily seen, in the

engine room at one of the London exhibitions. It was in the

circuit of six arc lamps, which served to illuminate the grounds
from the top of a high mast, and the dynamo attendant could

see by it quite well whether his lamps were burning all right

or if one was failing. There being no bobbins or coils, the

instrument is extremely simple to make, and, if required, can

FIG. 27.

be calibrated in amperes by comparison with some ammeter

whose constant is known. One is illustrated in Fig. 28, the

copper or brass band behind the needle being shaded, and '*he

needle itself having its north end downwards. The direction,

of deflection for a given current is then as shown.

67. Effect of Current in Leading Wires. A question that

will naturally suggest itself from the last few observations will

be : Does not the current in the leading wires attached to a

measuring instrument affect its readings 1 As a matter of fact

it does so with a weak controlling field, when a large current is
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being measured, and the precaution must be taken of twisting
the two leading wires as they approach the instrument, so-

neutralising the extraneous field they produce. If, however,
the instrument has a powerful magnetic controlling field the-

effect is practically ni>, and there is no necessity for the above

precaution. In all cases, before readings are taken, it can be

noticed whether, when the current is on, the leading wires

affect the needle by shifting their position relatively to the

latter, and observing whether any alteration occurs in tho

number of degrees deflcciion.

FIG. 28.

68. Indicators with Coils of Different Resistances.

Large telegraph stations and telephone exchanges have in use

a considerable number of cells, in some cases of different types,

for local circuits or line work, and the battery man has to

keep a spare set of cells ready to put on to a circuit in case

any should " run down." In cable stations there are in addi-

tion sets of very low-resistance "
tray

"
cells for magnetising

the electro-magnets of the recorder instrument. An indicator

with coils of different resistance for testing the condition of

cells of different types is then a requisite. A form oi

indicator fitted in this way (by Messrs. Elliott Brothers)
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is shown in Fig. 29, the coils being respectively of 2, 10,

and 1,000 ohms. Batteries or circuits to be tested are

connected to the instrument at A and B, and the plug P
is inserted in the hole opposite the number showing the

9.

resistance of the coil required. This arrangement of brass

bars and movable plug is technically called a " commutator ;"

a plan of this portion is shown in Fig. 30 with the connections

to the coils. The current can be made to pass from one
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terminal to the other through any of the coils by inserting the

plug at the bar marked with its resistance. The high-resist-

ance coil is wound with many turns of fine wire, and the two-

ohm coil with a few turns of thick wire.

69. Effect of Loss of Magnetism in Needle of Vertical

Indicator. Should the needle of a vertical detector lose its

strength of magnetism to any extent, the deflection given by
the instrument with a given current will be weakened accord-

ingly, but as the north pole is the weighted or lower end the

needle lies in a favourable position as regards the earth's field

Fig 30.

in this latitude for maintaining its polarity, and it will pro-

bably be years before its magnetism becomes sensibly weakened.

If strong currents, however, are put through the instrument,

especially if the circuit is disconnected and connected several

times in succession, the magnetism of the needle may become

affected. This is the more noticeable in telegraph needle

signalling instruments, which are connected to a long

length of overhead wire. Atmospheric electrical discharges

take place at times through the wire, and if the instrument

protectors do not act, the needle may become partially demag-
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netised, or even have its magnetism reversed. Devices for

preventing this will be considered later on in this series when

telegraph apparatus is examined. The needle signalling instru-

ment, however, is mentioned at this point because its internal

construction is exactly the same as the vertical indicators which

have just been considered.

70. Effect of Loss of Magnetism in Needle of Horizontal

Indicator. When the needle of an indicator is pivoted so as

to lie horizontally, any weakening of its magnetism has very
little effect on the sensibility of the instrument. The reason

for this is that the controlling force, or force tending to main-

tain the needle at zero, is that of the earth's field, the

actual amount of that force acting at each end of the needle

being the product of the earth's field and the strength of one

of the needle poles. On the other hand, the force exerted

at each end of the needle by the current in the coils,

tending to move it away from zero, is equal to the

product of the field of the coil and the strength of one

pole of the needle. Since both the moving force and the

controlling force depend equally on the magnetic strength

of the needle, the ratio between them is simply the ratio of

the respective fields of the coil and the earth, and the needle

will therefore take up a position depending on the relation

between the two fields irrespective of the actual strength

of the needle poles; unless, indeed, they are entirely

demagnetised, in which case there would be no moving or

controlling force at all, except, probably, irregular forces caused

by magnetic induction.

71. Effect of Friction on Pivot. The friction on the

pivot, however, which is a negligible quantity when the

needle is strongly magnetised, becomes an appreciable

obstacle to its movement when its magnetism is weakened,
for while the relation between the moving and controlling

forces depends simply on the two fields, and therefore is

unaltered by weakening the magnet, it will be seen by what

was said above that the actual amount of these forces is pro-

portionately reduced as the magnet becomes weaker, and that
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therefore the needle is not drawn towards or held in its

deflected position with the same force and with the same

facility of overcoming friction as when it is strongly magne-
tised.

72. Horizontal Indicators. The horizontal pivoting of

needles, however, admits of very sensitive mounting of the

FIG. 32.

needle spindle. Illustrated in Figs. 31 and 32 are two very

sensitive indicators of this class by Messrs. Elliott Bros.
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In Fig. 31 the spindle joining the two parallel magnetic

needles, whose opposite poles point the same way, is pivoted

in jewel centres, and constitutes an indicator that may be very

well used, with proper calibration, for a number of useful tests

requiring accuracy. The dial is about 3Jin. diameter, and

the coil is wound to l,000w resistance.

There is only one magnetic needle in the instrument repre-

sented in Fig. 32, the pointer, which indicates the deflection,

and is fixed at right angles to the needle, being non-magnetic.

When the instrument is used the coils must be turned round

until they lie in the same plane as the needle n s (see Fig. 33).

Fig 33.

Now, as it would be impossible to read small deflections with

the coil impeding the view, a non-magnetic pointer, p, is

attached at right angles to the needle and points to zero when
the instrument is ready for use, its angular deflections being
of course the same as those of the needle. The screw seen at

s in Fig. 32 is fixed to the glass lid of the needle box, serving
to remove it when required. The metal arm A serves to

connect together the two terminals, or, as it is termed,
"

sliort-

circuit
"
the instrument. This might be required if the instru-

ment was connected to a circuit where a current was con-
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tinually flowing, the short-circuit being removed every time

a reading had to be taken, and then replaced, so that the

current would only pass through the coils when a reading was

required. The coil of this indicator is about 4in. outside dia-

meter, and is wound to a low resistance. When an indicator

is set so that the plane of its coil is parallel to the needle at

rest, a deflection of 90deg. can never be reached, as this would

require an infinite current, and, moreover, the instrument is so

insensitive to slight changes of current when the deflection

is above 75deg. that deflections are usually kept below this, if

possible, when a test is taken involving reading two deflections

representing two strengths of current nearly the same
;

in

fact, the readings are most sensitive when the needle is at an

angle of 45deg. For testing, where slight changes in current

have to be read, the deflection should therefore be first

brought to this angle, either by altering the resistance in the

circuit or by shunting the instrument.
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CHAPTEE VII.

SIMPLE TESTS WITH INDICATORS.

73. Tests for
"
Continuity." Before leaving the subject of

-current indicators, or detectors, and proceeding to the con-

sideration of current measurers, or galvanometers, we will

proceed to describe the methods of using the former instru-

ments for some ordinary simple tests.

The most frequent use to which a detector is put is to ascer-

tain whether a given circuit is metallically continuous, or, in

other words, to test the circuit " for continuity."

In all electrical circuits containing apparatus in which

certain contacts are " made " and " broken
"

at intervals,

or continuous electrical contacts are made through moving

parts of apparatus, such as th.3 lever and axle of a switch

or key or the carbon rod of an arc lamp, there exists a

liability to loss of continuity through those contacts, either

owing to their not being sufficiently clean, wearing away,

oxidation, insufficient pressure between the surfaces of con-

tact, or gradual fusing of the contact points as the result of

sparking. Platinum is used for contacts, as it is a hard metal,

and does not oxidise. As regards pressure between contacts

& wheel or rolling contact is not so reliable as a rubbing con-

tact where it is required to make continuous connection with a

moving part. Switches for altering battery power or changing
the connections of circuits are not considered reliable if they
make more than three contacts at the same time. They are

sometimes provided with screws for ad :

usting the pressure
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after the switch lever is in position, or, as in Hedges' form of

switches for large currents, small independent springs exert a

continual pressure between the lever and the contact. A later

device to ensure never-failing contact in a lighting circuit is

to make the lever actually cut into the contact brass blocks,

which latter are made of such a form that the wear can easily

be taken up.

Where the pressure exerted is manual, as in the case of

signalling keys in telegraphy, the operator easily acquires the

difference in pressure requisite for working a long or short cable.

If sparking occurs between two contacts, such as would
be the case if the contacts were required to effect inter-

mittent short-circuit across the terminals of an electro-

magnet through which a current was passing, or "make "

and "break" its circuit, a high resistance, say of carbon

connected permanently between the contacts, offers a path
for the " extra current

"
from the electro-magnet, reducing the

sparking and preserving the contact surfaces. It is seldom

that wires connecting together parts of apparatus or leading
wires running between different rooms of a telegraph or tele-

phone office actually break, though they maydo so in some cases,

as for instance, if exposed to the corrosive effect of acid at any
point, or if led round a sharp corner and subjected to strain or

abrasion. But it is not at all an unfrequent occurrence for a

contact to fail between a wire and the terminal to which it is

screwed. Either the terminal is too large for the wire and

does not properly grip it, or the wire has been bent in a

loop round the terminal thewrong way that is, in the direction

opposite to that in which the screw turns, so that any extra

tightening of the screw may force the wire out altogether ;
or

the wire may be attached to a battery terminal which has

become corroded and surrounded with crystals, owing to the

"creeping" of the battery liquid, in which case a bad contact

would be made.

74. Detection of a Fault in Telegraph Apparatus.
It sometimes happens that through failure of some contact in

his own receiving circuit connections, the operator at one end of
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a telegraph line spends a long time in "calling up" the station

at the other end, which, while answering all the "
calls," is

quite unable to speak to the station calling.

It is therefore one of the first considerations to look well

after the receiving-circuit connections if no reply to a call is

immediately forthcoming.
To illustrate this, a very simple example will now be

taken of a fault of this kind occurring, say, in the receiving

circuit of a single-current Morse signalling instrument. The

FIG. 34.

illustration (Fig. 34) represents the apparatus usually mounted

and connected together, and consists of a Morse ink-writer, M,

sending key K (for transmitting signals by hand), line detector

D (which can be short-circuited when not required by plugging

p in s),
and four terminals marked earth, line, copper, and zinc.

The sending battery is, of course, external to the instrument, and

is connected to terminals C Z. The sending key is a brass lever,

movable about the centre t. The lever is generally electrically

connected to t by a short flexible spiral of wire, since a failure
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of contact may occur at the axle about which the lever turns

when manipulated. The back contact b is always closed when
the key is at rest, the lever being kept in this position by the

adjustable spring at the back. In this position it will be seen

that, if there is no fault in the circuit, a current arriving from

the line to the terminal L has a path open to it through the

detector D, from t to b of the key, and through the electro-

magnet of M, to the terminal E, and thence to earth, com-

pleting the circuit back through the earth to the sending

battery at the distant station. If there is some fault or break

in this circuit, the detector already attached to the instrument

can be readily used for localising it.

We will suppose the sending circuit to be all right. If this

is not known it can easily be tried by connecting a wire

between E and L, which short-circuits the instrument, and

then if D is deflected every time the key is pressed it proves
this circuit and the battery to be all right. Now discon-

nect the wire between E and L, and test the receiving circuit

by taking the battery wire off C and putting it on to

L, which connects the battery direct to the receiving

circuit. No deflection will be observed on D, as there

is some fault in this circuit. Disconnect the other battery

wire from Z, and hold it in the hand so as to be able

to connect it to different points in the circuit. We know the

circuit is right from L to the key at t from the previous test,

so that touching the end of the wire held in the hand on the

metal at t we should get a deflection on D. Now, suppose that

a deflection is observed when the end of the wire is touched at

the lower contact at b
;

this shows that the back contact of the

key is good. Also let deflections be noticed on touching the

wire to the beginning and end of the electro-magnet coil of M,

showing that the connection from b to the coil and the

coil itself are all right. There is only one place now where

the fault can be, which is between the coil and the terminal E,

and on closely examining this connection underneath the

instrument the break would be found, probably caused by the

drawer containing the paper slip having chafed against the

spiral of thin wire from the coil.

F2
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What has taken some time to describe here is really only
the work of a few seconds, and it is quite a simple operation
with practice and a knowledge of the circuits to speedily
localise in this manner any fault in any set of connections,

however complicated.

For the many different continuity tests such, for instance,

as localising a fault on an instrument or a set of electrical

apparatus of any kind, or for proving the continuity of the

wiring of a building while the work is progressing, as is

usually done in wiring a building for electric lighting to prove
that everything is right before the lighting current is switched

on it is very convenient to have one of the forms of combined

detector and battery made by many manufacturers. Both are

contained in one small portable box, and connected up ready
for use, with two terminals on the outside, which, when con-

nected together, either directly or through some circuit being

tested, cause the needle to be deflected.

75. Tests for Identity of Wires. The detector is a ready
means of identifying wires which are run together from, say,

one part of a building to another, no distinguishing mark

having been attached to them, or which have become mixed

in passing together through walls or flooring. Gutta-percha
covered wires for telegraph work are manufactured with one

or more ridges of insulating material running along their entire

length, in which case any particular wire can be identified at

any point by feeling its surface. Wires insulated with this

distinguishing mark are in use at some cable stations, and

serve to connect the cables from the beach at low-water mark

to the cable house or thence to the town office. They are

drawn through iron pipes laid underground, and are kept
filled with water to preserve the insulation. In this case

any wire can easily bs identified by the number of ridges on

its exterior.

For electric bell work the outside cotton coverings of wires

leading from the different rooms to the annunciator are some-

times differently coloured, so that anywhere throughout their

length they can be identified.
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Suppose, now, that it is required to identify six wires laid

from a battery room to an office. We should start by number-

ing the wires at one end A (Fig. 35), and then connect, say,

the copper pole of a cell to No. 1, and the zinc pole to No. 2.

Now, on going to the other end, B, and trying the wires suc-

cessively on the detector, the pair of wires that cause a

deflection are, of course, Nos. 1 and 2
; but this alone

does not show which is which. This is determined by the

direction of the deflection. Suppose that by a previous trial it

had been ascertained that when a cell was connected up
directly to the detector the needle was deflected towards the

FIG. 35.

terminal at which the current enterel the instrument (see

Chap VI., para. 56) we should know that the needle would

point towards the terminal connected to No. 1. We have

therefore identified Nos. 1 and 2, and they should be so

marked at once. No. 1 may now be kept attached to one

pole of the cell in the battery room, and one terminal of the

detector in the office, while all the other wires are identified

in turn. Thus, No. 3, being connected to the other pole of the

cell, the wire which when touched by the other terminal of

the detector gives a deflection is No. 3, and so on, till the last

but one is done, and then all are known.
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76. Test for Insulation. Overhead Line Insulators. A sen-

sitive indicator of the horizontal type described in para. 72 and

illustrated in Fig. 31 may be used for testing the insulation of a

circuit where it is not so important to know the exact resistance

of the insulation when perfect as to keep up a daily inspection

that it does not fall below a certain amount. An indicator of

this type will give lOdeg. deflection with one Leclanch6

cell and 150,000 ohms in the external circuit, the coil of the

instrument itself measuring 1,000 ohms. With these high

resistances, that of the cell would be practically negligible.

Up to such a small angle as lOdeg. the deflections may be

LINE

Earth

FIG. 36.

taken as proportional to the currents, and therefore inversely

proportional to the total resistances of the circuit. That is,

Ideg. deflection would represent (150,000 + 1,000) 10 =
1,510,000 ohms, or 1'51 megohms total resistance, which, de-

ducting the resistance of the instrument, would be 1-509

megohms in the external circuit.

By increasing the number of cells the instrument could be
made to read up to a much higher resistance.

The connections would be made as in Fig. 36, the battery

being connected through the instrument to one end of the

main wire whose insulation resistance is to be found, the other

end, B, of the wire not touching anything, or as it is termed
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left "free." The other pole of the battery must be connected

to earth, this connection being easily made on to a water pipe

which runs underground. If this connection is made per-

manently it must not be to a lead gas pipe, or indeed to any

Zmdpipe; a plate of galvanised iron sunk in the ground is

the best.

Now, let us suppose that the wire A B is an aerial one,

and is run on poles either from roof to roof, as is the*

case in London with the electric lighting and telephone

FIG. 37.

wires, or on poles along the streets, as with arc lighting,

telephone, and telegraph wires in the provinces. At every
post the line wire is bound by wire to a porcelain insulator
at the groove marked a in Figs. 37 and 38, which exhibit
two most approved forms now largely in use. Mr. Latimer
Clark's double-cup form, shown in Fig. 37, presents a large

insulating surface between the wire at a and the iron stalk 5,

for any leakage of current from the wire down the post to

earth must occur over the two outer and two inner surfaces

of the cups before the stalk is reached. Messrs. Johnson and
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Phillips's fluid insulator is shown in Fig. 38, in section, and a3

attached to the cross arm, C, of a post. It will be seen that the

FIG. 38.

lip of the insulator is turned up at the lower end, forming a well

FIG. 39.

which is nearly filled with insulating oil, any leakage of current,

therefore, having to traverse the outside and inside surfaces of
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the porcelain cup and over the surface of the fluid. The well

of this insulator is filled with a measured quantity of oil by
the siphon shown in Fig. 39, which is manipulated by first

filling the siphon tube with oil, then closing the tap T and

filling the reservoir A. This reservoir then contains exactly
the proper quantity of oil, which is delivered into the well of

the insulator when held as shown in the figure, and the tap T
opened. The siphon tube does not, of course, require re-

filling, and the next is proceeded with by closing T and

filling A as before. This form of insulator offers a high in-

sulation resistance to leakage, and is specially suitable for

'

FIG. 40.

electric lighting circuits where the high E.M.F. in use tends to

open up the weak points in the insulation. These insulators are

fixed up by passing the stalk through a hole bored in the cross-

arm C of the post, as far as the projection b, the nuts then being

screwed on underneath, fixing them firmly in position. To

avoid the strain on the insulator when the wire to and from it

forms an angle, and to overcome the friction between insulator

and wire when the latter is heavy or the span between two

posts is long, the shackle insulator is employed. A double

shackle insulator, supporting an electric light insulated main

wire, and bolted to an iron pole, is shown in Fig. 40. The

wire itself is always continuous at the shackle, and in the case

of lighting wires is firmly bound at a a with tarred twine
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after bending once round the porcelain cup. Lighting wires

in London are run in this way, shackles being fixed to

every pole to bear the strain of the heavy wire, and

the iron poles themselves being planted on roofs of build-

ings, and kept in their position by wire rope stays. In

addition to shackling, the strain of heavy wires is borne by a

steel wire rope suspender, S S (Fig. 41), which illustrates one

method of attachment. A vulcanite chair, C, carries the

FIG. 41.

electric light wire, and this is suspended from the stranded

steel wire by means of a galvanised iron wire loop, W, passed

through the vulcanite chair, engaging in a split steel ring, E,

which is threaded on the steel wire. The "shackling off" of

a telegraph or telephone wire is somewhat different. About
2ft. of line wire is bound to each porcelain cup first

;
the line

wire is then soldered to one of these ends, and brought round

to the other end and soldered and carried on, slack being left

between the two joints.
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The insulation resistance of each porcelain insulator is

tested under rigorous conditions after manufacture, being

allowed to soak in water for forty-eight hours previous to

testing, the resistance then averaging from 500,000 to four

million megohms each (Prof. Ayrton in
*

Practical Elec-

tricity "), or eay, on an average, one million megohms
per insulator. When put up on a line and subjected to rain

and dust the insulation resistance is, of course, reduced. In

fine dry weather an insulation resistance up to 14 megohms
per mile is obtained, but in wet weather it may fall to about

g^th of this
;
in any case it should not fall below 200,000 ohms

per mile of line for telegraph and telephone work. In electric

lighting by arc lamps in series with direct currents, or by
incandescent lamps with alternating currents, and transformers,

if the wires are run overhead in the above manner the

insulation falls to a lower figure when working, owing to the

high E.M.F. worked with, which tends to open up weak places

in the insulating supports. For all lighting circuits, however,

the wire is itself insulated and then wrapped round with a

serving of tape. An arc light circuit will offer from one to

two hundred thousand ohms insulation resistance per mile.

Taking a line offering 200,000 ohms per mile, each resistance

to leakage of 200,000 ohms is in multiple arc or parallel circuit

(para. 41) with the others. Two miles would therefore

measure 100,000 ohms, ten miles 20,000, and so on, and, the

resistance being uniform, the rule is, divide the resistance per

mile by the number of miles to obtain the total insulation

resistance of the line.

It will be seen, therefore, that if even such a short length

as one mile of overhead wire* is taken, an insulation test with

a delicate horizontal indicator as described above would readily

show whether the insulation was up to or below its required

value
;
but with a longer line, the insulation resistance being

reduced, the instrument would more sensitively detect changes.

The writer has seen satisfactory tests taken this way with a

similar instrument on an arc lighting circuit, the more deli-

cate instruments not being always available or practicable

to use.



76 PRACTICAL NOTES

77. Practical Directions for taking Insulation Test. The

manner of working out a simple insulation test with an

indicator as above described will now be shown. It will be

noticed that no mention has been made of the testing of the

insulation resistance of a submarine cable by this means, since

it requires a more delicate instrument to do this, not only on

account of the far higher insulation resistances of cables for

the same length, but also because it is necessary to watch their

behaviour during a test, and therefore a delicately suspended
needle which will detect minute changes is necessary. In

addition to this there is a condenser-like action causing the

resistance to increase during the connection of the testing

battery. This effect, observed in cables when one end is "free
"

and the other connected to a battery, is known as "
electrifica-

tion," and will be considered further when the more delicate

instruments applicable to cable tests have been examined. For

the present test, however, we are considering overhead lines,

such as bare telegraph wires with an insulation ranging from,

say, half a megohm to 10 megohms per mile, according to the

state of the weather, and long overhead covered main wires sup-

plying lighting currents from a central station where an insula-

tion of about one to two hundred thousand ohms per mile may
be expected.

Suppose now, that a sensitive horizontal indicator is con-

nected up to one end of an overhead line 10 miles long, and

that the other end of the line has been carefully
"
freed."

Before connecting up the battery the indicator must be "
set

"

by turning it round till the pointer is at
;
the needle is then

parallel to the plane of the coils. While doing this, everything
in the immediate neighbourhood of the instrument likely to

be magnetised and moved about must be removed altogether
and placed at a distance where it cannot affect the needle,

otherwise very discordant results may be obtained. Especially
must pockets be ransacked of everything magnetised, as these

approach very near the instrument when bending over to read

the deflections. Anyone who is much in the neighbourhood of

dynamo machines has everything about him of the nature of

steel magnetised. Some little time ago a letter appeared in
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one of the electrical papers from an electrician who had

wasted a lot of time trying to find out what affected the

needle of his testing instrument, and as he had discovered

the cause of these erratic movements he kindly gave others the

necessary warning. After ransacking pockets and removing

everything he considered magnetic, together with his umbrella,

to a distance, he at last found that his hat contained some-

thing magnetic and was doing the mischief. This he did not

discover by pulling the hat to pieces, but by taking it off

before the instrument and moving it about near the needle,

when the effect was evident.

The circuit should now be completed by connecting the

remaining terminal of the instrument to a battery of, say,

ten cells, and the o.her pole of this battery to earth, as shown

in section 76 (Fig. 36). The current now passing through the

instrument is due to leakage from the line to earth, generally

a uniform leakage at each post or support, and the exact resist-

ance which this represents can be calculated by observing what

deflection is produced by the same battery through the instru-

ment and a known resistance. The calibration of indicators or

the comparison between their deflections and the currents pro-

ducing those deflections not having yet been explained, it is

not supposed that we know whether the instrument reads pro-

portionally te the current or not, in which case the known re-

sistance would ba one that could be adjusted to any amount,
and this would be varied until the instrument showed the

same deflection as was observed when in connection with the

line. We should know then that the insulation resistance of

the line was equal to the known resistance through which

(together with the instrument in circuit) the same battery pro-

duced the same current. The insulation resistance per mile

would then be the total resistance of the whole line multiplied

by the number of miles, which in this case we assumed to-

be ten.

78. Insulation Resistance per Mile. It must, however,,

be pointed out that this rule for calculating the insulation

resistance per mile by multiplying the total resistance by
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the number of miles can only be applied with accuracy
to cases where the total insulation resistance of the line is

very high compared to the resistance of the conducting
wire itself, for when this is the case the leakage of current

from the line is practically uniform
;
but where the conduc-

tive and insulation resistances approach each other in value

FIG. 42.

the leakage of current will be greatest at the battery end of

the line and become gradually less and less along the length of

the line, the effect being easily understood by considering the

line as made up of a very large number of equal sections,

the conductor resistance of each section being r ohms, and its

insulation resistance R ohms (Fig. 42). This will be precisely

FIG. 43.

the same state of affairs electrically as the diagram in Fig. 43

that is, the resistances of the sections r and R are connected

up to the battery in exactly the same way. Now it is clear

that if the several resistances r r are negligibly small in com-

parison to the insulation resistances R R, the latter are

all virtually connected direct on to the lattery terminals, in
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which case the current through each would be the same

that is, the leakage would be uniform along the line
;
but if the

resistances r r are so high, or EE are
'

so low, that the former

cannot relatively be neglected, then each resistance E receives

less current as it is further removed from the battery, not only
because it has an extra resistance r added to it each time, but

because the potential difference acting over E + r is reduced

at each successive connection. In fact, the first section, E + r,

is direct on the battery terminals, and therefore receives the

highest potential difference, the next section, E + r, is con-

nected to E of the previous section, instead of to the battery,

hence it must receive less potential difference, and carry less

current; and so on through all the sections. We should

therefore expect to get less deflection for the same insula-

tion resistance when the conductor resistance approached in

value the former than when it was negligible. This is the

case, and the insulation resistance therefore comes out too

high, and necessitates a correction being applied. Mr. H. E.

Kempe, in his " Handbook of Electrical Testing," has worked

out in detail the mathematical process in evolving a correction

for the above. This correction is applied as follows : A test

is taken of the resistance of the line when the far end is put
to earth, which gives the observed total resistance of conductor.

Now, instead of multiplying the total insulation resistance by
the actual known length of the line in miles to derive the

insulation per mile, the total resistance is multiplied by the

number of miles as calculated electrically from the above test*

the calculated mileage being the

observed resistance of conductor

known resistance of conductor per mile*

For instance, take 300 miles of ordinary telegraph line run

with No. 8 galvanised iron wire, known to have a resistance of

14 ohms to the mile, and suppose that on testing this length
of line its insulation was found to be 10,000 ohms, and that

on earthing the other end and testing for conductor resistance

this was found to be 3,500 ohms. Here the two resistances

approach each other in value that is, one cannot be neg-
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lected and therefore the true insulation resistance per mile

is 10,000 ohms multiplied by the calculated mileage, this latter

being = 250 miles. This gives the true insulation per

mile to be 10,000x250 = 2,500,000, or 2J megohms. If

calculated by the ordinary way, the result would have

been 10,000x300 = 3 megohms, introducing an error of

20 per cent. The insulation and conductor resistance will

approach each other either when the insulation of the line is

impaired or a very long length of line is tested. The writer

has had occasion to apply the foregoing correction when

measuring the insulation resistance of a submerged cable,

1,400 knots in length, in which the total insulation resistance

of this great length approached within four or five times the

resistance of the conductor. Hence the resistance of the latter

was by no means negligible in comparison.

79. Allowance for Leading Wires in Insulation Test.

In an insulation test of any line the line wire itself will

not be connected to the instrument direct, but generally

through a "
leading in

"
wire. As the line is tested through

this wire, it is important to see that it is itself well insulated.

To do this the end of the leading wire affixed to the line

should be disconnected or " freed
"

for a moment or two while

the battery is put on as before and it is observed whether the

indicator shows any deflection ;
if it does, it shows there is a

leakage between the leading wire and earth. Since this would

falsify the results when the line is tested, allowance must be

made for it in the following manner : Measure the insulation

resistance between the leading wire and earth exactly in the

manner described for a line. Now, on connecting up the line

and measuring its insulation it is evident that instead of ob-

taining the true insulation of the line we measure the joint

resistance of the insulation of line and leading wire because

these two resistances are connected together in parallel arc.

The first test measures the resistance of the leading wire alone,

and the second that of the line and leading wire together.

The little calculation to be made in order to derive the true
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resistance of the line from these two measurements will be

easily seen by reference to the conductivity of the respective

circuits. It will be remembered that the term conductivity is

used to express exactly the opposite property of resistance,

Sir William Thomson having introduced the term " mho "
for

the unit of conductivity, which is taken as the exact reciprocal

of one "ohm," and, in fact, is that word (or rather name)

spelt backwards. The term, as far as use is concerned, is

not in everyone's mouth just yet, the idea of resistance having
such a deeply-rooted hold of us all; but the idea of conduc-

tivity lends itself very conveniently to the consideration of re-

sistances in parallel, for we know that in this combination the

total conductivity is simply the sum of the conductivity of

each, and the reciprocal of the total conductivity gives the

joint resistance of the whole. In the above case we require to

know the resistance of the line alone. Now we can easily find

the conductivitij of the line alone by subtracting the conductivity
of the leading wire from that of the leading wire and line.

The resistance of the line alone is then found by taking the-

reciprocal of its conductivity.

Example : A line wire is connected by a leading wire to a,

testing room, its other end being "freed," and a test for in-

sulation gives 350,000 ohms ; the leading wire is then dis-

connected where it joins the line, and a second test gives one

megohm (10
6
ohms). What is the insulation resistance of the

line?

Conductivity of line and leading wire = mhos.
35 x 106

Conductivity of leading wire alone =

Therefore, conductivity of line alone = - -
,

65 13

35 x 106 7 x 106
"

and the resistance of the line is the reciprocal of its conduc-

tivityviz., L?J21 = 538,000 ohms.
13



82 PRACTICAL NOTES

This is known as the "reproduced deflection'
1 method of

measuring a resistance. In the case of insulation resistances,

as above, it necessitates the use of high resistances to repro-

duce the same deflection, which are not always available.

We are not, however, bound to reproduce the same deflection

if the relation between the deflections of the instrument and

the currents producing those deflections is known. The in-

sulation test will therefore be reconsidered further on in these

Papers after the above point and the employment of shunts

have been discussed.

80. Gr.P.O. Standard Indicator. The points in which im-

provements have been attempted in the construction of the

current indicator or detector have been chiefly the following :

1. Eeduction of the friction on the moving needle to a

minimum, doing away with irregularities in the relation be-

tween currents and deflections, due to variation of friction, and

rendering the instrument more sensitive.

2. Protection of bearings and needle spindle points or

pivot points while the instrument is subjected to shaking and

otherwise knocking about in transit.

3. Best method of winding the coil to give maximum effect

when occupying a given volume.

4. Facility of reading quickly and accurately the deflections.

5. Easy accessibility of all parts of the apparatus for pur-

poses of cleaning or adjustment, if required.

6. Sensitiveness, or variation of deflection for slight changes
in the current.

i An instrument combining portability with the above con-

ditions being a great acquisition to the ordinary battery and

line testing at the General Post Office, a great deal of atten-

tion has been brought to bear upon its improvement by
Mr. Preece and Mr. Kempe, in conjunction with Mr. Eden,
with the result that a " standard

"
form has now been evolved

as the " survival of the fittest
"

of all their experiments and
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trials. Tills instrument is illustrated in .plan in Fig. 44, and

FIG. 44.

in elevation in Fig. 45, the cover in this figure being removed

FIG. 45.

and the needle support withdrawn from inside the coil. The
o 2
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needle itself is shown in Fig. 46, and is a very light steel

magnet of the shape n s, to which is affixed a brass cap, C,

holding at its centre the sapphire cap which rests on the pivot

point when the needle is in position. The pointer p, at the

extremity of which the readings are taken, is a rigid and light

strip of ebonite fixed at right angles to the needle, and th&

weight w of the same material serves to balance the needle in>

a horizontal position. In both the other figures the movable

brass slide B, on which is fixed the upright steel pivot to carry
the needle, is shown. This slide containing the needle is easily

inserted into or withdrawn from the coil, its movement being

kept rigidly in one direction by its bevelled edges sliding in

guide grooves cut along the interior of the brass bobbin. A

slight projection on the slide seen in the figure fixes the limit

4o which the slide can be pushed into the coil, and insures the

needle always being in the centre of the coil. The steel pivot

point is finished with great care, being carefully examined

under the microscope during manufacture, the sides converging

towards the point in as nearly as possible the curve of a para-

bola. Protection of the point when the instrument is not in

use is secured by raising the needle from off it by means of

the lever L L. It will be easily seen that by depressing the

short end of this lever the other end lifts the needle off the

pivot, and it is arranged that the downward play of the short

end (effected by moving the screw head A sideways to the-

left) shall be just sufficient to raise the needle through the re-

'-quisite distance to bring its cap into close contact with the top
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of the interior of the brass bobbin, thus preserving it com-

pletely from movement during transit. The dotted lines in the

centre of the coil in Fig. 44 show the needle mounted in posi-

tion. Its point then rests over the divided s.cale, attached to

which is a mirror, M, the purpose of which in instruments of

this class is to avoid the error of "parallax" while reading the

deflections. This error will always be more or less introduced

.according as the point of the needle is at a greater or less dis-

tance from the scale when the direction of the line of sight
from the eye of the observer to the needle is not always con-

stant. By means of the mirror (attached to all accurate in-

struments), the reflected image of the needle is visible in the

mirror, and the reading on the scale is not taken until the

needle is seen to exactly cover its own reflection therein. In

order to throw as much light as possible on the scale and

needle, a glass window is let into the side of the brass cover

opposite the scale, and the top of the cover being of glass, there

is every possible facility for very accurate readings. It is

seen, therefore, that conditions 1, 2, and 4 are complied with.

The third condition is carried out by Mr. C. J. Simmons, of

London, the maker of the instrument, by
"
grading

"
the wire

composing the coil, and giving the outside contour of

the coil the shape of the curve indicated by the dotted

lines c c. When the size of the coil that is, the space to be

occupied by the wire and its required resistance have been

once fixed upon, it has been pointed out by Sir William

Thomson that the maximum magnetic effect, or, what is the

same thing with the same current strength, the maximum
number of turns of wire, can be wound into the allotted space
when the wire is graded in sections of different diameter. That

is, the winding is commenced nearest to the needle by fine

wire, a certain portion of the available space being filled up
with this winding. Then a wire of larger diameter is jointed
on to this and the winding continued. This is done for three or

four different sizes of wire, all being calculated at first so as to

add up to the required resistance when completely wound on.

In this instrument the wire is graded three times, the final

Tesistance being 800 ohms. The shape of the exterior of the
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coil is also a matter of consideration, and the same authority

gives it as the most effective winding for the coil of a current

indicator or galvanometer when the greatest number of turns

of the wire are wound near to the needle when at rest that is,

at right angles to the axis of the coil the shape of the curve

itself being accurately expressed for coils whose turns of wire

are in circles by a mathematical equation.

The fifth condition is ensured Very effectively as regards the

accessibility of the needle, this having already been shown.

The ends of the coil go to separate terminals on an insulated

brass plate, two other terminals on which serve to connect a

short spiral of thick wire to the instrument terminals, in the

usual way. The finish of the instrument, as turned out by Mr.

Simmons, is excellent, the G.P.O. having relegated all their old

astatic forms of indicator to this maker to convert into the
"
approved converted form," with the parts somewhat similar

to the above. The instrument which has been described above

is not "astatic." An instrument is said to be astatic when it is

provided with two parallel needles mounted on one spindle,

and turning together, one being inside the coil and the other

outside, and the opposite poles of the two needles pointing

the same way. By this device the controlling force of the

earth's magnetic field upon the needle, which tends to draw

it towards the magnetic meridian when it is deflected away
from it by a current, is almost entirely done away with, only
sufficient difference between the magnetic moments of the

two needles existing necessarily in order to keep the needles

at zero when no current is passing through the instrument

coil. The writer has taken a "calibration curve" of the

instrument described above, and finds that there is a "straight

line law," or proportionality, between currents and corres-

ponding deflections up to an angle of 27deg., this being nearly
the whole length of movement of the needle, which, owing to

the construction of the coil, is limited in its movement to

35deg. In the following chapter the calibration of current

indicators will be considered, with the plotting of curves

exhibiting the relations between the strength of the current

and the angular movement of the needle.
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CHAPTER VIIL

THE CALIBRATION OF CURRENT INDICATORS.

81. Simple Method of Calibration by Low-Resistance Cells.

The relation between the angular deflections of a needle

and the currents causing those deflections, in an indicator, is

a most useful thing to be known about the instrument. The
currents causing given deflections on any instrument may be

directly proportional to those deflections, or they may vary as

some known function of the angles of deflections, or there may
be no settled relation between them at all. It is in the latter

case that "calibration" is desirable, and the relation between

the angular deflections and currents is generally shown by
means of a curve, which can be referred to when it is re-

quired to know what is the strength of current corres-

ponding to a given deflection. There are different methods

of carrying out the calibration of an indicator, more or

less suitable according to the resistance and sensibility of the

instrument. We shall first take the simplest method, which

can readily be applied to the calibration of high-resistance

instruments when a few similar low-resistance cells are available.

The internal resistance of a cell will be low when its plates are

of large size and fixed near together. Almost any type of cell

will do for this test, provided its plates are of large area, in

addition to which the cells should not polarise ;
this latter diffi-

culty, however, being very unlikely to occur, as the time of

contact need only be very short to take a reading of the deflec-

tion, and the comparative high resistance of the instrument

would allow very little current to pass from the cells. The
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Thomson tray cells (Fig. 47) previously described in these

papers (para. 18) are of very low internal resistance, varying
from T̂ th to J an ohm per cell, and would be very suit-

able
;
or if some charged accumulators were available, these

would do better still, their resistance being only about -^th of

an ohm per cell.

Taking, in the first instance, a vertical detector of high
resistance compared to the cells, it would be first connected to

one cell in the manner shown in Fig. 47
; the deflection might

FIG. 47.

then be large or small according to the weight of the needle.

If the deflection is only a few degrees, we should proceed, after

noting it down, to connect up two cells, then three, and so on

till the needle was deflected to near the end of the scale, say
to 85 degrees, noting down opposite each number of cells the

corresponding number of degrees deflection. Now the currents

are very easily calculated, each cell having a fixed E.M.F., and

its internal resistance so low in comparison to that of the

instrument that it may be neglected. An example of this

kind actually taken of a vertical detector of 220 ohms

resistance is here appended. The cells used were secondaries,
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or accumulator?, measuring 0'02 ohm and 2 volts per cell,

and the readings taken were as follows :

No. of Cells. Deflection.

1 10 2

2 42 4

3 64 6

4 75 8

5 81 10

6 85 12

7 87 14

Now, it is desirable to obtain some intermediate readings be-

tween 10 and 42 degrees and below 10 degrees, as a very wide

difference in the deflections is noticed between one and three

cells. We cannot get these intermediate readings by the cells

alone, but must add a resistance to the detector to reduce the

difference of potential at its terminals. First, it must be shown

that the number of volts at the instrument terminals when
connected direct to the cells is practically equal to the E.M.F.

of the cells. By Ohm's law we have the current passing through
the instrument is equal to the

volts at instrument terminals

resistance of instrument

and therefore the number of volts at the instrument ter-

minals is always the product of the current and the instru-

ment resistance. But the current is also, by Ohm's law, the

total E.M.F. of battery .

total resistance in circuit'

therefore, the number of volts at the instrument terminals is

equal to the

resistance of instrument
total E.M.F. of battery x

total resistance in circuit*

Now, if the instrument was connected directly to, say,

5 cells, the E.M.F. of battery would be 5 x 2 = 10 volts, and
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its resistance 0-02x5 =^ ohm; and therefore the number
of volts at the instrument terminals would be

10 x
22 -10x 2200

220fr~
X
220!'

where it is evident that the fraction by which the E.M.F. of

10 volts is multiplied is so nearly unity, that we practically

have the same number of volts at the instrument terminals

as we have E.M.F. in the battery. The reason is that the

internal resistance of y^th onm *s so small in comparison to 220

ohms, that it causes an inappreciably small loss of E.M.F. in

the battery. This accounts for the third column given in volts.

Now, to get the intermediate deflections in this case, extra

resistances were added to the instrument, so as to produce re-

spectively 1, 1 J, 3, and 4| volts at the instrument terminals. By
taking one cell, and adding a resistance equal to the instru-

ment, the potential difference at the terminals became

2x_ _ = 2 xi = l volt;
220 + 220 + '02 2

and by making the extra resistance equal to one-third that of

the instrument (
= 73'3 ohms) the volts at the terminals

became

Similarly, to obtain 3 volts, two cells were connected, and

the extra resistance made the same as in the previous case.

This gave

4x- = 3 volts.
4

For 4J volts at the terminals, 3 cells were joined up, the

added resistance being the same as before, which gave

6x- = 4Jvolts.

In any case it will be seen from the above that to obtain

any given number of volts at the instrument terminals when
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low-resistance batteries are used as above, a resistance must be
added equal to the resistance of the instrument multiplied by
the following fraction

(E.M.F
of battery . \

number of volts required /

The intermediate deflections observed with the above were
then as follows :

No. of Cells.

1
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more marked will be a change of deflection for a change of

current.

The value of any current may now be found by reference

to the curve
; HIUF, if 60 degrees deflection was observed the

corresponding current could be found by placing the edge of a

flat ruler at number 60 on the vertical degree ordinate, and

the edge of the rule being horizontal would cut the curve in

some point. Marking this point lightly with a pencil the rule

would be turned vertically in a line from the point on the

FIG. 48.

ourve to the horizontal ordinate. This would cut the latter

at 25 milliamperes, which is the required current It should

be mentioned here that practical working curves are usually

about four or five times the size of the one in the figure ;
in

fact, the larger the scale they are drawn to and the more

observations taken from which to plot them the better.

83. Proportionality between Currents and Deflections.

This curve is seen to exhibit no "
straight line law

"
or

proportionality between currents and deflections except, per-

haps, up to 10 degrees that is, every scale degree movement of
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the needle does not represent an equal increase of current. As

simple examples of proportionality between indications and

scale degrees, there might be cited the Salter's balance, where

every scale degree movement of the pointer means an equal in-

crease of weight suspended to it
;
or the steam-pressure gauge,

in which every equal scale division means equal increase in

steam pressure ;
or the thermometer, whose scale divisions are

equal, and mean equal rises in temperature ; or the ordinary

clock, whose dial is divided into twelve equal parts, each of

which mean equal intervals of time. If we were to plot the

relation between degrees deflection, and weights in the spring

balance, or between divisions deflection, and pressure in the

steam gauge, or between divisions rise of mercury, and tempe-
rature in the thermometer, or between movements of clock

hand and intervals of time in the ordinary clock, precisely

in the same manner as the readings are plotted for the

detector in Fig. 48 ante, we should get a straight line instead

of a curve, showing absolute proportionality between the

indications and degrees of scale. This straight line law

or absolute proportionality is very desirable in instruments

used in the measurement of large currents used in electric-

lighting, and has been very successfully carried out by
Profs. Ayrton and Perry in their ammeters, or current

measurers, in which the divisions through which the needle is

deflected are made equal to each other and correspond to equal
increments in the current strength throughout the whole of

the scale. Messrs. Walmesly and Mather have devised a.

galvanometer whose deflections follow the proportional law

up to about 50 degrees. These instruments will be referred to-

again in detail, when the different kinds of galvanometers are

examined.

84. The Horizontal Astatic Indicator. If, now, the indicator

to be calibrated is of the horizontal type, we should expect to-

find the needle move round a large number of degrees for a

very small current, since the horizontal mounting of the needle,

whether by a pivot or by a silk fibre suspension, admits of

greater sensibility. One or two cells would then furnish the
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maximum current required, the largest deflection being oV
tained with the battery connected direct to the instrument, and

the deflection being gradually reduced by the addition of extra

resistance to the circuit. We shall in this example also select

cells (such as secondaries or large size primary cells) of low

resistance, negligible in comparison to the resistance of the

instrument coils.

A curve taken in this way of the astatic instrument shown
in Fig. 49 is here appended. The two needles marked n s in

reverse ways may be seen in the figure, rigidly connected

together, and the pair suspended by a silk fibre, one needle

being inside and the other outside the coils forming the astatic

system. To set the instrument it must be turned round till

the needles are parallel to the plane of the coils, which will be

the case when the top needle points to zero on the graduated
-dial D. This can be very conveniently effected without shift-

ing the base of the instrument when once levelled by moving
the coils alone, these being attached to a hollow wooden base,

E, capable of being turned about the centre by means of the

handle A through an angle of about 60 degrees. The base B
contains a sufficient length of flexible wire, spirally wound, to

a'clmit of this movement of the coil while it is connected per-

manently to the two terminals. It is important to see that

the lower needle does not touch the interior of the bobbin

during any part of its movement, and once the needles are per-

fectly still, this can be tested very well by moving the handle

A right and left through its full range, which should not cause

the slightest movement of the needles. If it does, the interior

of the bobbin should be looked through to see if the lower

needle is too high or too low, and its height can then be ad-

justed as required by raising or lowering (not screwing round)
the suspension head E, to which the silk fibre is attached.

85. Connections for Calibrating. The instrument, after

being
"
set

"
as described, should be connected to a box of

standard resistance coils A, and a low-resistance cell, as shown
in Fig. 50. The higher the resistance of the coils in the

instrument the more margin may be allowed for the resist-



FOR ELECTRICAL STUDENTS. 95

of the cell while considering the latter as a negligible-

quantity that is, if the coils were, say, 1,000 ohms, as

FIG. 49.

high a resistance as 3 or 4 ohms in the cell would be

practicably negligible. Horizontal instruments are usually
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wound to resistances from 500 to 1,000 ohms. If there

is no very low-resistance cell available, such as a primary

battery with large plate surface in use for lighting, or a

charged accumulator, or a large size Daniell or Fuller cell,

three or four cells may be connected together in multiple arc

that is, all the zincs together to form one terminal of the

FIG. 50.

battery, and all the coppers or carbons together to form the

other. This will then act as one cell of as many times

the amount of plate surface as there are cells connected

up, and the internal resistance will be diminished in pro-

portion to the number. Thus, four cells in multiple arc

would have one-fourth the internal resistance of one cell, five

cells one-fifth, and so on, while the E.M.F. of the combination,
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in this manner, of any number of similar cells would be the

same as that of one.

86. Construction of the Adjustable Resistance Box. The
resistance-box is very simply manipulated for altering the

T

FIG. 51.

amount of resistance in circuit. A vulcanite-headed brass

plug P (Fig. 51), when inserted into a round hole between

two adjacent brass blocks, B B, short-circuits, or metallically

bridges across, the resistance coil E, whose erds are connected

to those two blocks. A number of coils wound accurately

to different fixed resistances at the temperature supposed to be
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generally prevalent in this climate, viz., 60F., are con-

tained in the wooden box, the bobbins of the coils being fixed

on the under surface of the ebonite slab S S, which forms the

lid of the box. These wooden bobbins when wound are slipped
over the brass rods A A, which are screw-threaded at each

end, serving to screw them into the ebonite slab at one end

and to have a brass lock nut, L, screwed on at the other end

after the bobbin is slipped on. The copper wires C C are

soldered to their respective brass blocks, and it is to these wires

that the ends of the coils are soldered, the final adjustment of

the resistance of a coil being made at one of these joints.

There are two of these wires to each brass block, so that each

coil is attached to its own individual pair of copper wires,

and the resistance of each coil can be finally adjusted sepa-

rately. The final resistance, then, between two brass blocks

is that of the coil plus the two copper wires which connect its

ends to the blocks; and by having a separate pair of copper wires

to each coil, a given resistance introduced into the circuit by

unplugging one coil marked that amount will be exactly equal

to that introduced by unplugging a number of coils the sum
of whose marked resistances is equal to the given resistance.

Thus we should insert exactly 100 ohms, whether the 100-ohm

coil alone was unplugged or the four coils marked 50, 20, 20,,

and 10 were unplugged together, or, in fact, in whatever way
the said resistance was made up. If there were only one copper
wire connection to each brass block, a given resistance made up
by unplugging a number of coils would be less than when only
thecoil marked that resistancewas unplugged. The coilsaregene-

rally wound with German silver wire, the resistance of this alloy

(nickel one, zinc one, and copper two parts), according to Dr.

Matthiessen, increasing by only yf^ per cent, of its value for

one degree centigrade rise of temperature. The more costly

alloy of platinum-silver increases by only 1gJTT per cent, of its

value for the same rise in temperature, and therefore is more

suitable for resistance coils, but is only rarely used on account

of its cost. The new alloy termed platinoid (formed by
the addition of one or two per cent, of metallic tungsten to

German silver) only increases in resistance by TfJ^ per cent.
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of its value for the same rise in temperature, and has the

additional advantage of measuring a little more than 1J times

the specific resistance (para. 30) of German silver, requiring,

therefore, less wire for a given resistance. It remains, how-

ever, to be ascertained whether the resistance of this alloy
1

undergoes any permanent change after long usage. The wound
coils are well baked and steeped in hot paraffin wax, melted

to above the boiling point, before final adjustment. After

this is accomplished the coils are steeped in the same wax,
but this time only sufficiently warm to quickly coat them.

The resistance of each coil is marked immediately above it on

the upper surface of the ebonite slab, and the total resistance

introduced into a circuit by means of the box is found by
adding together all the marked numbers opposite holes where

plugs have been removed. Sixteen coils are generally fitted

to a resistance box, which is intended to read up to 10,000

ohms, the resistances of the sixteen coils being of such values

that any number of ohms from one to 10,000 can be intro-

duced in the circuit by arranging the plugs.

87. Method of taking Observations for the Curve. The
astatic indicator shown in the figure measured 545 ohms, and

gave a deflection of 75 degrees when a resistance of 405 ohms
was unplugged in the box, two cells, coupled together in series,

being employed, each with an E.M.F. of T8 volt. With
this deflection the current was therefore

-
or 3-8 milliamperes.

The deflections were then diminished by increasing the

resistance in the box that is, by unplugging more coils, and
the corresponding deflections for each change of resistance

were noted. For facility of calculation afterwards it is

advisable to make the unplugged resistances in the box such

that when added to the resistance of the indicator a multiple
of ten is always obtained. For example, an even resistance of

2,000 ohms in the circuit is obtained when 2,000 - 545 = 1,455

H 2
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ohms is unplugged in the box, and so on. Some eleven

or twelve readings were taken in this way, which are

shown plotted as a curve in Fig. 52, the currents being
calculated as above in milliamperes. If the only cells

available were of small plate surface, and therefore high
resistance, and could not conveniently be connected together
in parallel arc to reduce their resistance, as might be the case

with a battery of a number of cells contained in a trough,
the resistance of the battery used would have to be added to

4*

F 1C 52.

CURRENT IH M1LL/-AMPERES

the other resistances in the circuit in the calculation of the

current. One or two ready methods of measuring the resist-

ance of a battery will be considered in a later chapter.
While taking the above calibration test there is no advan-

tage in having a "
key

"
in the circuit, by means of which the

latter can be " made "
and "

broken," since if the circuit is

broken after each reading, the needle of the instrument is set

swinging inconveniently. The circuit should be permanently
connected as in Fig. 50

;
and it should be observed whether

each deflection of the needle remains steady, since if the deflec-
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tion falls slightly it shows that the battery is polarising, and

the readings, consequently, valueless, because the E.M.F. of

the battery is slowly diminishing. This will not be at all

likely to occur, however, as the resistance of the instrument is

high, and we are adding resistances to it each time a reading

is taken. To be sure, however, that no polarisation

has occurred, the first reading is repeated, after the whole

set have been taken, and if this is precisely the same as at

first, it proves that the E.M.F. of the battery has kept constant

during the test.

88. Checking Oscillations of Needle. With each change
in the resistance unplugged in the box the needle will be set

swinging slightly, and instead of losing time in waiting for it

to come to rest, its oscillations may be checked by a small

magnet held in the hand. When the needle swings towards

the magnet the latter should present the same pole towards the

needle, repulsion between the two like poles checking the swing
of the latter. The hand holding the magnet must then be taken

right away from the instrument, when the needle swings the

other way, unless the operator is quick enough to present the

other pole of the magnet to the needle on its receding swing.

With practice the oscillations can be checked almost im-

mediately in this way, but care must be taken that once the

needle is brought to a standstill the little magnet is placed on

the table at arm's length away so as not to affect the steady

deflections. With even light needles a swing of a very small

angle will last a tediously long time, owing to the long fine

silk fibre suspension and the inertia of the moving needle,

and time is saved by a little dexterity in checking the swings
in the above manner.

89. Curve of CK P. 0. Standard Indicator. The relation

between currents and angular deflections up to 28 degrees
on the standard horizontal indicator of the General Post

Office (illustrated in Fig. 45) is shown by Fig. 53. This

is seen to be practically a straight line that is, the in-

strument is practically a proportional one up to about 28
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degrees. It should be noticed, however, that on closer

examination the line is not absolutely straight, although very

nearly so, but is tending to bend round slightly. This may be

noticed by putting the edge of a flat rule along the line, and

seeing how far the direction of the line coincides with the

straight edge of the rule, which in this case exactly coincides

from to 15 degrees, the remainder of the line up to

28 degrees being very slightly removed in direction from

CURRENT Iff MICRO- AMPER. 'S

53

30 4-0 60

this portion. The readings for this instrument were taken in

the same way as the last, except that only one cell was used,

the E.M.F. of which was 1-868 volt. It will also be observed

that the currents, which are very small, and are measured in

millionths of an ampere, or micro-amperes, produce sensibly

large deflections, which means that the instrument will give

perceptible indications when it is circuited with very high
resistances and a low E.M.F. For instance, with the single cell

used above, it was necessary to insert one megohm (one mil-
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lion ohms) resistance in circuit with the instrument, in order

to get the lowest deflection, viz. : about TVths of a degree. The

current producing this deflection would be, in amperes, the

E.M.F. 1-868 volt

total resistance 1 megohm + 800 ohms
'

We may, however, neglect the resistance of the instrument

^800 ohms) when added to so large a resistance as one million

ohms, and multiplying the current in amperes by one million

to reduce it to micro-amperes, we have

1 *SfiR
- x!06= l'8 micro-ampere,

causing the above perceptible deflection. This shows that the

instrument is capable of measuring very large resistances.

90. Comparison of Instruments by their Figure of Merit.

Comparing the calibration curves of these instruments, it will

be seen at once that the same current produces a different deflec-

tion on each. This difference is due to the construction of the

instrument, the controlling force on the needle, the kind of

pivoting or suspension of the needle, and the number of

turns of wire on the coils. As a basis of comparison
between instruments differing in these respects, we have

to determine for each instrument what is termed its Figure

of Merit, which is simply the total amount of resistance

in ohms (including the instrument coil resistance) through

which, with one volt E.M.F., a deflection of 1 degree or division

is produced. Now, by Ohm's law, this resistance will be equal

1 volt
to - -

,

current producing 1 degree deflection

which is the same thing as the reciprocal of the current in

amperes producing 1 degree deflection, and it is by these words that

the figure of merit is usually defined. Hence, an instrument

with a high figure of merit is one which will show a perceptible

deflection with a very small current.

The figure of merit may be found from the calibration curve

by taking any current on the first straight portion of the curve
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that is, the portion of it which is proportional, and observ-

ing what deflection this corresponds to; then dividing the

current by the number of degrees deflection we have the

current for 1 degree, the reciprocal of which, after reducing to

amperes, is the figure of merit. Taking Fig. 53 we find by
inspection that 12 degrees deflection is produced by 27 micro-

9T"

amperes ; and therefore 1 degree would be produced by

= 2J micro-amperes, which is equal to t amperes.

The figure of merit is therefore the reciprocal of this

current in amperes, and is

12! = io'xi
2J 9

Now, by inspection of the straight portion of the curve for the

astatic instrument in Fig. 52, we find that 18 degrees deflection

is produced by O'l milliampere, or 100 micro-amperes ; and

therefore micro-amperes, or -- amperes, would give-

1 degree deflection. The figure of merit is then the reciprocal

of this, which is

If the two instruments are now compared by their figures

of merit we have

18

suspended needle instrument _
x
100 _ 81

pivoted needle instrument
,Q6

4 200'

9

that is, the figure of merit of the pivoted needle instrument is

2J times that of the other, which is the same thing as saying
that the astatic instrument requires 2| times as much current

as the pivoted needle instrument for a deflection of 1 degree.

If the curve is not determined, the figure of merit may be

easily found by passing a weak current through the instrument

only sufficient to move the needle a few degrees, say 5; for the
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reason that mostly all instruments read proportionally to the

current for the first few degrees. The figure of merit is then

simply this deflection divided by the number of amperes produc-

ing it.

91. The Simultaneous Calibration of Instruments of Similar

Sensitiveness. The calibration of two or three instruments

may conveniently be effected at the same time by connecting
them together in "

series
"

(para. 40) with a cell or two and an

adjustable resistance box (para. 86) in circuit. Whatever

current, then, passes through one instrument passes through

all, so that, proceeding in the same manner as for one instru-

ment, and supposing, in the first instance, that the instruments

are all of the same type, we should expect to obtain some-

where about the same deflection on each for every current

passed through.

The number of cells would be arranged to give a large

deflection on each indicator when no resistance was unplugged
in the box, and the successive readings would then be taken

by increasing the resistance unplugged, until the deflections

became very small.

The current for every change in the resistance in circuit

would be, by Ohm's law, the

E.M.F. of battery
total resistance in circuit

1

where the total resistance is the sum of the resistances of the

coils of the instruments added to that of the cells (if appreciable)
and the resistance unplugged in the box. It is advisable for

facility in calculating the currents to make every resistance

unplugged in the box of such an amount that, added to the

resistances permanently in circuit, the total number of ohms
for each current becomes a multiple of ten.

The deflections of the needles of each instrument are read

off every time a change is made in the current strength, and

from these readings curves are plotted for each instrument as

previously described.
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92. The Simultaneous Calibration of Instruments differing

in Sensitiveness. It more frequently occurs, however, in prac-

tice that the instruments are dissimilar as regards their sensi-

tiveness. A glance at the curves of the three instruments

which have already been considered will show that any given
current produces different deflections on each, or, what is

the same thing, different currents are required by each in-

strument to produce a given deflection. For example,

taking 25 degrees deflection on each instrument, the curve in

Fig. 48 shows that the vertical indicator requires 15 milli-

amperes of current for this ; the astatic instrument curve

(Fig. 52) shows that 120 micro-amperes are required, and the

horizontal pivoted needle instrument curve (Fig. 53) shows

that about 60 micro-amperes would give -this deflection. The
latter instrument produces the deflection with the weakest

current, and therefore is the most sensitive, the vertical detec-

tor being the least sensitive. Now, if three instruments of

different degrees of senitiveness were joined together in series

and a current sent through sufficient to cause a maximum
deflection on the most sensitive instrument, the deflections

on the less sensitive indicators would be too small to commence

with, and therefore by some means the sensitiveness of the

instruments must be equalised so as to produce about maxi-

mum deflections on each to start with.

93. Use of the "Shunt." The sensitiveness of an indicator

can be reduced by
"
shunting

"
it that is, by connecting a

resistance to its terminals
; part of the current then flows

through this resistance or is
" shunted

"
past the instrument.

A box containing resistance coils in which the resistance may
be adjusted to any value by means of plugs, as before described,

is connected to the terminals of the most sensitive indicator.

The resistance so connected is technically known as a " shunt
"

on the instrument, and its duty is to conduct away a portion

of the current, so that only a certain part of the current, say

-th, flows through the instrument. If, then, we observe the
n

current flowing through the instrument so shunted, we know
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that the current in the main circuit is n times as much. The

value of the number "n" is then what is termed the " multi-

plying power
"
of the shunt.

94. Practical Case of the Application of Shunts. A prac-

tical instance will best serve to make the action of the shunt

clear. In Fig. 54, A B and C represent three indicators of

different degrees of sensitiveness, which were calibrated at

the same time. A few preliminary observations were taken,

CELLS'
RESISTANCE

SHUNT SHUNT

Fjp. 54.

employing one secondary cell of negligible resistance and of

2 volts E.M.F. This was circuited in series with an adjust-

able resistance box, and the three instruments as shown.

All three instruments had their needles suspended hori-

zontally by silk fibres, but the instruments were very
different in other respects. A was an astatic instru-

ment, similar to that shown in Fig. 49, and wound to

544 ohms, B was a Walmesley-Mather instrument wound to

192 ohms, and C had a small needle surrounded by a large

circular coil, constituting ordinarily a tangent galvanometer,
but employed in this case with its coils moved out of the mag-
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netic meridian by 60 degrees. This instrument was wound to

253 ohms, and the divided scale over which the needle could

be deflected was marked out into 200 divisions. Before any
instrument was shunted, it was found that with one cell in

circuit A was deflected 80 degrees, B 52 degrees, and

C 74 degrees, 11 ohms being unplugged in the resistance

box, which, added to the total resistance of the in-

struments, made up the entire resistance of the circuit

to an even 1,000 ohms. The deflection on C, which

should be nearly 200 divisions, was too small, this instru-

ment being the least sensitive, and therefore another cell was
added to increase its deflection. Now, this increase in current

increased the deflections on A and B also, and therefore

shunts were put on them ; but as it would never be possible to

obtain a deflection as great as 90 degrees on these two instru-

ments (their coils being parallel to the magnetic meridian) it

may be asked, why should they be shunted at all 1 The reason

is that if the needle of an instrument is deflected very nearly
90 degrees it requires the addition of very large resistances in

the circuit to reduce this deflection down to a very small angle.

For the purpose of calibration it is sufficient to deflect up
to 70 or 80 degrees, and, therefore, the deflections on A and

B were reduced to about 75 degrees by the addition of shunts

of such values that only -J-
of the current passed through A and

f through B that is, the multiplying powers of these shunts

were 5 and -
respectively. There were then conveniently

o

large deflections on each instrument, viz., 74J degrees on A,
74 degrees on B, and 187 divisions on C. This was with

94 ohms unplugged in the resistance box, which, together with

the resistance of the instruments (A with shunt = 109 ohms, B
with shunt = 144 ohms, and C unshunted = 253 ohms) made

up an even 600 ohms
;

the main current was therefore

'- in amperes, or 6*6 milliamperes.
600 ohms

95. Calculations to be Made when Shunts are Employed.
From the above practical case of the use of shunts it will be
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noticed that there are one or two small calculations to be made

when they are employed, viz. :

(1.) What is the ratio between the current in the main cir-

cuit and that passing through the instrument, shunted with a

given resistance, or, in other words, what is the multiplying

power of a given shunt ?

If we call this ratio "n" it is clear that -th of the main
n

current passes through the instrument, and therefore we must

multiply the current passing through the instrument by n to

Fio 55.

find the value of the main current. Hence, the ratio n of the

two currents is known as the "
multiplying power

"
of the

shunt.

In Fig. 55 an instrument is shown with a shunt attached to

fts terminals 1,2; the main current arriving at terminal 2

divides between the two paths open to it, these two currents

recombining again at terminal 1 and passing on. There must

be a certain difference of potential between the terminals 1 and

2, or there would be no current, and this difference of potential

is the same for both instrument and shunt, since both are joined
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directly to the terminals 1 and 2. Therefore, by Ohm's law

(para. 50) the currents through these two paths are pro-

portional to their respective conductivities, and the sum of the

two currents, i.e., the main current, is also proportional to the

combined conductivity of the two paths. From this con-

sideration we have at once the relation between the main

current and the current through the instrument expressed in

the following proportion :

main . current through . . combined . conductivity of

current instrument conductivity instrument.

Eepresenting, as above, by the letter TI, the ratio between

the two currents in the first and second terms of this pro-

portion, we have

_ combined conductivity

conductivity of instrument'

It is, however, more convenient for practical use to express

n in terms of resistances instead of conductivities, and we know
that the conductivity of the instrument is

1

instrument resistance'

and the combined conductivity of instrument and shunt is

1 + 1_ .

instrument resistance shunt resistance
'

whence we get

1 1

instrument resistance shunt resistance

instrument resistance

Dividing it out we have

rc
_ 1 .

instrument resistance

shunt resistance

which is the usual expression for calculating the multiplying

power of a shunt. Expressed in words, the multiplying power
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of a shunt is found by dividing the instrument resistance by the

shunt resistance, and adding unity to the quotient.

(2.) When a given multiplying power, n, is required, what

must be the resistance of the shunt ? This is at once derived

from the last result, from which we obtain

, instrument resistance
n - 1 = : ,

shunt resistance

and therefore

shunt reSistance = iDstrumentresistance
.

71-1

Applying this to the practical examples of the shunted instru-

ments in para. 94, instrument A (of 544 ohms) was shunted

with a shunt of multiplying power 5, and therefore the

resistance of this shunt was

= 136 ohms.
5-1

Instrument B (of 192 ohms) was shunted with a shunt of multi-

plying power -, or 1 J ;
the resistance of the shunt was therefore

o

192 =192x3 = 576 ohms.
lt-1

(3.) What is the combined or joint resistance of the instru-

ment and shunt together 1

The joint resistance of two or more resistances in multiple
arc is the exact converse of their combined conductivity

(para. 41). The combined conductivity as given before is

instrument resistance shunt resistance*

which, when brought to a common denominator, equals

shunt resistance + instrument resistance

instrument resistance x shunt resistance'

and the required joint resistance is the reciprocal of the above,

We have, therefore,

joint resistance = Product of the two resistances

their sum
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If, as is usually the case, the shunt is arranged for a definite

multiplying power, n, we may arrive at the joint resistance

from the value of n by a very quick and easy way. For
it will be seen that if the expression above for the combined

conductivity be split into two factors, one of which is the con-

ductivity of the instrument, we have the combined conductivity

_ 1 / -, instrument resistance\

instrument resistance V shunt resistance /

and the remaining factor enclosed in the bracket will be recog-
nised as n.

Therefore the

combined conductivity = ,

instrument resistance

and the reciprocal of this gives the

... .
, instrument resistance

joint resistance = .

n

This latter expression is very frequently used, since n is

generally known first and the joint resistance calculated after-

wards.

Applying this again to the practical examples in para. 94,

the joint resistance of A and shunt was

544

-g-
= 109 ohms,

and that of B and shunt

192

-yy-
= 192xf = 144 ohms.

Although the calculations with shunts have taken some

time to describe in words intelligently, it will be seen that the

calculations themselves are very simple.

96. Calculation of Actual Current through each Instrument

and Plotting of Curves, Continuing the details of the prac-

tical example of the three instruments in para. 94, after once

adjusting the shunts, these have not to be altered again during
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the whole test, and therefore there is in the circuit a permanent

resistance, comprising

Joint resistance of A and shunt 109 ohms
B 144

Resistance of C alone 253

Battery negligible resistance

506 ohms

and with the permanent addition of 94 ohms in the resistance-

box, the total resistance was made an even 600 ohms,
this being increased by 100 or 1,000 ohms at a time, so that

the resistance in circuit was conveniently always a multiple of

ten. Two secondary cells of negligible resistance and 2 volts

per cell having been used for this test, the main current pass-

ing through instrument C corresponding to each reading was.

4 volts
in amperes.

total resistance

The current through B corresponding to each reading was.

|-
of the above main current, and, similarly, the current through

A was i of the main current.

The curves were then plotted for each instrument in pre-

cisely the same manner as explained previously, each curve

showing the relation between the deflections and correspond-

ing currents through the instrument.

97. The Tangent Galvanometer as a Standard Instrument

of Comparison. By a standard instrument is meant one in

which the deflections of the needle are directly proportional to

the currents passed through the coil, or one in which the current

is proportional to some known function of the angle of deflec-

tion. This latter condition presents itself in the well-known

tangent galvanometer, in which instrument the currents passing

through the coil are proportional to the tangents of the angles-,

of deflection of the needle. The reason for this action will be

fully explained in the chapter on galvanometers, but it may
be stated here that in order that an instrument may read

tangentially the magnetic field of force produced by the
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current must be uniform throughout the full range of move-

ment of the needle. To ensure this the needle is made

very short in length, not more than one-tenth the dia-

meter of the coil. The coil itself is generally made

circular in shape, though not necessarily so ; and the

needle is pivoted or suspended horizontally at its centre.

One of these instruments is shown in Fig: 56. The coil frame

C C is circular, and the small needle hangs by a single silk

FIG. 56.

fibre in the centre of the coil, immediately above a graduated

dial, D D, The needle is carried in a little stirrup of alumi-

nium, to which a long, fine glass pointer is attached at right

angles to the needle. The two ends of this pointer move

over the scale divisions on D D, which are marked out in

degrees of arc on one side of the coil, and in divisions propor-

tional to the tangents of those degrees on the other side.

Hence readings can be taken over either scale by reading from

either end of the pointer, and if the tangent divisions are read

the deflections are directly proportional to the strength of
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current that is to say, if the readings so taken and their cor-

responding currents were plotted together we should have a

straight line, showing them to be absolutely proportional to

each other. If, however, the angles of deflection were read off

and plotted with the corresponding currents producing them,
we should have exhibited a true tangent curve. It may be of

interest to show tlis curve and the method of constructing it.

FIG. 57.

98. Graphic Method of Constructing a Tangent Curve. In

Fi'g. 57 the needle of a tangent galvanometer is shown at n s,

with its pointer, p, attached to it at right angles. When there is

no current passing through the instrument, the pointer will be

at zero, and the needle will lie in the same plane as the coil

(not shown). Now, when currents of varying strengths are

i 2
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passed through the coil the needle will be deflected, carrying
with it the pointer, which moves over a scale graduated in

degrees, from which the angles of deflection can be read off.

Now, the currents are not proportional to these angles of deflec-

tion, but to their tangents ; that is, a current causing a deflec-

tion of, say, GO degrees would not be twice the strength of

current causing 30 degrees deflection, but the current strengths.

would be in the proportion of tan 60 to tan 30. Graphically,
we may represent these tangents by distances along the line

O X, by drawing lines from the centre of the needle to the

various angles on the scale, and producing them till

they cut the line X
;
the distances from are then propor-

tional to the tangents of the corresponding angles. For

example, taking the two angles 65 degrees and 70 degrees,,

the respective distances A and B are proportional to the

tangents of these angles, and so on for every other angle. For,,

calling the distance from to the centre of the needle the

radius of the arc, we have the actual tangents of the angles-

moved through by the pointer p (and therefore by the needle,

since it is fixed to the pointer), equal to their respective dis-

tances along X divided by the radius
; thus,

tan 65= OA

and tan 70 =

radius*

OB
radius

and so on for all angles. Now, since the radius is common to

all, it is evident that distances along X simply are propor-

tional to the tangents of the angles.

Hence the points on the line O X, found by lines drawn from

the centre of the needle through the angles to the horizontal

line OX indicate by their distance from the point the

magnitude of the tangents of those respective angles. But the

currents are also proportional to the tangents of the angles;

therefore the distances from along X are proportional to

the currents which would cause the corresponding angles of

deflection, and we may therefore regard the line X as
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marked off in strengths of current, proportional to the

currents required to produce those angles of deflection.

Now, if we mark off a vertical scale of degrees from the point

O, the points on the tangent curve may be found in the fol-

lowing manner: Lines drawn vertically from the current divi-

sions on the horizontal ordmate must each intersect a hori-

zontal line drawn from its respective angle on the vertical

ordinate, and the points of intersection so obtained are actual

points on the tangent curve. Thus, where the perpendicular
from A cuts the horizontal from 65 degrees, the point of inter-

section is one point on the tangent curve. Now, on joining

together all these points of intersection, the tangent curve is

obtained as shown in the figure. This is, of course, precisely

the same thing as a calibration curve of any tangent galvano-

meter, and it will be of interest to compare the shape of this

curve with the preceding actual curves which have been plotted

for various indicators not constructed tangentially. For in-

stance, the curve in Fig. 52 is of the same general shape as the

tangent curve, while the others in Figs. 48 and 53 are of a

different type. A curve may, however, greatly resemble,

and yet not accurately be, a tangent curve. It will be

noticed that the tangent curve is straight along its

first portion from to about 25 degrees, which means

that the angular deflections on a tangent galvanometer are

directly proportional to the currents producing them up as far

as 25 degrees, beyond which the currents are proportional to

the tangents of the angles. And it will also be noticed that as

the currents are increased the increase of angular deflection

becomes less and less, and that a deflection of 90 degrees
could never be produced, since this would require an infinite

strength of current. Graphically this last fact would be

evident by continuing the drawing of the curve in the same

way as shown above, when it would be seen that the curve

could never reach the height corresponding to 90 degrees,
however far it was produced.

99. Calibration of an Indicator by Comparison with a

Tangent Galvanometer of similar Sensitiveness. The current
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indicator to be calibrated is connected in series to the tangent

instrument, an adjustable resistance box, and a few cells.

Now, since we have a standard instrument in circuit from

whose indications we know at once the ratios of the strengths

of current flowing, it is not necessary to know the E.M.F.

of the battery used, nor to have any idea of its internal

resistance; nor do we require to know the values of the

resistances added to the circuit, as in the previous method

(para. 87). The readings for the curve will then be taken

on each instrument for every change in the current, start-

ing with no resistance and adjusting the number of cells

to give conveniently large deflections of about 80 degrees on

each instrument, and then increasing the resistance step by

step, noting the angular deflections on both instruments corre-

sponding to each change.

100. The "Calibration Constant" of a Tangent Galvano-

meter. The actual values of the currents on the tangent gal-

vanometer are readily found when the deflection corresponding
to one particular current is known, all the others following

proportionally from that. For example, the tangent instrument

in Fig. 56 requires a current of 2*43 milliamperes to deflect the

needle 45 degrees. From this determination, which is easily

made by passing a known current through the instrument, we

may find the current C corresponding to any other deflection,

say 60 degrees, by simple proportion :

C : 2-43 : : tan 60 : tan 45,

and since tan 45 is equal to unity

C = tan 60 x 2-43 = 4*21 milliamperes.

Hence the tangent of any angle of deflection on this galva-

nometer, multiplied by 2'43, gives the current in milliamperes

corresponding to that particular angle of deflection, and the

number 2*43 is known as the "
calibration constant

"
for this

particular tangent instrument. Hence the calibration constant

of a tangent galvanometer is the number whicli, when multiplied by

the tangent of the angle of deflection, gives the current passing, and this
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number is equal to the current which causes the needle to deflect to

45 degrees. The values of the tangents of the various angles are

found by reference to a table of tangents (see end of this book).

The calibration curve of the indicator may now be plotted

in the usual manner, by marking off its angular deflections on

the vertical ordinate, and the corresponding currents, deter-

mined on the tangent galvanometer as above, on the horizontal

ordinate.

If the curve is taken with the object simply of having &

record of the relation between currents and deflections, and it

is not desired to have the actual values of the currents marked
on the ordinate, all that is necessary is to mark out on the

horizontal ordinate the tangents of the deflections on the

FIG. 58.

tangent instrument and the corresponding angles of deflection

on the indicator on the vertical ordinate. It should be borne

in mind, however, that the curve is the same whether the

actual values of the currents are determined or not. But it is

such an evident advantage to have the actual current values,

and so little extra trouble to determine them, that the

methods for calibration which are here given include their

determination.

101. Practical Example of Calibration by Comparison.

In Fig. 58 is shown a current indicator for indicating cur-

rents of greater strength than could be measured with the

instruments previously considered. The needle is shown

at n s, and is pivoted on a point fixed in the centre of

an ordinary compass box marked round in degrees. The
coil is of rectangular shape, and consists of a few turns
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of No. 18 insulated copper wire, the lower half of the

coil being let into the wood base. The curve determined

for this instrument is shown in Fig. 59. Now, since the

currents reach as high as one ampere and over, the cell

used for the test and the tangent galvanometer used as

an instrument of comparison must both be of low resistance,

otherwise we shall not get sufficient current. For example,
with one cell of two volts E.M.F. giving one ampere of

current the total resistance of instruments and cell could not

exceed two ohms. Hence, the tangent galvanometer used was

one with a thick wire coil of a few turns and very low resist-

ance, the cell used was a secondary cell of about ^th of an

ohm, and an adjustable resistance frame containing spirals of

No. 18 German silver wire, by which the extra resistance in

the circuit could be adjusted from one to twelve ohms, was

also included in the circuit. As mentioned above, the actual

.resistances in the circuit are not taken into account, since the

tangent instrument gives the values of the currents. The

^readings taken were as follows :

Angles of deflection Currents on
on indicator. tangent galvanometer.

82 1-69 amperes
78 1-3

76 1-05

74 -92

69 -67

58 -39

37-5 -H

From these observations the curve in Fig. 59 is plotted, and

as it presented a resemblance to a tangent curve in general

form, the writer has worked out a few values for the true

tangent curve shown by the dotted lines, by which the wide

difference which would be anticipated between this instrument

and a true tangent can be seen. To do this, one point on the

curve must be taken as a standard. Taking for this the first

point on the upward slope of the curve, viz., 37*5 degrees

with *14 ampere we may proceed to find the values of the
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currents for the other deflections, supposing the instrument

for the time being to be a tangential one. Finding the current

C for the next deflection of 58 degrees, we have, by simple

proportion

C I -U :: tan 58 ; tan 37-5.

T, n , A tan 58
Hence, C = 'Hx _

,

tan 37 5

= -29 ampere.

FIG. 59.

Now, 58 degrees was the deflection actually produced by
-39 ampere, but if the instrument had followed the tangent
law the same deflection would have been produced by -29

ampere. This is due to the large dimensions of the needle in

comparison to the size of the coil. As the needle is deflected its

poles move into a weaker field owing to its length, and hence a

stronger current is necessary to produce a given deflection than

would be the case if the needle was of sufficiently short length
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to prevent its moving out of the uniform field during any

part of its movement. Working out a few more points simi-

larly to the above, keeping the first point, viz., that for the

weakest current, as the standard, and plotting them on the

same curve paper, the difference between the indicator in ques
tion and a true tangent instrument is made evident.
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CHAPTER IX.

MAGNETIC FIELDS AND THEIR MEASUREMENT.

Section I. Permanent Magnet Fields.

102. Preliminary. One of the first considerations towards

the understanding of the action of galvanometers is a clear

conception of the delineation of the magnetic field set up in

and around a coil of wire through which a current is flowing.

The needle of a galvanometer is retained in the magnetic

meridian, when there is no current through the coil, by the

horizontal component of the magnetic field of the earth, and

when it is deflected away from its position of rest we must

take into account both the magnetic field due to the current

which causes that deflection and the field of the earth tending
to keep it in the meridian.

The relation between the magnetic field produced at the

centre of a coil, the number of turns of wire composing the

coil, the strength of current, and the angle of deflection of a

magnetic needle free to move in the centre of the coil, is inti-

mately connected with the principle of galvanometers, and it

will be shown that the strength of a current may be measured

in absolute units by means of a tangent galvanometer when
the number of turns of wire, the mean radius of the coil, the

horizontal magnetic field of the earth, and the deflection pro-

duced by the current are known.

To understand fully these points there should first be a clear

conception of the fundamental units employed in the measure-

ment of the intensity of a magnetic field, current, and strength

of magnetic pole. To explain these and the manner in which

they are co-related we shall discuss the centimetre-gramme-
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second system, from which the units are derived, and deal in

the following order with the magnetic fields exhibited by

1. Permanent magnets.
2. Electro-magnets.
3. Coils or solenoids.

103. Magnetic Field of PermanentMagnet. There is nothing
visible nor are there conditions in any way capable of affect-

ing our senses in the immediate neighbourhood of a magnetised
steel bar, yet we are well aware that pieces of iron or steel,

FIG. 60.

whether previously magnetised or not, are powerfully acted

upon by some invisible force when they are brought into the

space surrounding a bar magnet. The whole of this space,

which is capable of exercising magnetic force on magnetised

bodies, is termed a "
magnetic field

"
of force.

If a small compass needle, ns (Fig. 60), be attached at its

centre to a thread of silk, so that it is balanced in a horizontal

position when freely suspended by the silk, it may be employed
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to explore the character of the field of force round a bar

magnet, N S, as shown. A good deal may be learnt by doing
this simple experiment. The direction of the force will be the

direction in which the needle sets itself. Of course, there is

the movement here of
" translation

"
or bodily movement of

the needle, as well as its turning about its own centre, but by

moving the hand about, so altering the distance of the needle

from the bar and its position with regard to the ends of the

bar, it will be found that when the needle is at rest in any

position it will always seem to lie in the direction of curves

existing between the two ends of the bar, as shown by the

FIG. 61.

dotted lines (Fig. GO). It will also appear that the compass
needle is much more powerfully attracted in some parts of the
"
field

"
than in others. This can be told by the rapidity of

the oscillations it makes before coming to rest.

Close to the ends of the bar, or at the "
poles," the strongest

force will be observed. In this country we term the north pole-

of a magnetic needle that pole which turns towards the geo-

graphical north, and a mark or cut is made on the north end

of most magnets to distinguish this pole. The poles of the bar

magnet and compass needle being known, it will be noticed that

the latter invariably set themselves in such a direction that

poles next to each other are opposite in name. By cover-

ing the bar with a sheet of stiff cardboard, or a plate of glass,

-
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and letting finely divided iron filings fall over it, at the same

time gently tapping the plate, the general character of the
"

field
"

is observed. Fig. 61 is a drawing from an actual field

so taken, and exhibits the direction of the curves of force in the

surrounding space. This, of course, only shows the field in one

plane, but we should have the same character of field which-

ever side of the bar was uppermost ;
and hence the whole of

the space immediately surrounding the bar is occupied by these

curves of force.

Similarly Figs. 62 and 63 are drawings of magnetic fields

taken on a powerful compound horse-shoe steel magnet.

FIG. 62.

104. Lines of Force. Faraday conceived that the space in

the immediate vicinity of magnets was occupied by
"

lines of

force," existing precisely in the directions assumed by the iron

filings when sprinkled over the field, and this idea lends itself

very conveniently to the explanation of the various observed

effects. It is also convenient to assume a direction for the

lines of force ;
for suppose that the bar magnet in Fig. 60 was

turned round, putting the north pole to the left and the south

to the right, the effect on the two needles would be to

turn them to the right-about-face, showing that although the

lines of force are still there, something has happened analogous
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to changing their direction. As a basis of reasoning it is assumed

that the direction of th lines of force is that in which a free

FIG. 63.

north pole would be moved along the field. As a north pole

cannot exist in a " free
"
state without its corresponding south

FIG. 64.

pole, the nearest practical way of showing this is by taking a

long magnetised steel wire, n s (Fig. 64), pivoted at P, and
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holding it near to the bar magnet N S in the dotted line. Ther

action of the distant south pole of the steel wire we may
neglect, as it is comparatively so far away, and we have the

north pole n separately subjected to the action of the bar

magnet and if the long magnet is allowed free movement its

north pole will move in the direction of the arrow from N to S,

being repelled by one pole and attracted by the other. The
assumed direction of the lines of force is therefore from the

north pole of a magnet towards its south pole through the

surrounding space, but from the south to the north through
the interior of the magnet, because all lines arc supposed to

form a closed circuit, which is completed through the mass oi

the iron of the magnet. It is also assumed that the greater

the intensity of a magnetic field the greater the number of

lines of force pass through a given area.

105. Permanent Magnet Controlling Field. A galvano-
meter is usually provided with a permanent mignet, by means

of which its sensitiveness may be reduced to any desired extent.

This is placed vertically above the needle, and can be shifted

vertically so as to vary its effect upon the latter. If it is

lowered closer to the needle its force on the latter is increased,

and a stronger current through the coil of the instrument will be

required to deflect the needle through a given angle in other

words, the sensitiveness of the galvanometer has been reduced.

When the current is stopped, the needle is controlled or

directed back to the plane of the coil by the directing action of

the field of the permanent magnet. Hence, the magnet is

known as a controlling or directing magnet, and the magnetic
field produced by it in the region of the needle's move-

ment a controlling or directing field. This controlling magnet
is generally placed in such a position that its magnetic
tield is in the same direction as that of the earth's hori-

zontal magnetic field. This is not absolutely necessary in

ordinary tangent galvanometers, as the tangent law holds good
whether the controlling field is that of the earth or a controlling

magnet, or both combined ;
that is, the instrument follows the

tangent law equally as well when the controlling magnet keeps
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the needle parallel to the plane of the coil when no current is

on, even though the plane of the coil is not in the magnetic
meridian. When this is the case the actual controlling force

on the needle is the resultant of that due to the earth and that

due to the permanent magnet. In instruments, however, read-

ing absolutely in terms of the controlling field, such as Sir

William Thomson's graded potential and current galvanometers,
it is absolutely necessary, if a controlling magnet is used, to

place it so that its field is in the same direction as that of the

earth. This is easily done by first levelling and moving the

FIG. 65.

instrument till the needle is in the same plane as the coil (shown

by the pointer being at zero) and then placing the magnet over

the needle and varying its position till the pointer stands at

zero again; the two fields are then parallel. In Fig. 65 is shown
the controlling magnet of a Thomson reflecting galvanometer.
A split brass tube attached to the magnet causes it to grip the

vertical guide rod, and remain in aiiy position in which it is

placed. The magnetic field surrounding this magnet may be

understood by the iron-filing diagram in Fig. 66, which was

taken with this magnet. Now, in order that this magnetic
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field may act on the needle in the same direction as that of

the earth, the south pole of the magnet must point towards

FIG, 66.

the north pole of the earth. For if the earth's field is

represented by the straight arrows N S in Fig. 67, where

FIG. 67.

these letters are due north and south respective!}-, and the

curved arrows represent the direction of field due to the mag-
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net N! S
lt

it is evident the two fields will agree in direction

when the magnet is so placed in other words, the lines of

force of the two fields must be in the same direction for them

to act together ;
and the north pole of a magnetic needle, n s,

free to turn on its centre, always points towards the direction

in which the lines of force are assumed to act (para. 104).

It is well to bear this last fact in mind.

FIG. 68.

An important point is that the controlling magnet should be

magnetised regularly that is, as in Figs. 65 and 66, where

only two poles appear. If more than two poles exist in the

magnet we get an irregular field, as shown in Fig. 68, which

is taken from an actual magnet with two distinct additional

poles. Such additional poles are known as "
consequent poles"

The diagram of the field of this magnet, taken with iron

filings, shows very well the three complete magnetic circuits

K 2
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of lines of force which exist in it. Such a state of affairs had

probably been due to this magnet being placed near other

magnets, or touching them at different points. To magnetise
a controlling magnet regularly the best way is to wrap it round
with a layer or two of insulated wire, and then pass a strong
current through the wire, tapping the magnet with a mallet

to reduce the friction between the molecules of the iron, and

FIG. 69.

allow them to take a permanent set in the direction of mag-
netisation. A perfectly symmetrical magnetic field is exhi-

bited in Fig. 69, where two semi-circular controlling magnets
of an ordinary mirror-signalling instrument are placed almost

together, with opposite poles vis-h-vis. Each magnet completes

its own magnetic circuit through the other that is, instead

of all the lines of force branching out from one pole and bending
towards the opposite pole of the same magnet, as in the single



FOR ELECTRICAL STUDENTS. 133

magnet in Fig. 66, the greater part now branch towards the

opposite pole of the other magnet and complete their circuit

through its mass, this being an easier path for them than

through the air.

106. The Earth's Magnetic Field. If a light strip of steel

be mounted at its centre on a horizontal axis so that it is

perfectly balanced and free to move in a vertical plane, and it

is then taken off the pivot and subjected to the process of

magnetisation, it will be found on replacing it in its bearings
that it will appear to have one end heavier than the other ;

that is, the rod will take up a definite inclined position, and.

will not remain in any other position but this. This effect is

due to the magnetic field of the earth, and in our latitude it is

the north pole of the pivoted magnet which is so " inclined
"

or "
dipped

"
downwards. By the exploration of the magnetic-

field of an ordinary bar magnet (as shown in Fig. 60) it may
be noticed that the suspended needle "

dips" when near either

pole ; but when over the centre or equator of the magnet it

remains horizontal, and we account for the effects observed on
the surface of our globe by imagining its axis to be a huge
magnet, whose north pole lies towards the geographical southj
and whose south pole lies towards the north. If we shift the

position of the magnetised steel strip until it is free to move ir*

a vertical plane coinciding with the direction of the magnetic
meridian, we have the greates^angle of dip that is, the mag-
netised strip takes up the direction in which the "

intensity
"

of the earth's field is greatest.

The angle which the strip or needle so inclined makes with

the horizontal is termed the angle of "
Dip

"
or "

Inclination."

As we go further north the "
angle of dip

"
increases, and we

should expect to find the needle nearly vertical in regions near

the geographical north pole. Similarly, on going south the
11

dip
"
decreases until there is no dip at all. We are then on

the "
magnetic equator

"
of our globe, and this equator, in

which there is no angle of dip, runs very nearly through
Aden, Madras, Penang, and Bjrneo, baing several degrees
north of the geographical equator. Going further south still
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the needle "
dips

"
the other way that is, with its south pole

downwards, the angle of dip at the City of Melbourne being
about the same as in London now viz., about 67 degrees.

At the time it was first observed in the year 1576, it was

71 50' in London, and it steadily increased, until in 147

years after that time it had reached 74 42', since which,

down to our present time, it has been slowly decreasing.

It is not within the scope of these Papers to describe the

methods of taking measurements of terrestrial magnetism ;

these are continually carried out at the different Observatories,

with instruments of great precision, as for example at Kew
and Greenwich, and continuous records are kept.

The " Total Intensity
"

of the earth's field is the intensity

measured in a direction inclined to the horizontal by the angle
of dip or inclination, and in the vertical plane of the magnetic
meridian. In order to express this total intensity in units of

magnetic measurement, or indeed to express the strength of

any magnetic field in units, we must first define the unit mag-
netic pole and the unit of force.

107. The Unit of Force on the centimetre-gramme-second

system is that force which, acting on a mass of one gramme,
free to move, imparts to it every second an acceleration or

increase of velocity of one centimetre per second, or, in other

words, that force which, acting for one second on a gramme,
gives it a velocity of one centimetre per second. This

unit of force is termed the "Dyne," and is equal to

about the weight of 1-02 milligramme. If a mass of one

gramme were allowed to fall by the action of gravity, the

force exerted on it would be 981 dynes, because its acceleration

would be 981 centimetres per second every second. Now, all

bodies fall at the same rate, from the same height, in vacuo,

whatever their mas?, since one gramme experiences a force of

981 dynes, two grammes double that force, and so on, the

ratio between force and mass being constant
;
and this ratio is

the acceleration due to gravity. Hence the acceleration due to

gravity is constant and equal to 981 centimetres per second

per second, and the force in dynes exerted on any body in the
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earth's gravitation field of force is found by multiplying this

acceleration by the mass of the body in grammes. As an

example of this, take one kilogramme (1,000 grammes) : the

force of gravitation on each gramme is 981 dynes, and, there-

fore, on one kilogramme is 981,000 dynes, and it is precisely

this force acting on the mass which gives it what we call

weight. Again, one English pound is equal to 453 -

6 grammes,

and therefore its weight is equivalent to 453'6 x 981 =44,500

dynes nearly.

108. The Unit Magnetic Pole. We can now define the unit

magnetic pole, which on the C.-G.-S. system is that pole which,

placed at one centimetre distance from an exactly similar pole,

exerts a force upon it of one dyne. Here we have a measurable

quantity, and having established the unit pole, we can measure

the strength of any pole in C.-G.-S. units by the force it exerts

on a unit pole placed at one centimetre distance from it.

Coulomb established by means of his torsion balance, described

in most text-books, the law of inverse squares with reference

to magnets: that is, that the force exerted between two

magnetic poles varied directly as the product of their indi-

vidual strengths, and inversely as the square of the distance

between them. If two magnetic poles, when placed five centi-

metres apart, experienced a force of four dynes between them,

we should know that the product of the strengths of the two

poles was equal to (5)
2 x 4 = 100, and if the strength of one of

the poles was equal to unity, the other pole would be 100

units in C.-G.-S. measure. In that case the unit pole would be

acted upon by a force of four dynes, due to a magnetic pole of

strength of 100 units placed five centimetres away. In other

words, the unit pole would be in a magnetic field equal to four

C.-G.-S. units -

3 this brings us to unit magnetic field.

109. Magnetic Field of Unit Intensity. In the C.-G.-S.

system the unit magnetic field is that field which will exert a

force of one dyne on a unit magnetic pole placed in it, so that

when we speak of a magnetic field of so many C.-G.-S. units it

means that a unit magnetic pole placed in it would experience
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a force equal to that number of dynes. Sometimes a field is

expressed as equal to so many dynes ;
this is concise, but

must always be taken to mean that the field would exert so

many dynes force on a unit pole placed in it. The force in

dynes exerted on a magnetic pole when placed in a magnetic
field is equal to the strength of the field in C.-G.-S. units

multiplied by the strength of pole. Hence a magnetic field is-

numerically equal to a force divided by pole strength, and can r

therefore, only be expressed as a force when the pole is of

unit strength. There is no name given to the unit magnetic

field, so that the strength of a field is simply expressed as equal
to so many C.-G.-S. units. It is also assumed that the number
of lines of force per unit area (the area being at right angles
to the direction of the lines) is a measure of the intensity of a

magnetic field, and the unit intensity of field is taken as one

Fio. 69A.

line of force per square centimetre area. This assumption is a

very convenient one for working out problems in magnetic
fields.

Let a bar magnet (Fig. 69A) be laid horizontally in the

magnetic meridian, with its north or marked pole pointing

northwards, and its south pole due south. The lines of force

due to the magnet and the earth are then in the same direc-

tion, in a line through the axis of the magnet, and the actual

strength of field at any given point p on this line will be the

sum of the two above fields at that point. That due to the earth

is the horizontal component of the earth's magnetic field, and

is denoted by the letter H. Its value is -18 C.-G.-S. units in

London that is, unit pole (para. 108) experiences -18 dyne
force acting upon it horizontally in London. Suppose the

above bar magnet (Fig. 69A) to be 11 '06 centimetres long,

and each pole to be 82 C.-G.-S. units in strength, the point p
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being 8-94 centimetres distant from the S pole. We have,

then, at the point p unit magnetic field, for the force on a unit

north pole placed at^> would be (para. 108)

Q O fiQ

^ dynes (of attraction) due to pole S,
ou

on on

(of repulsion) due to pole N,
(8-94 + 1 1-06)2

the net action due to the magnet being, therefore,

82 8^

80
~
WO dyneS ^ f attraction

)'

FIG. 69s,

which is equal to

But the earth's field H is acting on the unit pole at p in the

same direction with a force of -18 dyne ; therefore the total

action on the unit pole is equal to

82 + -18 = 1 dyne (of attraction).

In other words, we have unit magnetic field at p, and a

similar reasoning would show that there is precisely the same

unit field at p't
a point at the same distance from the N pole.

If, now, the bar magnet were turned to the rightabout, but

still kept in the meridian (Fig. 69B), the field of the earth

would act in opposition to that of the magnet. We should now
find that unit magnetic field would exist at a point p, distant

from the N pole by 7 -58 centimetres (this unit field being
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opposite in direction to the unit field in the last example). For
the force on a unit north pole at^ would be (para. 108)

82 82

(7-5S)
2 ~57-45

dynes (of repulsion) due to pole N,

09
dynes (of attraction) due to pole

(7-68 +

the net action of magnet being, therefore,

Now the earth's field exerts an attractive force on the unit

north pole^> equal to '18 dyne. This must, therefore, be sub-

tracted from the force due to the magnet to obtain the actual

force on the pole at p t
which is then

riS - '18 = 1 dyne (of repulsion),

that is, we have unit magnetic field at the points p and p'.

It will now be understood what is meant by saying that the

total intensity of the earth's magnetic field is equal to -47 C.-G.-S.

units. The total intensity of the earth's field does not come
into the calculations with galvanometers, since the needles

are not used pivoted in the angle of dip ;
all needles moving

in a horizontal plane being acted upon or controlled by the

earth's horizontal field H. It is evident that, knowing the

value of the total force of the earth in the direction of the

dipping needle, and the angle of inclination which this force

makes with the horizontal, we can resolve it into two compo-
nent forces, one acting horizontally, the other vertically

Resolving it, we have the

horizontal component = total intensity x cosine of angle of dip.

Thus in the year 1879 the total intensity in London was

4736 C.-G.-S. units, and the angle of dip was 67 42'. From
this we get the horizontal component

= -4736 x cosine 67 42'

= -4736 x -37945 = -1797 C.-G.-S. units.
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Similarly resolving for the vertical component we have the

vertical component = total intensity x sine of angle of dip.

Therefore for the same year the vertical component was

= -4736 x sin 67 42'

= 4736 x -9252 = -4381 C.-G.-S. units.

The value of the horizontal magnetic field of the earth is on

the increase, and is now equal to -18 unit in London, while the

total intensity is decreasing gradually in value.

110. The Magnetic Meridian. At any given place on the

earth's surface the magnetic meridian is the vertical plane

(through that place) in which the total intensity of the earth's

magnetic field is a maximum. Of the two component inten-

sities, the horizontal and the vertical, into which, as hefore

shown, the earth's field may be resolved, the former is neces-

sarily a maximum in the same vertical plane as the total

intensity, viz., in the magnetic meridian
; hence the direction

of this meridian may be seen by the direction in which a

horizontally-pivoted magnetic needle sets itself, while the

latter component, viz., the vertical, is the same in intensity in

all vertical planes at one place. If, for example, we take a

vertically-pivoted magnetic needle, whose horizontal axis of

motion is through its centre of gravity, and move it round

bodily, so that the vertical plane in which the needle moves

is gradually altered until a vertical plane is found, in which

the needle comes to rest in an absolutely vertical position, we

know that the plane so found is at right angles to that) of the

magnetic meridian, because it is only in this plane that the

horizontal intensity could be nil, and the vertical alone act.

Having found this plane in the foregoing manner, we know

that the magnetic meridian is in a plane 90 degrees removed

from it. This method of determining the plane of the mag-
netic meridian is employed at Kew Observatory, in order to

place the "dipping needle" correctly in that plane before

taking readings of the angle of
"
dip" or " inclination." Full

descriptions of the instruments employed, and the methods of
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measuring the horizontal intensity, and the angles of inclina-

tion and declination, with the corrections to be taken into

account, will be found in Gordon's "
Physical Treatise on

Electricity and Magnetism," Vol. I., and in Stewart and

Gee's "Elementary Practical Physics," Vol. II. The plane

of the magnetic meridian does not always coincide with

that of the geographical meridian as determined astronomi-

cally. From data accumulated since 1576 it is found that

in London the magnetic and geographical meridians coincide

about every 320 years. Since their coincidence 231 years

ago the magnetic meridian became more and more west

of the true meridian, until, after a period of 160 years,

a maximum was reached, and it then commenced to return.

The angle between the two meridians is called the angle
of declination. The latest determinations of the magnetic
elements for the completion of the year 1887 have been

kindly supplied to the writer by the Superintendent of the

Kew Observatory, and are as follows :

Mean Declination, 18 7' west;

Mean Inclination, 67 37';

Mean Horizontal Intensity, -1810 C.-G.-S. unit.

It will also be understood that the intensity of the hori-

zontal magnetic field varies according to the latitude
;

for

instance, on the magnetic equator, or line of no dip, the hori-

zontal intensity is equal to the total intensity, and the further

north or south we go the weaker does the horizontal intensity

become, the difference in its value being noticeable even in

Great ^Britain, where, for instance, its value in the town of

Inverness is -15 C.-G.-S. units, while in London it is '18, the

difference of latitude being about 6 degrees.

111. Uniform Magnetic Field. A magnetic field is said

to be "
uniform

" when the force exerted on a magnetic pola
of given strength is the same at all points in that field.

Throughout the space described by the movement of any

given magnetic needle suspended or pivoted horizontally, as

in galvanometers and indicators, we may regard the earth's
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horizontal field H as absolutely constant in value ;
in other

words, such a needle is suspended in a " uniform
"

field,

and the force exerted on its two poles would be the same for

all positions it could possibly take up. The number of lines

of force per square centimetre would also, by definition, be

constant at all points in a uniform field, and therefore the lines

of force would necessarily be parallel lines.

112. Comparison of the Intensities of Magnetic Fields.

The relative intensities of two or more magnetic fields, or the

relative strengths of field at two or more different points in a

magnetic field which is not uniform, may be determined by
the method of vibrations. A small magnetic needle, horizon-

tally suspended or pivoted, is placed successively at the points

FIG. 70.

where the magnetic fields are to be compared, and after having
been set oscillating, the number of oscillations made in a given
time are counted. The cause of the oscillations is evidently
the magnetic force (equal to the product of the strength of one

pole of the needle and the strength of the field) acting at both

ends of the needle, and tending to bring it to rest in a line

parallel to the lines of force of the field. If there were no

force there would be no oscillation. We can observe this by

annihilating the force acting on the needle.

An ordinary compass needle, if turned round out of the

magnetic meridian and then allowed to swing, will continue to

oscillate about the meridian till it finally comes to rest in it.

The force causing these oscillations can be weakened or anni-

hilated by destroying either of the two factors composing it.

That is, we may do away with the force by destroying either
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the magnetic field or the strength of the needle poles. If the

needle ns (Fig. 70) is lying in the magnetic meridian, the

earth's field H (shown by the straight arrows) may be neu-

tralised by approaching a magnet, N S, which sets up in the

neighbourhood lines of force (shown by the curved arrows)

opposite in direction to those of the earth. As the magnet is

approached, if the needle is turned round its centre and then

allowed to oscillate back, it will be found that the oscillations

become more and more sluggish, and a point will at length
be reached when the needle will not oscillate at all, but remain

in any position it is turned to. This principle of weakening
the earth's directive force on a needle by means of a magnet
placed, as shown, in the neighbourhood is employed sometimes

with galvanometers, where it is required to render the instru-

ment more sensitive, and increase the amplitude of the deflec-

tions with weak currents.

Or, again, we may destroy the force by demagnetising the

needle that is, doing away with the other factor on which the

force depends. If the needle is demagnetised completely, as

may be done by placing it within a helix, or coil of insulated

wire, through which an alternating current is passing, or what

is the same thing, if, instead of the magnetised needle, we
substitute a piece of hard steel unmagnetised, we find that it

will remain still in any position in which it may be placed ;

in other words, there is no force acting on it, and therefore the

needle does not oscillate or take up a definite position. We
have a mechanical example of this when a body is suspended

vertically at the end of a length of fine thread. The top end

of the thread being fastened to some fixed point, if the body
is raised a little with the thread taut and then let go we have

a pendulum action, and oscillations take place till the pendulum

finally comes to rest in the vertical line of the earth's gravita-

tion field of force.

In a similar manner to the magnetic needle above, we have

here a force acting on the body, causing its oscillations, and

composed of two factors, viz., the mass of the body and the

acceleration of gravity. If we could destroy either factor,

oscillation would cease, in consequence of the absence of any
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force. The mass of the body could only be dispensed with by

removing the body altogether from the thread, which would

then do away with the force and the resulting oscillations.

We could not, however, neutralise the effect of the acceleration

of gravity by a counter field of force in the same manner as a

magnetic field.

Incidentally, here, attention may be drawn to the analogy
between a mechanical and a magnetic field of force. Mass in

the one is analogous to strength of pole in the other, and

acceleration in the one (force divided by mass) is analogous to

intensity of field in the other (force divided by pole strength).

If there could be such a thing as a separate pole it would

move along a line of force in a uniform magnetic field at a

constantly increasing velocity or acceleration.

We now come to the well-established law of compound pen-

dulums, viz., that the value of a force causing such oscillations

(when these are of small angle) is proportional to the square
of the number of complete oscillations in a given time, or

inversely proportional to the square of the time during which
a given number of complete oscillations are made. The time

of a complete oscillation or "period" is taken from the

instant the needle passes a given point to the instant it reaches

the same point again, moving in the same direction.

Suppose the intensities at two points, A and B, in a magnetic
field are to be compared. If at A a magnetic needle makes,

say, 60 oscillations per minute, and at B the same needle

makes 20 per minute, the fields at those points are respectively
in the proportion of 602

: 202 that is, as 9 to 1.

113. Comparison of the Strengths of Poles of Magnets. By
the same method we may compare the strength of pole of two or

more magnets. Let a short magnetic needle vibrate freely over

a flat surface till it comes to rest in the magnetic meridian
,

then draw a straight line on the flat surface in the direction of

the needle's length. This line will be the direction of the

magnetic meridian. Now turn the needle round its centre

away from the meridian, and let it oscillate. Count the number
of oscillations, say 4 in 12 seconds that is, 20 per minute in
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the earth's field alone. Now, suppose we have two bar magnets,
A and B, of equal length, whose pole strengths are to be

compared. Place A on the line marked out, with its north

pole pointing towards the south pole of the needle
; the field of

the magnet is then added to the earth's field H, and the needle

oscillates quicker, say 40 per minute. We have here two fields

superposed in the same direction in the region of the needle,

each field being proportional to the square of the oscillations in

a given time. The earth's field is then proportional to 202
,
and

the two fields together proportional to 402
; therefore the field

produced by the poles of the bar magnet in the region of the

needle is proportional to the difference of these squares
= 402 -202

. Now remove A altogether, place B in exactly
the same position, and count the oscillations, say 30 per
minute. In a similar manner the field in the region of the

needle due to the poles of B is proportional to 302 - 202
. Now,

referring to Fig. 69A, it has been shown (para. 109) that the

intensity of field duo to the poles of a bar magnet at any point

p on a line passing through the two poles, distant from the

nearer pole say r centimetres, and from the further pole say R
centimetres, is equal to

where m is the strength of one pole of the magnet. Now, the

centre of the vibrating needle being at the point p the oscilla-

tions take place under the action of the above field. The

quantity -^
is constant for all bar magnets of equal length placed in the

same position each time oscillations are observed, and hence

the magnetic fields of the two magnets A and B at the centre

of the vibrating needle are proportional to their respective

pole strengths, and also to the square of the number of oscilla-

tions in a given time. Hence we have

pole strength of A _ 402 - 202
= 1200 _ 2-4

.

pole strength of B 302 - 202 500 T~ '
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or, making the calculation by the inverse ratio of the square of

the time during which a given number of oscillations are

made, we should have

20 oscillations due to earth in 60 seconds

20 and A 30

20 and B 40

, field due to A and earth _ 602 _ 4
.

"field due to earth" 30~2 I-
1

and therefore
field due to A = 4 _ x = 3>

field due to earth

Similarly
field due to B

field due to earth 402 4

and, finally, the distance of the magnet poles of A and B from

the needle being the same, the fields produced are proportional
to their pole strengths. Hence

pole strength of A 3_W ^M
pole strength of B 5 1

4

If the magnets are not of equal length, the distance r
between the vibrating needle and the nearer pole is kept the
same for each magnet, while the distance R (the magnet's
length added to r) is a variable amount for each magnet. The
field for each magnet is its strength of pole multiplied by the--

quantity i _

r2 K2
'

and therefore the pole strength is proportional to the number
of oscillations in a given time divided by this quantity.

If the magnets whose pole strengths are to be compared are

very long the term is very small compared to I, and may
therefore be neglected, and we return to the simple propor-
tion, as at first, that the strength of pole varies as the number
of oscillations squared.
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The vibrating needle must be short, to keep it in a uniform

portion of the field during its movement. For near to the

magnet the field is variable within very limited areas, while at

greater distances it is fairly uniform throughout the area moved
over by a short needle, and hence it is better to take the

oscillations with the vibrating needle at some distance (say
not less than 5 centimetres) from the magnet pole.

The kind of magnetic needle best suited for oscillation ex-

periments is a short thick one a piece of thick steel knitting
needle not more than two centimetres long does very well

which can be magnetised in the ordinary way by stroking it

FIG. 71.

over the pole of a permanent magnet, or by wrapping a layer

of insulated wire round it and passing a current through the

same, tapping the needle during the operation. If it is sus-

pended, a convenient stirrup for it may be cut from a visiting

card in the shape shown in Fig. 71, bending the ends over at

the dotted line, then piercing a hole through the four thick-

nesses of card and tying to it a fibre of unspun silk. Before

the needle is put in the stirrup a somewhat heavier rod of

non-magnetic metal, such as brass, should be hung therein and

left for some time until all torsion is removed from the fibre.

This will be the case when the rod comes to rest and remains

so. The fibre should then be turned slightly at its upper

point of suspension till the length of the rod lies in the mag-
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uetic meridian; the stirrup is then held while the brass rod is

removed and the magnetic needle inserted in it with its poles

the right way. The needle is then lowered till it is just

above a flat horizontal surface, on which a card is placed
with a black line drawn in the direction of the magnetic
meridian. It is quite easy then to count oscillations every
time the needle passes the black line going in a given
direction. For greater delicacy a small circular mirror

may be attached by beeswax to the fibre just above the

stirrup, and a ray of light projected on to it from a lamp

placed about two feet away, the lamp being surrounded by
an opaque enclosure in which a narrow vertical slit is cut

opposite the flame to emit the beam on to the mirror. The
reflected ray thrown on to a white screen then shows the

oscillations of the needle, and since these can be seen by this

means when of very small angle, the arrangement is very sen-

sitive, the meridian line for counting the oscillations being
then marked vertically on the screen.

114. Action of a Magnetic Field on a Magnet. It has been

mentioned before that when a magnetic needle free to turn

about its centre is placed in a magnetic field, it immediately
sets itself in the direction of the lines of force in that field

that is, the direction of its own internal lines coincides

with the direction of the lines of the field at the point where

it is suspended. It is important to understand fully this

action, as it immediately concerns the cause of the movement
of galvanometer needles when the field by which they are

surrounded is altered by starting a current in the coils.

Let us consider a magnetic needle free to move in a hori-

zontal plane in the uniform magnetic field of the earth. It will

set itself with its marked or north end towards the north pole
of the earth, as in Fig. 72, where the straight lines represent
the uniform lines of force of the earth's horizontal field H, and
the arrow inside the magnet represents the direction of its own
internal lines of magnetisation. The force acting at each end
of the needle keeping it at rest in this position is equal to the

product of H into the strength of the needle pole, m; that is,

L 2
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the force at each end of the needle is equal to H m. This force-

h shown in dotted arrows at each end of the needle, and it

FIG. 72.

will be seen that when the needle is in this position (the

meridian) there is no turning force exerted on it. But now,

FIG. 73.

if we turn the needle through a right angle, as in Fig. 73,

we shall have to exert some force to keep it there ; in other
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words, the force H m at each end is now tending to turn it

back to the meridian.

115. "Moment" of a Force. The capability of a force to

produce movement, or turning about a centre, is termed the

" moment
"
of that force. The moment of a force about a point

is the product of that force into its perpendicular distance

from the point that is, the distance from the point to where

the force is applied must be reckoned along a line perpen-

dicular to the direction of the force. To make this clear let

us take a rigid bar, A B, capable of turning about its centre, C,

at one end of which a force equal to F Ibs. is pulling (Fig. 74)

FIG. 74.

in a direction making an angle of a degrees with the bar. Let

the bar be L feet long ;
the length A C will then be - feet.

Draw C D perpendicular to the direction of the force. The
" moment "

of the force about the point C is then

F x perpendicular C D.

Now we can find the length of CD by a simple trigono-

metrical ratio. (It may be mentioned here that the only

trigonometrical functions of angles made use of in this treatise

will be the three most frequently met with viz., the sine, the

cosine, and the tangent. The student should familiarise him-

self with these simple functions of angles. A table of natural

sines and tangents will be required for reference. The cosine
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of an angle may be found from a table of sines by subtracting

the angle from 90 and taking the sine of the remaining angle.)

Now we have the ratio - = sine a
;
and therefore

A. \j

CD = ACsina= sin a (feet);

whence the moment of the force is equal to

F x sin a (pound-feet).

For example, if F = lOlbs. and L = 10ft., and the angle = 30",

we have moment of F= 10 x x H
= 25 pound-feet (where sin

2 2

It should be observed here that since sin 90 = 1 and
"El T

sin = the moment of F is when the force acts at

right angles to the bar, and is nil when acting in the direction

of the length of the bar. Hence a given force acts at the

greatest advantage as regards turning a lever, or, in other

words, its moment is greatest, when it acts at right angles to

the direction of length of the lever. When we, for instance,

exert force ourselves in order to move a heavy lever, such as

the opening or closing of the gates of a river lock, we in-

stinctively use our strength to the best advantage by pushing

at the extreme end of the lever and at right angles to it.

Taking the above figures with the force acting at 90deg., the

moment of F becomes

10x10 = 50 pound-feet.
2t

Suppose, now, that an equal force, parallel to the first,

acts at the other end, B, of the lever (Fig. 75), so as to

turn it round in the same direction about the centre C.

Drop the line C D' perpendicular to the direction of the force,
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as before. Then^ = sin a, or C D' = ?i sin a (angle C B D'
CB 2

=
a), and therefore the moment of the force F acting at B is

which is the same as the moment of the force acting at A.

Now, as both these forces tend to turn the lever the same way
round we must add their moments to obtain the moment of

FIG. 75.

the two together, and as their moments are equal, the moment
of the two will be twice that of one that is,

For example, with equal forces of lOlb. each, acting at each

end of the lever at an angle of 30deg., the moment of the two
forces combined is

10 x 10 x i = 50 pound-feet.

If the forces were acting at right angles to the lever, as in

Fig. 76, the combined moment would be simply

F L = 10 x 10 = 100 pound-feet.
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116. "Moment" of a "Couple." When there are two equal

parallel and opposite forces acting on a lever, each force tend-

ing to turn the lever in the same direction, we have what is

termed in mechanics a "couple" and by what has been said

above it will be understood that the " moment "
of a

"
couple

"
is

equal to one of the forces multiplied by the perpendicular distance

between them.

The "moment "
of the "couple

"
in Fig. 75 is

F x the perpendicular DD' =F x L sin a,

as given above.

The "moment" of the "
couple" in Fig. 76, where the equal

FIG. 76.

forces act at right angles to the lever, is F L. The unit

" moment "
in the C.-G.-S. system is the dyne-centimetre that

is, the moment of a force of one dyne acting at a perpendicular

distance of one centimetre from the turning centre of a lever

would be of unit value. Similarly, half a dyne acting at two

centimetres distance, or ten dynes acting at one-tenth of a

centimetre distance, would be of unit moment.

117. The "Couple" due to the Earth's Field. Eeturning now
to the magnetic needle (of strength of pole

= m) capable of turn-

ing about its centre in the uniform magnetic field H, we know
that the mechanical force acting at each end of the magnet is

equal to Hm dynes. These two forces then constitute a
"
couple," and we can now determine the moment of the couple
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exerted upon the magnet in any position in which it may be

placed in the field. For example, when the magnet is in the

meridian (Fig. 72) there is no moment at all, although the

forces are acting at each end of the magnet. There is no per-

pendicular distance between their directions, since they are

acting in the same straight line, like the opposite sides in

a "
tug of war." Now, when the magnet is at right angles to

the lines of force of the field (Fig. 73) the moment of the

couple is a maximum, and is equal to H m I dyne-centimetres,

where I is the length of the magnet expressed in centimetres.

FIG. 77.

If, however, the magnet is in some intermediate position (as in

Fig. 77) the moment of the couple is

Hm x the perpendicular B D.

Now, the two angles marked a are equal to each other, and

indicate the angle between the needle and the meridian, and

we have the relation

B D = I sin a ;

hence moment of couple =H m I sin a.

Again, if the needle is displaced from the meridian more
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than a right angle (as in Fig. 78), and we still call a the angle

between the needle and meridian, we have

moment of couple = H m x B D
=H m I sin a,

the same as before.

Hence in whatever position the magnetic needle is placed,

if we call a the angle by which it is displaced from the meri-

dian, we have the moment of the couple tending to restore it

to the meridian equal to

H m I sin a.

FIG. 78.

Example. A magnetic needle whose strength of pole is

20 C.-G.-S. units and length 6 centimetres is moved 60 degrees

away from the meridian ; what is the moment of the couple

tending to restore it to the meridian (H = -18 C.-G.-S. units,

sine of 60 deg. =--
3

Moment of couple = -18 x 20 x 6 x J.
= 18-66 dyne-centimetres.

What is the moment of the couple when the needle is

90 degrees from the meridian ?

Ans. -18 x 20 x 6 = 21-6 dyne-centimetres.
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"What mechanical force must be applied at right angles to

this needle and at one end of it to keep it in equilibrium at

60 degrees ?

Here the moment of the force F applied at one end is

F -, and this must equal the moment of the couple due to the

earth, which was found above to equal 18 -66 dyne-centimetres.

Hence Fx 5-18-66,
2

and F = 6-22 dynes.

If this force was applied by attaching a thread to one end

of the needle, passing it over a small Motionless vertical

pulley, and hanging a weight on the end of the thread, what

weight would this have to be 1

Weight in dynes = mass x acceleration of gravity

= mass in grammes x 981

and this must equal the force of 6-22 dynes.

fi-99
Therefore mass required = _ = -00634 gramme.

i/O J.

Now the gramme mass is equal in weight to 15-43 English

grains. Hence

weight required = -00634 x 15 '43 = -L grain nearly.

118. The "Moment" of a Magnet. Looking at the expres-

sion, just derived, for the " moment of the couple," acting on

a magnet when placed in a magnetic field, it will be noticed

that the factors "m" and "I" (strength of pole and length

between the poles of magnet) are properties belonging to the

magnet itself, and, moreover, the moment of the couple exerted

on the magnet depends directly upon the product
" m L" For

these reasons, the product "ml" is designated the "moment of
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the magnet" and is usually denoted by the letter M. Putting

this in the above expression, we have the moment of the

couple exerted on a magnet of moment M, when placed in a

uniform magnetic field H, is

H M sin a,

where a is the angle between the magnet and the direction of

the lines of force of the field. We are here considering the

poles of the magnet as situated at its extreme ends. Although
this is not strictly the case, the poles being a little nearer

together than the distance between the ends, we may practi-

cally regard them as being at the ends, and not introduce any

appreciable error. Whatever shape the magnet has, its

moment is always the strength of one pole (m) multiplied by
the distance between the poles (/), irrespective of what length

of metal actually exists between the poles. For example, the

moment of a semi-circular magnet is the strength of pole

multiplied by the distance between the poles, viz., the diameter

of the circle of which the magnet forms part. Or if we sup-

pose a circular steel ring with a very short piece cut out, so

as to form very nearly a complete circle, such as a piston ring,

to be magnetised, the moment is very small, although the ring

may be strongly magnetised, because the distance between its

poles is very small ; and if the magnetic circle be completed

by inserting a piece of soft iron in the gap between the poles,

there will be a continuous magnetic circuit through the mass

of the metal, and the magnetic moment will be reduced to

zero, because there no longer exist any free poles.

119. Two Uniform Magnetic Fields Superposed at Right

Angles to Each Other. The Tangent Principle. It is of great

importance in all measurements of magnetic fields and in the

measurement of electric currents by means of galvanometers

to comprehend the resultant action on a magnetic needle sus-

pended in a region where two magnetic fields, whose directions

are at right angles to one another, are superposed. The fol-

lowing example will be easily understood. Take a bar magneti
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N S (Fig. 79), and place it horizontally at right angles to the

magnetic meridian.

The magnetic field surrounding it is indicated generally by
the dotted lines. It will be observed that where these lines

cross the lines of force H of the earth's horizontal field we have

within a limited space two magnetic fields superposed at right

angles. Considering the line through the centre of the magnet,
it will be noticed that near the region of the magnet the lines-

H

H \ X \ ;

\ \ i

\ \

FIG. 79.

of force form small circles, and therefore that portion of a
circle which crosses the earth's field H can only be regarded as

straight or uniform for a very short length. As we take points
further removed from the magnet, however, the circles of force

are larger, and that portion of them which cuts H may be

taken as straight or uniform for a greater length. At greater

distances away from the magnet, however, the intensity of the

field becomes lessened.

Now at any given point in this magnetic field there is a

resultant direction of the lines of force and a resultant intensity,
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which is, in fact, the resultant of tho two forces due to the

earth and the magnet acting on unit pole at that point. We
shall, however, for the present only consider the resultant

intensity and direction of the field at points where the two

component fields may be considered at right angles to each

other. Let us consider a unit pole placed at the point o

(Fig. 80) under the influence of two magnetic fields of H and

f units of intensity (para. 109 and 111). Now, these two fields

will act on the unit pole with forces equal to H and / dynes

FIG. 80.

(para. 114) in their respective directions, and we may find

their resultant in direction and magnitude by the parallelogram
of forces. Let the length of the lines H and / be proportional
to the respective strengths of the two forces. On completing
the parallelogram we get the resultant force E by drawing the

diagonal, and if we can determine the angle a, we shall ascer-

tain the direction of this resultant. From the parallelogram
it is seen that

Una-
|p

and, therefore, the strength of the two fields, or the relation
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between them, being known, we can determine the direction of

the resultant field. This is, in fact, the direction of the lines

of force due to the two fields H and/, and a freely suspended

magnetic needle will always set itself in the direction of the

lines of force of a field when the latter is uniform that is,

when the lines of force are parallel in the region of the needle,

which is what we are now considering. If the lines of force

are in curves, the needle will set itself as a tangent to the curve.

Experimentally, therefore, we may observe this resultant

direction by setting up a horizontally-suspended magnetic

needle, and first allowing it to come to rest under the influence

of one of the fields, say H, the earth's horizontal field, and

then bringing into action the superposed field / by placing the

magnet N S (Fig. 79) at right angles to the meridian line on

which the magnet is suspended. The tangent of the angle
moved through by the needle is then equal to the ratio of the

two fields, i.e., f : H, and if we know the strength of one of

those fields, say that of H, we can find that of the other (f) by

/ =H tan a.

This is the tangent principle which comes so frequently in use

in the measurements of magnetic fields
; not only those fields

due to permanent magnets, but also electro-magnets, solenoids,

and galvanometers. We shall, therefore, refer again to this

principle, as proved above, when we have these other magnetic
fields under consideration.

Example. A very short magnetic needle is suspended by a

long torsionless silk fibre, so that it is free to move in a hori-

zontal plane. A long light non-magnetic pointer is attached

to it, the end of which moves over a scale graduated in degrees,

by means of which the angle moved through by the needle

may be observed. As soon as the needle has come to rest in

the earth's magnetic meridian, a bar magnet is placed at a

given distance from the centre of the needle, its position

being such that its length is bisected by and is at right angles
to the meridian line through the needle. The latter is then

observed by the pointer to move through 60 degrees. What
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is the intensity of the field (/) at the centre of the needle due
to the bar magnet ?

Answer. /=H tan 60

= -18 x 1-7321 = -31177 C.-G.-S. units.

Similarly., the intensity of the resultant field may be deter-

mined from the same parallelogram (Fig. 80), from which it is

evident that

resultant field (R) =
H = / ,

cos a sin a

the intensity of which in C.-G.-S. units may, therefore, be

found when the strength of one of the fields and the direction

of the resultant field, or the angle a of deflection, are known.

Example. In the last example what is the intensity of the

resultant field

(1) Having given that H = -18 C.-G.-S. units ?

Answer. Intensity = .

H = = -36 C.-G.-S. units,
cos 60 -5

(2) Having given that/= -31177 units ?

Answer. Intensity = -JL = <31177 = -36 C.-G.-S units,
sin 60 -866

It follows, therefore, that the lines of force surrounding a

magnet cannot be symmetrical throughout, since they are really

the resultant lines of two fields, that of the magnet and that

of the earth. If we only consider the horizontal field of the

earth and lay the magnet down horizontally, say at right angles

to the meridian, as in Fig. 79, we should not expect
to find its magnetic field perfectly symmetrical about its own

figure, as drawn in that diagram. When, however, the field

is examined by the iron filing method it does appear quite

symmetrical, simply because the want of symmetry is only

apparent outside the area of field made visible by the filings.

What the filings reveal to us is really the resultant field, bub

the earth's field is so weak in comparison to the field in
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close proximity to the magnet, that the resultant direction is

practically that of the magnet's field. It is interesting, how-

ever, to detect by a somewhat more delicate means the state

of the field from points near the magnet up to distances so

far away that the field is no longer apparent. This may be

done very well by observing the angles of deflection of a small

compass needle placed in succession at various parts of the

field. In Fig. 81 is shown a field so analysed along one direc-

tion, viz., the earth's meridian. The small arrows represent
the approximate direction of the compass needle when placed
at those points, the arrow heads being the needle's north pole,

and therefore representing by the direction of the arrows the

direction of the lines of force. At a distance from the magnet

\s/

FIG 81.

equal to about six times its length, the needle took up, as

nearly as could be observed, the direction of the meridian,

showing that the field of the magnet was at this point prac-

tically nil. The dotted curves close to the magnet NS
cover about the area of the field usually indicated by iron

filings, the field appearing symmetrical within these limits. A
line was drawn on a flat surface corresponding with the mag-
netic meridian, and divided out into inches. The magnet was

then laid down at right angles to the line, being bisected by
it. The small compass needle was then placed at each inch

mark along the line, and the directions taken up by the needle

noted down as nearly as possible as shown in the figure. At
the point where the compass needle stood at 45 degrees the

two superposed fields were equal, because tan 45 =
1, and there-

fore /=!.
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120. The Magnetic Field of a Magnet in Terms of its

Moment. Let us suppose a unit north pole at the point n

(Fig. 82) on a line bisecting a bar magnet, N S, whose length
is I centimetres and strength of each pole m C.-G.-S. units. The
unit pole will be acted upon by two forces, one of attraction and

one of repulsion, in the direction of a line drawn from S to n

and N to n respectively. The magnitude of each of these

forces will be -
(para. 108), r being the distance between the

FIG. 82.

unit pole and either pole of the magnet. Now, the resultant

of these two forces will be the actual force on the pole, and

will be numerically equal to the intensity of field (f) at the

point n. On completing the parallelogram, and drawing the

resultant/we find by the simple proposition of similar triangles

that

whence / -

r*
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and since m /is the moment (M) of the magnet (para. 118),

/=M in C.-G.-S. units.

Example. (1) What is the intensity of the magnetic field

of a bar-magnet at a point 20 centimetres distant from either

pole, the moment of the magnet being 800 dyne-centimetres ?

Answer. Intensity = = TV C.-G.-S. unit.
20

(2) What is the intensity of the magnetic field due to a bar

magnet at a point 30 centimetres away from the centre of the

magnet in a direction perpendicular to its length, the strength
of each pole of the magnet being 900 C.-G.-S. units and its

length 20 centimetres ?

Here the direct distance (r) from either pole to the point in

the field is not given, and must be calculated from the data

given. It will be seen (Fig. 82) that the distance r forms the

hypothenuse of a right-angled triangle, of which the other two

sides d and J I are known, viz., 30 and 10. The length r is

therefore the square root of the sum of the squares of the

other sides (Euclid I., 47) that is,

r= ^302 + 102 = 71000 = 31-62 centimetres,

and the moment of the magnet =m I = 900 x 20 = 18,000 dyne-
centimetres. Therefore the intensity of the field at the re-

quired point is

M 18000 18000= =
31620

== '56

If the point at which the field is calculated is, at a perpen-
dicular distance from the magnet, equal to many times its

length, we may take the hypothenuse (r)or pole distance from the

point as being equal to the actual perpendicular distance, and
obtain a very near approximation. This could not be done in the

M 2
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last example without introducing an error of 17 per cent., the

ratio of the perpendicular distance to the length of magnet
being only as 3

.* 2.

Let us now measure the field at a point situated on the con-

tinuation of the axis of the magnet, d centimetres from its

centre, r centimetres from the nearer pole, and R centimetres

from the further pole, supposing that a unit north pole is

placed at n at the point required (Fig. 83). It is evident that

the two poles of the magnet act oppositely on the unit pole,

the nearer pole (N) having the greater effect, and exerting a

force of repulsion equal to dynes on the unit pole.

I r -t

FIG. 83,

The other pole (S) acts with a force of attraction equal to

- dynes, and the net or resultant force acting at n will be

the difference of these two, viz. :

m m

this being also equal numerically to the intensity (/) of field at

the point. The direction of the resultant is from the magnet in

a line with its axis in the diagram. If the magnet were reversed

the direction of the resultant would be reversed, its intensity

remaining the same.

Now, r = d--,
2

and R =d+L
2

Putting these values in the numerator of the above, we

obtain, after cancelling,
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where m Hs the moment (M) of the magnet. Therefore,

Example. What is the strength of field at a point on the

continuation of the axis of a magnet 30 centimetres (d) from

its centre, length of magnet 20 centimetres, and pole strength

900 C.-G.-S. units ?

Moment of magnet = 900 x 20 = 18,000 units.

Distance from nearer pole (r)
= 30 - 10 = 20 cms.

further (R)= 30+10= 40

Hence,

Intensity of field = 2 x 18,000 x
30

2

= 1 -68 C.-G.-S. units.
64

Similarly, we may arrive at an approximate value of the field

by a little simpler process (when the point is distant from the

magnet many times its length) by reducing the formula to the

following form (substituting the values of r and R and redu-

cing by simple algebra),

2M

from which it is evident that when d is great compared to I,

the quantity within the bracket approaches unity, and we have

/= 2M7
d*'

Example. What is the strength of field at a point situated

2 metres away from the centre of the magnet in the last

example 1 Here we may adopt the approximation, as the

quantity in the bracket is close upon unity, and we have

Intensity =
2xl
^3

= -0045 C.-G.-S. units.
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121. Polar and Normal Lines of a Magnet. In a similar

manner the magnetic intensity at points in the field lying in

other directions may be found by the application of the

parallelogram of forces and geometrical principles ; but the

two directions in which we have investigated the strength of

field are those in which measurements of the magnet and its

field are taken, and, therefore, are enough for our purpose.
For conciseness we shall hereafter designate these two

directions the polar line and the normal line of a magnet. The

FIG. 84.

polar line will be understood to mean a straight line of

indefinite length passing through the two poles of a given

magnet, while the normal line will mean a straight line of

indefinite length at right angles to the polar line, and which

also bisects the distance between the two poles. In Fig. 84

three common forms of magnets are shown, their polar lines

being dotted, and normal lines shown plain.

122. The Magnetometer. We have already seen (para. 119)
that when two magnetic fields of intensities / and H are super-
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posed at right angles to one another at a given point, the ratio

i is equal to the tangent of the angle between the direction
11

of the field H and the resultant field -that is, the tangent of

the angle moved through by a short magnetic needle from its

position of rest in the field H. To measure this ratio, then,

we require a suspended magnetic needle moving over a scale

of degrees by which its movement may be observed. The
conditions which are required in such an instrument are

1. Short, well-magnetised steel needle.

2. Long light pointer or mirror attached to same.

3. Long unspun silk fibre to suspend needle and pointer

(the length being required to eliminate error due to stiffness

or rigidity of fibre).

4. Glass covering over needle and suspension to avoid dis-

turbance by currents of air.

5. Scale divided into natural tangent divisions.

6. Means of accurately levelling.

An instrument for the above purpose is known as a
"
magnetometer," and the student will find it an excellent

introduction to the theory and use of galvanometers to

construct a magnetometer of the simple design here de-

scribed, and carry out some measurements of magnetic
fields with its aid. The following will be found quite

simple to make : A glass funnel, F, of thin glass (Fig. 85)
stands inverted on a flat wooden baseboard, B, which

should be provided with levelling screws ; or a glass flask,

with its lower half neatly cut off, answers the same purpose.

Through the cork in the neck at the top is pierced a piece

of No. 12 copper wire, bent into a ring at its upper end,

so that it may be turned round with the finger and

thumb, the lower end being filed flat, and a small hole

drilled, to which the silk suspension may be tied (Fig. 86).

This piece of wire should fit tight in the cork, so that when it

is once adjusted it will not slip. The lower end of the silk is

then tied to the stirrup. To make the latter, stiff note paper
does very well, cut to the shape in Fig. 87, the ends being
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folded over as shown to make it stronger, where holes are

pierced to which to tie the silk. The three lines across the

centre indicate where it should be folded to form a

narrow groove at the lower part of the stirrup in

which to place the long pointer. This ensures the pointer

being in the same line as the needle. The diagram also

shows the needle and pointer as mounted in the stirrup.

A more durable stirrup may be made in the same way with

copper or lead foil. Before mounting the needle and pointer

FIG 85. FIG. 86,

a brass or copper rod about 6in. long should be inserted in the

stirrup, balanced and left for some time till it comes to rest.

During this operation the inverted funnel may be lifted off its

stand and placed with its edges resting on two supports, so

that the hands may conveniently reach underneath to the

lower end of the fibre. This process will remove all twist

from the fibre. Now the top of the fibre should be turned by

turning the ring r until the length of the brass rod lies in

the magnetic meridian, ascertained by its direction coincid-

ing as nearly as possible with that of a compass needle
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placed close to the instrument. The brass rod may now be

removed by the right hand, while the stirrup is held in the

left to prevent it turning, and then the long pointer placed
in the lower groove and balanced, and the short magnetic
needle placed above it.

The magnetic needle should be about a centimetre long, but

not more than 1J centimetre, and of knitting-needle steel. It re-

quires a little practice to draw out a good, straight, light pointer.

FIG. 87.

Some thin glass tubing, about ^in. bore, should be procured, and

a piece held by its ends over a Bunsen burner or spirit lamp flame

with the two hands, turning it round to heat it evenly in one

place till about three-quarters of an inch of it is perfectly red

hot, and evenly hot all round. Then removing it from the

flame the two ends are pulled, at first quickly, and then slowly,

which draws out a fine capillary tube two or three feet long.

After pulling out, the fine tube must be kept stretched tight

till cool, for if the pull at the ends is relaxed immediately after
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pulling, out, the tube will not cool perfectly straight. The

straightest and lightest portion of the drawn tube must now
be snipped off to the required length say, five or six inches

and is then ready for use.

A more elaborate instrument fitted as a magnetometer is

shown in Fig. 88, in which the suspension can be controlled

FIG. 88.

with more certainty. The details of the suspension head are

represented in Fig. 89, where a tubular brass cap, C, screw-

threaded, is cemented on to the upper end of the glass tube T.

Above this is a brass tube screwing on at its lower end to the

cap 0, and carrying at its upper end a split ring, E, through
which passes the brass rod B supporting the suspension.

The latter may therefore be turned round, raised or lowered
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as required, and then clamped fast by the screw on the split

ring E. The glass tube at its lower end has also a tubular

brass cap cemented to it and screw-threaded, a nut on the

underside of the circular glass plate P clamping it to the same.

A table about 2ft. long and the same height as the baseboard

of the instrument will be required for placing magnets on

whose fields are to be measured.

FIG. 89.

A graduated scale must now be made, by which the move-

ment of the po'nter, when the needle is deflected, may be ob-

served. If this is marked out in degrees, the angular deflection

of the needle will be observed, and the corresponding tangent

must be ascertained from a table of tangents. It is better,

however, to graduate the scale in divisions proportional to

natural tangents, the method of doing which will now be

given
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123. Graduation of Tangent Scale. It has already been

shown (para. 98) that in a figure such as Fig. 90 distances

measured from A along the line AB are proportional to

FIG. 80.

the tangents of the angles which those distances subtend.

For example, two equal angles are drawn at C (Fig. 90);
the tangent of the first angle is proportional to AD and that

FIG. 91.

of the two together to A E. It is evident, that when the force

by which a magnetic needle is deflected (from a zero position

at A C) is proportional to the tangent of the angle of deflec-

tion, it requires more than twice the force to move the
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needle through twice the angle, for A E is more than double

AD. The object, then, of dividing out a scale in tangent

divisions is to make the divisions proportional to the force

moving the needle. This principle is shown in Fig. 91, where

the distance A E is divided into two equal parts at the point F.

Now, on drawing F C the scale is divided into divisions pro-

portional to the force exerted on the needle ; that is, the force

which would move the needle from the direction A C to that

FIG. 92.

of C E would be just double that required to move it from

A C to C F, the needle turning, of course, about the centre C.

The method is therefore to mark out a number of equal divi-

sions on the line A B, starting say from A, and then to draw
lines from these divisions to the centre C, dividing the circular

scale into divisions proportional to the tangents of the respec-
tive angles, and therefore proportional to the forces exerted on

the magnetic needle. It only remains to decide as to the size

of each division on A B. In the case of tangent galvanometers,
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the tangent scales of which are generally divided out up
to 60, the line CE is drawn, making an angle of 60

with the vertical A C. The horizontal distance A E is then

marked out into 100 equal divisions, and the circular scale is

graduated by drawing lines from these equal divisions towards

C. This process is shown in Fig. 92, where it will be seen that

the divisions become very crowded near 100, and it is useless

to carry them beyond 60; therefore it is usual to divide

the scale on the opposite side of the circle in degrees of

arc up to 90 on each side, by which means angles of

FIG. 93.

deflection higher than 60 may be read off on the degree

scale, and the tangents found by reference to tables. It is

also customary for the simple comparison of currents, where

the natural tangents are not required, to read from the tangent

scale ;
but for the measurement of a current, to read from the

degree scale, and find the natural tangent of the angle by the

tables (see example in para. 100). It will be found, however,

very convenient, when the scale of the magnetometer is fairly

large, say not under six inches diameter, to select 45 as the

starting point (Fig. 93), and to divide into 100 equal parts

the distance which this angle cuts out on A B. We have
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then the advantage that any scale reading divided by 100 that

is, moving the decimal point two places to the left gives at

once the natural tangent of the angle, for the reason that the

tangent of 45 is unity. For instance, if we had a deflection

of 85 divisions, the natural tangent of the angle correspond-

ing to the deflection is -85 and the angle itself need not be

known The line A B is marked out on both sides up to about

60 or 70, the length of each division being the same all along.

A straight rule is then placed in line between each division in

succession and the centre, and the corresponding scale lines

drawn at the edge of the scale circle for each position. The

FIG. 94.

lines may be drawn from each single division near zero, but as

the divisions become closer together they may be drawn from

every second or fifth division, the intermediate divisions being

judged by the observer when taking readings. The other side

of the circle should then be marked out in degrees, up to 90

on each side.

124. Adjustment of Magnetometer. To complete the

magnetometer and set it up for use the wooden baseboard

should have two fine lines mm and nn (Fig. 94) cut or

marked on it accurately at right angles to each other and

passing through the centre ; a circle should also be described
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on the board a trifle larger in diameter than the outside

diameter of the scale, to act as a guide in placing the scale

symmetrically with the centre. The scale is cut out ring shape
and placed in position with its zero marks in line with the

line mm on the baseboard. It is better to let the scale lie

loose on the board, as once placed there is nothing to move it,

and sticking it down causes bulging. Inside the scale there

should be a ring of mirror glass as shown in the figure ;
this is

for the purpose of reading accurately the position of the

pointer, the reflection of which is seen in the mirror. At the

centre of the baseboard there should be fixed a little brass

point standing vertically, only to the height of about J inch

above the level of the board
;
this will be found very con-

venient for levelling the instrument, during which operation
the eye may be kept on a level with the surface of the board,

and the levelling screws turned till the centre of the suspended
needle is seen to hang immediately above the centre brass

point, viewed from all sides. The previous directions having
been carried out for the removing of torsion from the fibre,

the baseboard is placed with the line m m as nearly as possible
in the magnetic meridian, and the inverted funnel carrying the

suspended needle and pointer is then placed on the board, the

rim of the same being placed symmetrically with the scale.

The height of the needle can now be adjusted by raising or

lowering, not turning, the wire suspension head; the stirrup

should then just clear the brass centre point. It will most

likely be found that the pointer is very near zero, but not

quite. To bring it to zero, the baseboard of the instrument

must be turned round, little by little, till the pointer is at

zero. This adjustment is somewhat tedious, because the

needle must be allowed to come to rest between each adjust-

ment, and the slightest movement of the board often sets the

needle swinging considerably, and alters the levelling.

This inconvenience may be dispensed with in the following

way: Mount the ordinary circular baseboard B (Fig. 95}

on a second and larger board, B1
,
countersunk to receive it.

Attach the levelling screws to the lower board, and let the

glass shade carrying the suspended needle rest on this.
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Through the centre of the upper baseboard fix a brass

spindle, so as to enable the board to be turned by means of

the lever handle H. This lever should not be rigidly fixed to

the spindle unless made short enough to work inside the

levelling screws. It may be made like a spanner and fit

on to a nut head at the lower end of the spindle, and

can then be removed when once the instrument is adjusted.

The scale and mirror are on the upper board, so that these

may be turned till the zero point is exactly under the

pointer, while the needle itself and the levelling of the instru-

ment are not disturbed. The brass spindle might also carry

the centre point, as shown. Without this elaboration, how-

ever, once the adjustment is made it will never require repeat-

a

FIG. 95.

ing, if the instrument is not moved. No magnets or pieces of

iron must be anywhere near the instrument during this

adjustment.

125. The Moment of a Magnet Measured by its Field. The
two methods, due to Gauss, by which the moment of a magnet

may be determined can now be easily understood. By the first

method the magnet is placed so that its normal line (para. 121)
is in the same magnetic meridian as the magnetometer needle,

the distance between the centres of the needle and magnet

being known. In Fig 96 let the circle represent the magneto-
meter in plan, properly mounted and adjusted. A wooden

table, A, is placed close to the magnetometer board, its surface

being marked out in cross lines indicating distances in centi-

metres from the centre of the suspended needle, and its height
such that magnets placed on it are in the same horizontal plane
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as the needle. The line drawn longitudinally along the centre

of the table must lie in the magnetic meridian, and be the con-

tinuation of the line joining the zero points on the scale (the

line mm, Fig. 94) ; the suspended needle will then lie in the

same line before any magnet is placed on the table.

Now let a magnet, N S (Fig. 96), whose moment is to be de-

termined, be placed on the table so that its polar line agrees
with one of the cross lines at a certain distance from the

needle, and its normal line coincides with the central line

along the table. The magnetometer needle is then deflected,

and the natural tangent of the angle of deflection is the scale

reading divided by 100 (para. 123). Now, in the region of the

needle we have two fields (H of the earth and / of the

IO 16 20 29 30
30 3!
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The only observations to be made, then, are the tangent of

the angle of deflection and the distance r. Knowing the dis-

tance d of the magnet from the needle, we have (para. 120)

'Y.
I/

whence r8 = I d2 + ( - Y K

where I is the length of the magnet.

In order to eliminate error in placing the magnet or in

observing the deflection, another observation is taken with the

magnet reversed on table A giving the deflection on the oppo-

site side of zero. Again the table is moved to the other side B,

where two similar readings are taken. It is better to have two

tables, carefully adjusted and fastened down in position so that

a number of observations may be taken of different magnets
without altering that adjustment. All screws or clamps used

in the making of the tables or securing them in position must

be of brass, not of iron.

The sum of the four readings so taken divided by four

gives the mean deflection, which is then used in the calcula-

tion.

Example. (1.) Determination of the moment of a galvano-

meter controlling-magnet (Fig. 65). Mean of four observa-

tions, 60 divisions on the tangent scale, distance between

centres 30 centimetres. Whence tan a = "6,

7-3 = (30
2 + 7-52P = (956-25)*

and H being '18 C.-G.-S. units, we have

Moment = (956-25)^ x -18 x -6.

This is most readily worked by logarithms, thus :

log (956-25)^ =
2

'9806x3 = 4-4709
2

log -18 =1-2553

log -6 =1-7782

3-5044 = log 3194.

N 2
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The required moment is therefore 3,194 dyne-centimetres,
and the distance between the poles of this magnet being 15

centimetres, the strength of each pole is

I 15

(2.) A compound horseshoe magnet (Fig. 62), consisting of

S separate magnets and measuring 8 -8 centimetres between the

centres of its poles, gave a mean of 131 divisions. Distance

between centres 35 centimetres. Its moment was therefore

(35
2 + 4-4

2

)^ x -18 x 1-31 = 10,351 dyne-centimetres.

and strength of pole = - = 1176 C.-G.-S. units.
8*8

(3.) A powerful steel bar magnet 1 foot in length (30-48 centi-

metres), gave a mean of 87 '5 divisions. Distance between

centres 45 centimetres. Its moment was therefore

(45
2 + 15-242

)* x -18 x -875 = 16,890 dyne-centimetres,

and strength of pole

^16890
30-48

= 554 C.-G.-S. units.

(4.) A similar sized magnet under the same conditions gave
a mean of 83 -25 divisions. Hence its moment (by comparison
with the preceding) was

16890 x -r = 16,070 dyne-centimetres,
*

and strength of pole

527 C.-G.-S. units.
30*48

By the second method of Gauss the magnet is placed so

that its polar line passes through the centre of the magneto-
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meter needle at right angles to the meridian, the distance

between the centres of the needle and magnet being known.

The table must therefore be placed at right angles to its

former position, as in Fig. 97, in which the magnetometer
needle is shown deflected by a magnet. One reading is taken

with the magnet placed as shown, a second reading with the

magnet reversed, and two similar leadings with the table

placed on the other side of the magnetometer, the mean of the

four being finally taken.

FIG. 97.

Now, in para. 120 it was shown that the intensity of field /
at a point on the polar line of a magnet situated d centimetres

from its centre was expressed by

2M
/=

ffi(\--
\ Id*2

and in para. 119 the ratio of two magnetic fields of intensity

/ and H superposed at right angles to each other was shown to

be equal to the tangent of the angle a between H and the

resultant ; that is

/=Htana;
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whence, equating these two values of/,

magnetic moment (M) =H
B>ria

$( 1 -
| .

2 \ 4 d2/

Example. (1.) A small bar magnet, 10*3 centimetres long,

gave a mean deflection of 105-5 divisions, the distance between

centres being 20 centimetres. Its moment was therefore

2 V 1600

= -18 x -5275x6978-8

= 662-6 dyne-centimetres.

(2.) The same magnet was placed with its centre at 30 centi-

metres distance from the centre of needle. The mean deflection

was then 29 divisions ; the moment was therefore

- -18 x -145 x 27000 x -9419

= 663-7 dyne-centimetres.

This last was taken to check the former reading, the mean
of the two results being 663 dyne-centimetres, and

strength of pole =64-3 C.-G.-S. units.

126. The Nature of Magnetism. At the point now arrived

at, it may be of interest to discuss briefly what is the difference

in the internal condition of a piece of iron or steel before and

after magnetisation. In the first place, it has long been ad-

mitted that magnetism is molecular in its nature, which is

evident from the fact that, however we subdivide a magnetised
steel rod, we have in every portion so subdivided a perfect

magnet, with two poles of opposite name
;
and this is true,

however far we cany the subdivision. So that if we conceive

the subdivision carried out until the molecule itself is reached,

we should expect to find it a perfect magnet.
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It is only by the generalisation of experimental researches,

>and in the endeavour to assign reasons for, and explanations

of, the effects and phenomena we observe in Nature, that her

laws are discovered and real progress made in any branch of

science. A consistent and logical explanation of a set of

observed effects is known as a "
theory

"
of those effects. For

a theory to be a true one it must explain all the observed

effects and phenomena, and hence it sometimes happens that a

new experiment or fact observed modifies or even upsets a

previously accepted theory. But a theory, though imperfect,

answering all the phenomena then known, is decidedly better

than none at all, for some of our most reliable and adaptable
theories at the present time have been the outcome of a long

.process of evolution from previously held theories.

In magnetism the observed effects to be explained might be

:summed up in the following questions :

1. What is the condition of the molecules in a mass of iron

or steel before the mass is magnetised 1

2. What is their condition after the mass is magnetised ?

3. On ceasing the process of magnetisation of the mass why
is the polarity retained when the mass is of steel, and almost

completely lost when it is of soft annealed iron ?

4. Why do blows from a hammer and mechanical strain or

stress assist the process of magnetisation when the mass is in

the presence of an inducing cause, and facilitate the disappear-
ance of magnetisation when the inducing cause is removed ?

5. Why does heat produce the same effect ?

6. What is the cause of the elongation of iron when mag-
netised ?

7. What is the reason for the audible sounds emitted by
iron during its magnetisation 1

8. If we take a magnet and de-magnetise it until there is

no evident magnetism left, is the condition of the molecules

the same as that previous to magnetisation ?

Those who were present at the Society of Telegraph-Engi-
neers and Electricians on the 24th May, 1883, when Prof.

_D. E. Hughes, F.R.S., read a Paper on " The Cause of Evident
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Magnetism in Iron, Steel, and other Magnetic Metals," will

not easily forget the enthusiasm with which the author's new

theory of magnetism therein contained was received. Perhaps
the greatest claim to general acceptance, and certainly the

charm most attractive to his hearers, lay in the fact that Prof.

Hughes completely demonstrated his theory experimentally.

This, in itself, was a refreshing contrast to the necessity for

imagination required in grasping the previous theories of

Coulomb, Poisson, and Ampere ; the two former of whom sup-

posed the molecule to be spherical, containing two opposite

magnetic fluids, which were separated when magnetised, and

mixed when demagnetised or neutral, and that a peculiar forcer

called coercive force, present in molecules of steel, retained

the evident magnetism by preventing the involuntary mixing,

of the two fluids. Of this there was no experimental
demonstration. Ampere supposed each molecule to be an

electro-magnet; that is, an electric current was supposed to

be constantly flowing round it, and that under magnetisa-
tion the molecules were symmetrically arranged, while in a^

neutral state they were arranged in haphazard directions.

Besides other objections to this theory we have the anomaly
of assuming a coercive force in soft iron to cause the rota-

tion of at least half the molecules in order to bring about

neutrality. De la Rive, Weber, and Maxwell made a step

in advance by propounding the inherent polarity or magnetism

of the molecule that is, magnetism or polarity was said to be

a property with which the molecule is originally endowed, and

that magnetisation of a mass of iron consists in arranging the

molecules all in one direction, not developing magnetism in

them. This theory also assumed that neutrality was brought
about by a haphazard arrangement of the molecules.

Prof. Hughes' experiments confirm the theory of the in-

herent polarity of the molecule, and prove that in neutrality

the arrangement of the magnetised molecules is not hap-

hazard, but perfectly symmetrical. He also proves that simple

molecular rigidity explains all the effects of the retention

of magnetism previously assigned to the mystical coercive

force, and sums up his theory in these remarkable words :
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"From numerous researches I have gradually formed a

theory of magnetism entirely based on experimental results,

and these have led me to the following conclusions :

"
1. That each molecule of a piece of iron, steel, or other

magnetic metal is a separate and independent magnet, having
its two poles and distribution of magnetic polarity exactly the

same as its total evident magnetism when noticed upon a steel

bar-magnet.
"

2. That each molecule, or its polarity, can be rotated in

either direction upon its axis by torsion, stress, or by physical

forces such as magnetism and electricity.
"

3. That the inherent polarity or magnetism of each mole-

cule is a constant quantity like gravity ; that it can neither

be augmented nor destroyed.
"

4. That when we have external neutrality or no apparent

magnetism the molecules or their polarities arrange themselves

so as to satisfy their mutual attraction by the shortest path,

and thus form a complete closed circuit of attraction.
"

5. That when magnetism becomes evident, the molecules or

their polarities have all rotated symmetrically in a given direc-

tion, producing a north pole if rotated in that direction as

regards the piece of steel, or a south pole if rotated in the

opposite direction. Also, that in evident magnetism, we have

still a symmetrical arrangement, but one whose circles of

attraction are not completed except through an external

armature joining both poles.

"6. That we have permanent magnetism when the molecular

rigidity, as in tempered steel, retains them in a given direc-

tion, and transient magnetism whenever the molecules rotate

in comparative freedom, as in soft iron."

While referring the reader to the original Paper we may
mention therefrom a few prominent points and experiments.

The rotation of the molecules under the action of an in-

ducing field is rendered evident by taking a rod of soft iron

and bending up the ends, by which a twist can be imparted to

the rod while held vertically. The moment this is done the

rod becomes magnetic, the field of the earth (assisted by the
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molecular freedom imparted by twisting) causing all the mole-

cules to be attracted and rotated in one direction. The lower

end of the rod will be found to be north. On reversing the

rod and applying a twist the molecules will rotate right round,

and the external polarity will be reversed, the north pole

being at the end which is now the lower. With a strip of

soft Swedish iron, 1ft. long by 4J centimetres wide and

J millimetre thick, the writer obtained by twisting while held

vertically a strength of pole equal to 7*3 C.-G.-S. units, as

measured on the magnetometer. A mechanical model exhi-

bited by Prof. Hughes to illustrate the rotation of molecules

B

FIG. 98.

is shown in Fig. 98. It is on the principle of the parallel ruler,

and is shown in the three positions in which A represents the

direction of the molecules when a mass of iron is magnetised
one way, C their direction when the polarity is reversed, and B
the intermediate stage of transversal polarity. In Fig. 99, the

molecules are shown as they exist in polarised iron or steel.

The transversal polarity shown at n s has the external appear-

ance of neutrality as far as the ends of the bar are concerned,

but while there are external poles at all, although at the side,
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there is no neutrality. We have only perfect neutrality when
all the mutual attractions of the molecules are satisfied amongst
themselves in the interior of the mass, and no external polarity

is evident.

The inherent polarity of the molecules may be observed by

drawing a rod of soft iron over the pole of a permanent

magnet. This powerfully magnetises the rod, and it retains

sufficient magnetism when withdrawn to strongly deflect a

directing needle. A few twists of the rod then completely

discharges its magnetism. If the operation of magnetising,

withdrawing, and discharging were kept on we should expect
to weaken the strength of the permanent magnet, and even-

tually draw all the magnetism out of it. But we do no such

thing. The molecules are simply rotated each time, and the

E
1L
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cast-steel drill wires, each 1 millimetre in diameter, and about

1 foot long, of the kind in use by watchmakers, and fastened

handles at the ends of the strand, as shown (Fig. 101). Hold-

ing one handle fast, he imparted two entire right-handed twists

to the strand with the other, and strongly magnetised it on

the north pole of a magnet while under this torsion. He then

released the two right-handed twists, and gave it two entire

twists to the left, and oppositely magnetised it on the south

pole while under the torsion. On releasing the torsion the

strand possessed the remarkable property of a double polarity

that is, either end could be made north at pleasure by simply

twisting it one way or the other. In the figure is shown the-

FIG. 100.

simple bell apparatus constructed by Prof. Hughes to demon-

strate the marvellous transformation of one kind of mechanical

movement to another through the medium of molecular motion.

The magnetised armature n s is held in its position by the direc-

tive force of the magnet beneath it, and when the doubly-

polarised strand is held near to the armature and twisted con-

secutively in alternate directions, the pole of the strand near to

the armature changes in name for every alternate twist and pro-

duces attraction and repulsion of the armature, which there-

fore strikes alternately the rims of the glasses, producing *

clear note for every twist given. The notes could be repeated
in this way some six times per second.
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In the same Paper Prof. Hughes notices a peculiar property
of magnetism, viz., that besides the fact that the molecules of

iron can be rotated in any direction when mechanical force is

applied in the shape of blows, stress, or strain, it is also possible
to rotate the molecules through a small arc under the influence

of a very weak magnetic field, without the application of any
mechanical force. The molecules appear to be surrounded by

FIG. 101.

an elastic medium which permits of their free rotation through
a small distance or arc under very feeble directing fields, and

what is more remarkable is that this limiting distance of free

motion, while it cannot be augmented, can easily be shifted so

that the axes of free motion of the molecules are turned in

any direction relatively to the bar. For instance, in many
samples of iron this path of free motion may be observed at
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once. The writer has taken a rod of iron 1ft. long and Jin.

square, and found, when held vertically, strong north polarity

at the lower and south at the upper end. On reversing the

rod the same polarity has been observed, i.e., north at the

lower end. Hence, without the slightest mechanical shaking
of the molecules, the latter have rotated under the weak

directing field of the earth. If now a few blows be given the

rod while held vertically it will be found that the axes of free

motion of the molecules have been shifted, for the rod will now
exhibit strong polarity one way and neutrality when turned

the other way. The limit of free rotation has been found to

have a distinct value for each class of iron. The extreme

rapidity and sensitiveness of action of the telephone is probably
due to the freeness of rotation of the molecules within this

critical limit.

Section II. Electro-Magnetic Fields.

127. Preliminary. The telegraph systems of Morse and

Wheatstone, with their relay and translating apparatus, elec-

tric bells and telephone exchange annunciators, systems for the

synchronising of clocks, and a large proportion of the indus-

trial applications of electricity, depend for their action upon
that great discovery made by Arago and Davy nearly seventy

years ago, viz., that pieces of iron, steel, and other magnetic
metals become magnetised when an electric current is passed

through a coil of insulated wire surrounding them. A magnet
so formed is termed an electro-magnet. Incidentally here we

may remark that metals which are said to be magnetic are not

necessarily magnetised, the terms magnetic and non-magnetic

indicating simply whether they are or are not capable of being

magnetised. The two important principles of the electro-

magnet may be thus stated :

1. Eeversal of the direction of current round the iron causes

a reversal of its magnetic polarity.

2. Cessation of the current causes almost complete disap-

pearance of magnetic polarity in the case of soft annealed iron.
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To this might be added the important aid now available for

the manufacture of powerful steel magnets magnetised electro-

magnetically with the aid of currents obtainable from dynamos
and accumulators.

Considering the first principle viz., that of reversal it is

found experimentally that if the current circulates in a clock-

wise direction round the iron core, the end of the same nearest

to the observer is a south pole, and vice versd. This will be

seen to be the case in the two Figs. 102 and 103, although

the direction in which the wire is wound on is different in the

two cases.

The winding of the coil or helix in Fig. 102 is called right-

FIG. 102. FIG. 103.

handed, the wire being wound on in a clockwise direction;

while that in Fig. 103 is left-handed ; and it will be seen that,

in order to produce the same magnetic polarity in each, the

current must be passed through in opposite directions in each

as regards the ends of the coils. The current then circulates

round each core the same way, producing the same poles in

each. Eeversing the current in either of these reverses the

polarity.

An iron-filing diagram, taken with the electro-magnet of an

ordinary telegraph "sounder," is shown in Fig. 104, a current

being passed through the coils. The current was adjusted till

the electro-magnet just supported the weight of the arma-
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ture. Here we have precisely the same delineation of field as

in the previous cases of permanent magnets. The two upright
cores of soft iron are screwed to the horizontal iron keeper or

"yoke"(Y).
The magnetic circuit is indicated by the dotted lines through

the two cores and the yoke in Fig. 105, where it will be seen

that this circuit completes itself through the air between the

two poles by the curved lines of force, one typical line being
shown in the figure. The direction assumed for these lines

has already been explained (para. 104), and is marked by
arrow heads in the figure. Now, when there is an iron " arma-

FIG. 104.

ture
"
in proximity to the poles of the electro-magnet, most of the

lines of force are deflected, or turned from their original direc-

tion, and pass through the armature (Fig. 106). Noticing
the direction in which these lines pass through the interior of

the armature it will be clear (para. 104) that the latter becomes

magnetised, its poles, s
, being as shown. Attraction must,

therefore follow, and the armature is drawn towards the poles,

N S, against the force of the counteracting spring. Every
time the electrical circuit is completed by means of a "

key
"

{see Fig. 34) this attraction occurs, and ceases when the cir-
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uit is broken, by means of which, with the Morse code of

signals made up of dots and dashes, signals can be sent from

one end of a line to the other, and can be read by sound, or

by the ink-writer, as the case may be.

FIG. 105.

SPRING

FIG. 105.

If we take an iron-filing diagram of the field when the

armature is held away from the poles, or placed far enough

away not to yield to the attraction (Fig. 107), the deflection of

the lines of force through the armature is made evident ; the

position of the armature being seen by the absence of any
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filings, since the latter only take up the position of the curves

of force through the air. We have here between the arma-

ture and the poles of the electro-magnet what is termed "
mag-

netic induction" that is, the magnetism of the armature is

" induced
"

in it by the action of the poles of the electro-

magnet ;
or we may look at it another way, viz., the armature

is placed in a magnetic field, and immediately becomes a

magnet itself by
" induction" from the field.

It will be seen by Figs. 105 and 106 that the current must

pass round the two cores of the electro-magnet in the opposite

direction to produce opposite poles at the upper end of the

FIG. 107.

cores. The winding for this is easy to remember by consider-

ing the two cores as put end to end where they join the

yoke, so as to make one bar
; the winding is then a simple

helix wound continuously along the bar, in order to produce

opposite poles at the extremities.

In the rapid transmission of signals it is very important to-

overcome, as far as possible, the time taken by the electro-

magnet to become magnetised and demagnetised. To over-

come this retarding effect of the coils, which is a property

depending on their self-induction, the two coils are wound in

multiple arc (paras. 41 and 61), as shown in Fig. 108, for the
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fast-speed Wheatstone receivers. More will be said upon this

point when self-induction is considered.

If the cores were not connected together by the yoke, the

poles of the electro-magnet would be much feebler, because

there would then be two air gaps to be bridged over by the

lines of force instead of one. Further, if a complete circuit of

iron were formed by bridging over both upper and lower pairs

of core ends by yokes, there would be many more lines of force

created through the interiors of the cores, but there would be

practically no external field. An external field is, however,

required in the case of a " sounder
"
to cause attraction of its

armature, and therefore the only air gap left is that imme-

diately beneath it. The rule is, let there be a magnetic circuit

FIG. 108.

of iron everywhere except in the particular position where

external magnetic action is required.

128. Magnetising Force. The field of force set up in the

interior of a coil of wire through which a current is flow-

ing is found both by experiment and theoretical deductions

to be proportional to the product of the strength of current

and the number of turns of wire. If an iron bar be wrapped
round with a given number of turns of wire, and a current

of known strength passed through the wire, we have a definite

field of force produced by the current in the coil which is

capable of
"
exciting" or magnetising the iron. Hence we speak

of the exciting power or magnetising force of the current, and

in practice express it in ampere-turns. So long as the product of

the number of amperes and number of turns is constant for a

O 2
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given volume of wire, the magnetising force is constant what-

ever individual values the current or number of turns may
have. This is the same thing as saying that the current must

vary inversely as the number of turns for the same magnetising
force. For example, if we have one electro-magnet, A, wound
with 50 turns of thick wire, and another, B, wound with 1,000

turns of fine wire, the volume or weight of wire being the

same in the two coils, the current strengths in the coils must

be in the proportion of 1,000 to 50, or as 20; 1 respectively, in

order to produce the same magnetising force on the iron in

each. It is sometimes more convenient to express the number

of turns or length of wire in terms of the resistance. We have

already seen (para. 63) that the length of wire wound on a

coil of fixed volume or weight varies as the square root of

the resistance ; therefore, for a given magnetising force the

product of the current and the square root of the resistance of

the coil must be constant
; or, in other words, the resistance

must be inversely proportional to the square of the current.

Hence, in the above example, the resistances of the two

coils A and B are respectively as 1 : (20)
2
,
or as 1 : 400.

Further, since the volume is constant, the cross-sectional area

of the wire multiplied by the number of turns is constant, and

therefore the sectional area of the wire on each coil is inversely

proportional to the number of turns on each, and the dia-

meter of the wires are inversely proportional to the square
root of the number of turns. Hence, in the above example,
the diameters of the wires on coils A and B are in the ratio of

^/20 I 1 respectively. This is without taking into account

space taken up by thickness of insulation. Similarly, the

length of wire on each varies as the number of turns viz., as

1 ; 20 respectively.

We shall consider further on the C.-Gr.-S. unit of mag-

netising force.

129. Variation in Field due to more or less complete Mag-
netic Circuit. Now let us measure with the magnetometer the

strength of the external magnetic field when the magnetising
force is constant and the amount of iron in the magnetic circuit
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is varied. For this experiment two bobbins were taken

(Fig. 109), each 20 centimetres long, and wound with No. 30

copper wire, to a resistance of 156'5w. This represented, there-

fore, about 2,180ft. of wire wound on each (No. 30 measures

13'95ft. to the ohm at 60 F.). Also, the mean diameter of each

coil being 4*25 centimetres, the mean length per turn of wire

was 4-25*- = 4-25x3-14 = 13'3 centimetres = -^- ft. Hence
30*48

the number of turns on each bobbin was

2180x3048 = 5,000 turns approximately.
Lo'o

FIG. 109.

The two bobbins of wire were then connected in series to

produce opposite poles at N S when the battery was connected.

The cylindrical iron cores were 23-2 centimetres long
and 2-5 centimetres diameter, and the two keepers or yokes,

one of which, Y, is shown, were each 1 1 centimetres long and

2-75 square centimetres in sectional area. The parallel axes

of the bobbins were placed 5*5 centimetres apart, and a poten-

tial difference of 42 volts connected to the terminals, main-

taining, therefore, a current of

_ = -134 ampere

through the two coils, and a constant magnetising force on

each coil of -134 x 5000 = 670 ampere-turns.
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The results obtained from the magnetometer readings are

tabulated :



FOR ELECTRICAL STUDENTS. 199

-external field through the air. The magnetometer, however,

being still deflected considerably, we should conclude that

5. The mass of iron is not sufficiently large to carry the

whole of the field so created, and therefore there is some

leakage of lines of force through the air, which affect the mag-
netometer. This is borne out by adding a larger mass of iron

(15-2x5x1-5 centimetres) in place of the small yoke at B,

which effectually short-circuits the field that is, causes the

flow of lines of force to be entirely within the iron mass.

130. Intensity of Magnetisation. An important branch of

research tending to further the improvement of electrical

apparatus and machines as well as to offer one of the most

interesting fields for experimental investigation is that in

which the relation between magnetising force and the result-

ing magnetism in different metals is studied. We shall refer

later to some of the work which has been accomplished in this

direction, but must first concern ourselves with the necessary

fundamental bases on which comparisons can be effected in the

degree or extent or quantity of magnetism acquired by masses

of iron or steel, differing in dimensions and shape, when sub-

jected to the action of magnetic fields of given intensity.

The two fundamental bases of comparison may be stated as :

1. The magnetic moment acquired per unit volume of metal,

and termed the "
Intensity of Magnetisation

"
(denoted by the

letter I).

2. The number of lines of force per square centimetre of

sectional area, forced through the mass of the metal, and called

the "
Magnetic Induction" (denoted by the letter B).

These two quantities were written in old English letters K
and g by Prof. Clerk Maxwell, and the student will find them

frequently written so in writings on the subject.

We shall now consider the first of these means of compa-
rison. The conception of the idea of "

intensity of magnetisa-
tion" is essentially one in which the strength of pole or amount

of " free magnetism" is thought of. That is to say, the extent

of the magnetism in the mass is expressed or thought of with
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regard to the force of attraction or repulsion that can b&

exerted by its poles externally. The "action at a distance,"

or force exerted by a given pole strength, has been discussed

already (para. 108), and it can be easily understood that we

may have a number of bars of iron, of very different sizes,

all of which exert the same external force, i.e., have equal pole

strengths, but in which the magnetism is distributed in very
different proportions; or again, magnetised bars of similar size

may have very different pole strengths. To effect comparisons,

then, between the densities of magnetism if one may so use

the term acquired by different bars, the pole strength is re-

garded as so much "
free magnetism

"
distributed uniformly

over the ends (shaded portions Fig. 110), and a comparison
can then be made by finding for each bar what amount of free

magnetism, or pole strength, exists at its ends per square centi-

FIG. 110.

metre of sectional area. This is termed the "
intensity of mag-

netisation," or sometimes simply "magnetisation," and is

obviously the same as magnetic moment per cubic centimetre.

Take a bar 10 centimetres long and 2 square centimetres sec-

tional area. If its pole strength is 1,000 C.-G.-S. units, the

intensity of magnetisation is found by

pole strength _ 1000 = 500 Q .G .g units
sectional area 2

that is, for every square centimetre of end area there are 500

units of pole strength. It is evident that if we multiply both

numerator and denominator of the above by the length, we^

have

magnetic moment _ 10000 _ pOQ c _G _S
volume 20
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which is, therefore, the same thing, and has the same value,

and gives us the usual definition for the intensity of mag-
netisation, viz., the magnetic moment per unit volume (per

cubic centimetre on the C.-G.-S. system). Obviously this

is the more generalising definition, as it covers irregularity

of sectional area. As an example of the comparison of

magnets of the same size but of different pole strengths by
their intensities of magnetisation we may take the two mag-
nets already mentioned (para. 125, examples 3 and 4), which

were found to have pole strengths of 554 and 527 C.-G.-S,

units respectively. They were flat bars, measuring at the

end 2-8 centimetres by 1'3 centimetre, and therefore of

2'Sxl'3 = 3'64 square centimetres sectional area, uniform

throughout. Their intensities of magnetisation were therefore

= 152 C.-G.-S. units
3-G-i

K97
and ^ = 145 C.-G.-S. units.

o*G4

The intensity of magnetisation reached when soft iron is

subjected to powerful electro-magnetic fields may be very much

higher than the above, even to values nine or ten times as

high, although the above are average intensities ordinarily met

with in new steel permanent magnets.

To further illustrate this method of comparison the follow-

ing measurements taken with wrought and cast-iron bars are

cited. A constant difference of potential of 42 volts was kept
at the terminals of the magnetising coil (Fig. Ill), which was

one of those previously described (para. 129, Fig. 109), the

current, and therefore the magnetising force, being twice as

much as that previously given for the two coils together under

the same potential difference, viz.,

670x2 = 1340 ampere-turns, approximately.

We shall show in the next section on the magnetic fields of

coils without cores, or solenoids, that the magnetising force

expressed in C.-G.-S. units (lines of force per square centi-

metre) at the central cross section of a long solenoid of length
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I centimetres, and excited by a current C, in C.-G.-S. measure

is equal to

47rCn
C.-G.-S. units intensity of field,

the length of the solenoid being great compared to its dia-

meter, and forming a long narrow coil. We anticipate, how-

ever, for the purpose of showing the relation between ampere-

turns and C.-G.-S. units of magnetising force. The C.-G.-S.

unit of current is equal to 10 amperes, so that if x ampere-turns

are equal to one C.-G.-S. unit we have

ampere-turns = field ia QGS u^
x

IOC n 4:7rCn
and therefore -= -

-.

x I

(C being in C.-G.-S. units on both sides of the equation),

10Z I

"fi^FM?
and therefore

field in C.-G.-S. unit.-,
""P6"*^- x 1-257.

length of coil (centimetres)

In the above example, therefore, which is a coil 18 -5 centi-

metres in length, instead of 1,340 ampere-turns of magnetising

force, we may put it

2^ 91 C.-G.-S. units.
18-5

The magnetising force is usually denoted by the letter H, or

in Maxwell's notation by its old English form ^.
It will be noticed that the electromagnet is placed, as pre-

viously described, for measuring the moment by the first

method of Gauss (para. 125), the distance of its centre from

that of the magnetometer needle being 50 centimetres. First

of all, before putting any core in the coil, its own field

with the current on was measured. This deflected the mag-
netometer 11 divisions, and therefore in the measurements of
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the moments of the cores this deflection was deducted from

the readings. Three cylindrical cores similar to C C, Fig. Ill,

but of different dimensions, were tried, with the following
results :

Cores.
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It may be of assistance to the student to see one of these

examples worked out. Take the first :

tan a =4-20 -'11 = 4-09

earth's field (H) = -18

r3 = (50
2 + 15-352

)^

and (see para. 125)

moment = r3 H tan a = 106,300 C.-G-.-S. units,

sectional area ^- 3 'ul6x2 '8
'.4-147 square cms.

4 4

volume = area x length = 4-147 x 30'7 = 127-3 cub. cms.,

and intensity of magnetisation

T moment 106,300 QQ n n a *1 = - = = ooo U.-br.-b. units.
volume 127-3

The low magnetisations obtained for the above-mentioned

magnetising force are most probably due to the estimation of

the number of turns of wire in the bobbin (para. 129) being
too high. It was not wound specially for the purpose, and
the exact length of wire and number of turns were not known.

Further, no mechanical stress or blows were given to the iron

while under the magnetising field, which would have increased

the magnetisation acquired.

When the core is not of uniform sectional area, if its volume
cannot readily be computed by direct measurement it may be

determined for a large core by immersing it in water, and

measuring the volume of water thereby displaced. Or, again,
for a small core, such as a piece of iron wire, it may be found

by weighing in air and then in water, the ratio of the weight
in air to the loss of weight in water being the specific gravity,

and, in the C.-G.-S. system the weight of 1 cubic centimetre

of water at 4C. being 1 gramme, we have

volume in cubic centimetres = weiSht <
ip air> in gramme3

.

specific gravity

Substituting for specific gravity, we have

volume in cubic centimetres = loss of weight in water

(in grammes).
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The determination of the intensity of magnetisation is not

confined to methods like the above, which have for their modus

aperandi the measurement of the external field of force of the

magnetised bar, but may be calculated from the value of the

magnetic induction B when that has been determined by a

different method (presently to be detailed) and when the mag-

netising force can be accurately computed.
The importance of the subject of electro-magnetism as

regards our knowledge of iron and steel in various stages of

magnetisation, may be conceived when it is borne in mind

that most of the men whose names are most honoured

amongst us, as much in some for their high scientific attain-

ments as in others for their practical experience, insight, and

intuition, have given to this field of research their careful

thought and investigation, and that what we know and make
use of to-day is the result of incessant experimental investi-

gation extending over, in many cases, years of patient toil.

It will be the aim of the writer to point out some of the

most salient results arrived at, and to endeavour to render

clear to the student the terms used in connection with this

subject.

131. Apparatus for Measuring the Eolation between Mag-
netising Force and Intensity of Magnetisation. We shall now
consider some of the practical details of a simple test to measure

the changes in the intensity of magnetisation acquired by an

iron or steel rod, when the current in the coil which surrounds

the rod is gradually increased. The practical example given
below of a test of this kind will serve as a guide, although the

effects may be observed equally well with iron wires of much
smaller diameter and currents of less strength than those

employed below. The apparatus is connected up as in

Fig. 112, where the magnetometer M and distance table are

shown in plan, the current meter G and adjustable resist-

ance E in elevation, and the battery, in this case a secon-

dary battery of 21 cells, is shown conventionally. The

galvanometer is placed some five or six feet away from the

magnetising coil C, and is connected to the rest of the
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circuit by well insulated and twisted leading wires (para. 67),
in order that its needle may not be affected by any mag-
netic field but that set up by its own coil. A brass tube

of about J centimetre bore and a little over a foot long
was provided with cheeks at the ends, fixed so that the dis-

tance between them was exactly 1ft. The tube was then

wrapped round evenly with No. 16 double cotton-covered

copper wire, and the ends firmly secured by twine. This gave
a magnetising coil (0 in the figure) 1ft. long and of 135 turns,

which was then placed on the table at 20 centimetres distance

from the magnetometer needle in the position shown, and held

there firmly by a wooden clamp.



FOR ELECTRICAL "STUDENTS. 207

The resistance R is made with German silver wire spirals

connected in series and fastened to a wooden frame. German
silver (an alloy of 2 parts copper, 1 part zinc, and 1 part

nickel) is chosen because less length of wire of a given thick-

ness is required than if copper or iron were used, owing to

the higher specific resistance (para. 29) of this alloy, which is

some 12 or 13 times that of copper. Less space is therefore

taken up by the coils. The bights between each spiral are

soldered to wires running to contact stops on the switch S.

When the switch lever rests on the extreme left hand contact

the circuit is disconnected, when on the second stop (as in

figure) the circuit is closed, and a current will flow from the

cells through all the resistance coils, the magnetising coil,

and galvanometer. The current may then be increased step

by step by moving the lever to the right. It is advisable to

make the spirals of very low resistance on the low-resistance

side (right side) of the switch, say of a quarter and half ohm,

owing to the fact that when the rest of the circuit is of low

resistance, very slight changes in the adjustable resistance

produce great variations in the current strength. The spirab
near this end of the switch should also be of thicker wire,

say No. 14 or 16 B.W.G., as they have to carry the heaviest

currents, while the rest may be of No. 18, and wound in spirals

of 1, 2, and 5 ohms. The best arrangement, where great
variation in resistance is required, is to have two separate

switches; for example, suppose the total variation in resist-

ance required was about 20 ohms. If one switch (A) of seven

contacts were connected to six coils, in the manner shown in

the figure, three coils being of five ohms each, and three of a

quarter ohm each, and another switch (B) of five contacts con-

nected to four coils, each of one ohm, the total resistance

would be 19f, and it could be reduced by one ohm at

a time down to four ohms, and below four by a quarter
ohm at a time by working the two switches. Supposing
all the resistance in to start, B would be reduced four

ohms by one ohm at a time first, and then its switch put back

so as to add the four ohms again ; then A would be moved
one stop, reducing five ohms, and then again B one ohm
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at a time, and so on. In a test of this kind, where we are

measuring the magnetisation of iron by gradual increments of

current, care must be taken that if the resistance is reduced

too much by mistake in one step, the reading on the magneto-
meter must be taken with this resistance in j it is no use to

increase it up to what was intended at first, as the increased

magnetisation of the iron due to the larger current is not

lost entirely on decreasing the current. The actual resistance

in ohms is not required to be known in this test, so that the

lower variations in resistance may be obtained very well by
two similar metallic plates of, say, a foot square, immersed in

slightly acidulated water, whose distance apart can be varied

to a maximum distance of about two feet.

We must now turn our attention to the galvanometer. At
the outset it will be noticed that in a test of this kind we are

varying the strength of the current within fairly wide limits.

In the test presently to be detailed, taken with the above

apparatus the current was a little over half an ampere to start

with, and was gradually increased to nearly 40 amperes. Now,
with wide variation in current the galvanometer must have

different degrees of sensitiveness in order to allow of reading
the deflections with the least chance of error. Suppose a large

current through the instrument gives a conveniently large

deflection, then if the instrument remained in the same state

of sensitiveness, as the current was reduced, the deflections

would get smaller and smaller till the very smallness of the

deflection would prevent accurate readings being taken, the

movement of the needle being very slight for given changes in

the current either at very low or high deflections from zero.

Now, if the sensitiveness of the instrument is increased n

times the deflections will be n times as large, and therefore

the feebler currents can be read with ease and accuracy. The
converse holds in the case before us. We are increasing the

current strengths, and therefore must decrease the sensitiveness

of the galvanometer as we proceed. We may do this in four

ways, viz. :

1. Shunting the galvanometer at intervals with shunts of

gradually decreasing resistance.
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2. Increasing the magnetic controlling field by bringing the

controlling magnet nearer the needle.

3. By using a galvanometer wound with four or five separate

coils, commencing with the fine wire coil of many turns, and

changing at intervals on to the thicker wire coils of decreasing

number of turns.

4. By gradually moving the needle and scale further from

the coil.

As we wish to measure the currents accurately, and are

working from a half to 40 amperes, the first method would be

impracticable. When the current increased towards its larger

values the shunts on the galvanometer would require to be so

low in resistance that they would be difficult of accurate

measurement, to say nothing of providing them of thick wire

or stout copper ribbon, so that their resistance should not

alter by heat; and to calculate the total current from the

deflection of a shunted galvanometer, we must, of course,

know accurately the resistance of the shunt (para. 95). As

regards the second method of shifting the controlling magnet,
the readings might first be taken without the magnet, and

when beyond the limit of accurate reading, say 50 degrees, the

magnet would be placed at a vertical height over the needle,

such that the deflection of 50 was halved (or if a tangent

galvanometer, a position found for the magnet, such that

the deflection was the angle whose tangent was half the

tangent of 50 degrees). The magnet would be kept in this

position until 50 degrees deflection was reached again, and

then lowered to a position in which the deflection of 50

was halved, and so on. For each re-adjustment, we should

know that the same strength of current gave half the de-

flection, and therefore we should multiply the deflections

(or their tangents) by 2, 4, 8, 16, 32, &c., for each consecu-

tive change. The galvanometer would have to be wound,

however, with wire thick enough to carry the strongest cur-

rent without dangerous heating, and therefore could not hold

many turns.
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The third method requires a specially-wound galvanometer,
If such an instrument is available it is very convenient to user

since the constants (para. 100) may all be determined before-

hand, once for all. The resistance of the coils is not taken

into account, the variation in sensitiveness, as regards current,

being effected only by the different number of turns. The-

reason why the coils of fewer turns are made of thick wire

is that they may carry the large currents sent through them
without heating sufficiently to cause injury to the insulation.

The last method can best be explained by describing Sir

William Thomson's graded galvanometer, the sensitiveness of

which can be varied in this way, and, in fact, was the instru-

ment used for the test we are now considering. We shall

give in our next chapter a detailed description of galvano-

meters, and, although it may be considered as deviating

widely from usual custom to digress from the main subject

in hand in this manner, it is hoped that the reader will

not find it altogether without interest to have instruments

explained at the time they are used.

132. Sir William Thomson's Graded Galvanometer. This

instrument (represented in elevation at G, Fig. 112, and in plan
in Fig. 113) has a wide range of sensitiveness, effected by varying
the distance between the coil and needle. The coil, shown at

B, is fixed in position and wound with six turns of copper

strip 1*2 centimetre wide and 1*5 millimetre thick, each turn

being insulated from its neighbour by winding on, side by side

with the copper strip, a ribbon of asbestos paper. The two

ends of the copper strip are brought out at T, side by side,

being kept apart by a wood strip about Jin. thick, gradually

tapered down towards the end, to admit of sliding on the

connecting clip A, from which two twisted leading wires con-

nect the coil to the rest of the circuit. The advantage of this

mode of connection is that the instrument may be introduced

into or withdrawn from a circuit without causing temporary

interruption. The quadrant-shaped box D, with glass cover,

contains the pivoted system of needles and pointer, and is

fitted with a mirror and tangentially divided scale. The instru-
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ment being tangential, the deflections on the scale are propor-

tional to the currents. There are four little magnets, two of

which are seen in the figure ; the other two are beneath these,

and the whole are fixed in an aluminum frame which is pro-

longed to form a looped pointer. The needle-box may be

moved to any position, the V groove cut in the platform

guiding it so that the needle is always in a line with the

FIG. 113.

centre of the coil. The two ends E and F of the controlling

magnet can be fitted into the side arms E and F of the needle-

box, so producing an additional controlling field on the needle

in the direction of the meridian, the value of which and the

date when measured are usually painted on the magnet. This

value cannot, however, be depended on in practice, unless the
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greatest care is taken to keep the magnet from getting knocked

or being placed within range of the influence of foreign mag-
netic fields, and it is therefore advisable to measure it before

or after use. A pin on the underside of the magnet at E fits

into a hole in the arm E, and the point of the magnet at F
fits in the grooved wheel carried by the adjustable screw at

;jhe end of the arm F, by means of which screw the magnet
may be accurately adjusted to the plane of the meridian.

The arm F also carries a spirit level. Fixed to the outside of

the quadrant, opposite the zero point of the scale, is a little

prolongation with a horizontal cut in it, the use of which is

to enable the observer to bring the needle-box exactly into a

given position of sensitiveness by observing that the cut and

the given mark on the platform coincide. In the figure this

is placed at position 32. At position 1, without the controlling

magnet, the needle is at such a distance from the coil that

the current producing one division deflection is exactly equal

numerically to the intensity of the earth's horizontal field H
at the place where the instrument is used, which, in London,
is -18 C.-G.-S. units that is,

Current = '18 ampere per division.

Hence, for D divisions,

Current = D -18 amperes.

Now, at positions 2, 4, 8, 16 and 32 the sensitiveness of the

instrument is increased twice, four, eight, sixteen and thirty-

two times respectively; that is, a current deflecting the

needle, say, 10 divisions at position 1 will deflect it 20

divisions at position 2, 40 divisions at position 4, and so

on. Or if we put currents through the instrument, to cause

equal deflections when the needle-box is at positions 1, 2,

and 4, these currents would be in the proportion of 4, 2

and 1 respectively. Hence the currents vary inversely as the

position P of the needle-box on the platform for a constant

deflection, and we may write

Current = '18 amperes.
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The field F produced at the centre of the needles by the con-

trolling magnet, when this is used, must be added to that of

the earth H, as the two fields are in the same direction. To
find this field it is necessary to pass a current through the

instrument, and note first the deflection without the magnet,
then notice how many times the deflection is reduced, say n

times, by adding the magnet. This is best done by having
the needle-box much nearer the coil when the magnet is on

;

for example, a constant current is kept on, and at position J,

without the magnet, the needle is deflected, say, 22-5 divisions;

the current is then
22*5

18- amperes.
5

Now, at position 32, with the magnet on, the needle is de-

flected, say, 30 divisions ; the current is then

18- amperes,

where n is the number of times the sensitiveness is reduced

by adding the magnet. The current being the same, the above

two expressions are equal, and

22-5 30?i- =-
,

whence n = 48.

The value of the resultant controlling field is then 48 or n

times H, and we have seen above that it is also equal to H + F,

where F is the field due to the magnet ;
therefore

= -18 x 47 = 8-46 C.-G.-S. units.

It is the value of F thus measured which is usually painted
on the magnet, together with the date when measured.

Now, it will be seen in the figure that the needle is not

within the coil at position 32 ; there is still a position of

higher sensitiveness, which does not usually fall in the same

geometrical series as the previous grades. Its value in some
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instruments is over 40. If we take it as 45, and suppose the

needle-box placed there, without the controlling magnet, we
should have

.1C -i

= - of an ampere per division.
40 ZoO

And, using the above magnet with the needle-box at position J,

we should have

'
' = 34-5 amperes per division.

*25

Between these two extremes, which include a very wide range,

any degree of sensitiveness may be obtained.

133. The Demagnetising Force set up bya Magnetised Rod.

A bar or rod which has been magnetised sets up by the action

of its own poles a reverse magnetising force that is, it tends

to demagnetise itself. To study this phenomenon we must

consider the quantity of lines of force issuing from a pole of

strength m (the action of the complementary pole being con-

sidered negligible). At a distance of r centimetres from the

given pole in all directions the magnetic field is equal to

^C.-G.-S. units
r2

(see paras. 108, 109, and 113) that is to say, the above

number of lines of force pierce every square centimetre of

surface of a sphere of radius r centimetres whose centre is the

pole m. But on the surface of such a sphere there are 4 TT r2

square centimetres area, through each of which, as we have

seen, pass the above number of lines of force. Therefore, the

total number of lines issuing from the pole m is equal to

4 TT r2 x = 4 TTm lines.
r2

(The Greek letter IT (pi) is always used as the ratio of the cir-

cumference of a circle to its diameter, which is 3*14159.)
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Now take an iron bar (Fig. 114) to which is applied a

certain magnetising force, the direction of which is indicated

by the straight arrows on each side of the bar. Suppose that

the iron acquires m C. G.-S. units strength of pole.

Lines of force will issue from the N pole and pass in curves

through the air to the S pole (para. 104) ; but these are not

all the lines issuing from the pole. They issue radially in all

directions, and therefore some pass through the metal to the

S pole. It is precisely these lines within the metal which

4/7m-T7

4 Tim

FIG. 114.

tend to demagnetise the bar. Say there are n demagnetising
lines running from N to S through the metal; we shall then

have 47T77i-n lines issuing from the N pole into the air,

Airm being the total number. Both the lines through the

air and the demagnetising lines through the metal form

closed circuits, and therefore at the S pole the two return

circuits of lines are in the same direction and run back

through the metal from S to N. These are respectively

4 TT m - n and n. Adding them together, because they are

in the same direction, the demagnetising lines are eliminated,

and we have 4 IT m as the number of lines through the metal



216 PRACTICAL NOTES

in the same direction as the magnetising force applied to the

bar. This phenomenon is all-important in magnetisation expe-
riments. We wrap a bar of iron round with a certain number
of turns of insulated wire, pass a known current through the

wire, and from these data can calculate exactly what number
of magnetising lines of force are produced by the coil, viz.,

,.
lines per square centimetre

(see para. 130). But as soon as the iron becomes magnetised,
the action of its own poles causes n demagnetising lines to pass

through the metal and weaken the above magnetising field.

Now if the sectional area of the bar is a square centimetres,.

the demagnetising lines are

- lines per square centimetre,
a

and therefore the resultant, or actual magnetising force H,,

acting on the bar is

? - ? lines per square centimetre.
I a

Without knowing the value of n, therefore, the magnetising
force cannot be exactly estimated. Now, in experiments to

determine the magnetic
"
susceptibility

" and "
permeability

"

of specimens of iron, it is essential to know the exact mag-

netising force applied, and this is practically accomplished by

reducing the demagnetising force to such a small relative

value that it can be neglected. Now, the demagnetising force

is greater in proportion as the poles are stronger and nearer to

each other, and in the case of bars we can only, with strict

theoretical exactness, get rid of its effect by using rods of

infinite length. Practically, however, by using rods whose

length is many times their diameter, the demagnetising effect

may be neglected. Prof. J. A. Ewing, of University College,

Dundee, who is a high authority on the electro-magnetisation

of iron, says in his Paper, entitled "Kesearches in Magnetism"
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(Phil. Trans., 1885) : "My own observations show that it

is only when the length of the rod (if of iron) is about 300

or 400 times its diameter that the effect of length becomes

insensible."

The same authority also states that the demagnetising force

due to the ends is unequal along the bar, being much greater

at the ends. The demagnetising effect is entirely got rid of

if the iron is employed in the form of a ring, since, in this

form, there is a complete magnetic circuit, and therefore no

poles. The intensity of magnetisation can be found indirectly

this way from the value of the magnetic induction B, and the

magnetising force H
;
but what we are considering now is the

direct measurement of the magnetisation by the action of the

poles on the magnetometer.

We shall select two instances from a number of experiments
to illustrate the difference between these conditions. Take,
first a short, thick iron rod, in which there is considerable

demagnetising effect. "\Vhen the demagnetising action of the

poles is got rid of by employing either very thin iron wires

or iron rings, the condition is technically spoken of as that of
" endlessness."

134. Electro-Magnetisation of Short Iron Rod. The neces-

sary apparatus having been explained, we shall detail the

method of taking observations, to show the gradual magnetisa-
tion of a short iron core placed within a coil of wire through
which definite currents are passed. Referring to the apparatus,
as arranged in Fig. 112, the magnetometer and galvanometer
must first be levelled and adjusted in 'position till their re-

spective pointers coincide with the zero marks on the scales.

If the controlling magnet is employed with the graded gal-

vanometer described in para. 132, it must first be removed

several feet away while the instrument is being levelled and

adjusted to zero. The latter is effected by turning the instru-

ment round until the pointer is at zero, and the levelling is

effected by the two screws seen in the figures. The controlling

magnet is then placed in position, and if not in the plane of

the meridian will deflect the pointer a little away from zero.
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To rectify this the adjustable screw on the arm F of the Deedle

box is turned until the pointer is restored thereto. By a

measurement, taken immediately before the readings, the con-

trolling magnet used was found to reduce the sensitiveness

twenty-one times (n). Its field at the needle was therefore

(para. 132)

H (n
-

1)
= -18 x 20 = 3-6 C.-G.-S. units.

The first thing to be done is to put two or three different

strengths of current through the coil alone, and read the cor-

responding deflections on the two instruments. From these

observations, when plotted on squared paper, it can be seen

what must be deducted from the readings taken with coil and

core together to give the true magnetic effect of the core.

Having done this, the current is switched off and the core

inserted into the coil.

The core used in this experiment was a cylindrical rod of

unannealed iron, 10 centimetres long and 4 -3 millimetres

diameter. Its sectional area was therefore

= -7854 x -432 - -1452 square centimetres,
4

&nd its volume = -1452 x 10 = 1-452 cubic centimetres.

The length of the core being only some 23 times its dia-

meter, there was considerable demagnetising effect. The core

being shorter than the coil, care was taken by measurement

to push it into an exactly central position in the coil. The

latter being held down by a clamp this operation could not

shift its position.

Now it is important to notice at this point whether the

magnetometer is deflected ;
if it is, the core has some traces of

magnetism which should be removed before commencing the

test. This may be done by heating it and then allowing it to

cool while lying horizontally in an east and west direction ;
or

a few light taps at the end while held in the same position will

generally suffice.

The resistance switch is now turned so as to put the greatest

amount of resistance in circuit, and the current is then put on.
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Both magnetometer and galvanometer deflections must now be

read as each successive reduction is made in the resistance, and

the same jotted down in two vertical columns. Some of the

readings are here appended, the galvanometer deflections being

divided into columns corresponding to the position of the

needle-box on the platform when the respective readings were

taken.

Magneto-
meter

Deflections.
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each representing 1,000 ampere-turns, and the above values

marked off accordingly. On the vertical ordinate it is more

convenient to plot the magnetometer deflections first, which

are proportional to the field produced by coil and core together,

as we have to subtract the effect of the coil before we can

estimate the magnetisation of the core, and this is most readily

done by plotting the deflections. This gives a straight line

FIG. 115.

for the coil alone, and a regular curve (shown dotted) for the

variation in external magnetic field of the coil and core

together. Taking now a point on the horizontal ordinate for

any given number of ampere-turns, the height of the vertical

line from this point to the straight line of the coil must be

subtracted from the height of the vertical line from the point

to the dotted curve
;

this gives one point on a new curve

which represents the effect of the core alone. This operation
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having been repeated for several points on the base line, we

get a corresponding number of points on the new curve, which

may then be connected by a line, giving the curve shown. By
inspection of this curve we can see what deflection the mag-
netometer would have indicated had it been acted upon by the

core alone. Calling this angle of deflection a, the tangent of

which, as before explained, is equal to the deflection divided

by 100, we may find the intensity of magnetisation of the core

corresponding to any given point in the curve by

,
moment r5 H tan a r r Q .,

1
= = L.-tr.-b. units.
volume 1-452

Now r H = (20
2 + 52

)^ x -18 = 1577,

and 1511 = 1086.
1-452

Therefor^ I
= 1086 tan a.

Take the highest point in the curve ;
the deflection is 112,

and therefore

I
= 1086 x 1-12 = 1217 C.-G.-S. units.

Values of I can be worked out in this way for any other point
n the curve. It should be noticed, however, that the shape

of the magnetisation curve is the same whether we plot strength
of pole, moment, intensity of magnetisation, or deflections on

magnetometer due to core, since all these quantities are propor-
tional to one another. Similarly, the curve will be the same

whether the magnetising force is plotted in ampere-turns or

C.-G.-S. units.

The foregoing example is detailed with the view of furnish-

ing the student with material sufficient to guide him in obser-

vations and calculations of his own. Experiments made on

however small a scale, the results of which are reduced to

known units of measurement, are the best means of acquiring
a clear conception of terms and their relative values. Near

the higher rar: of the curve, although the readings were taken
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as rapidly as possible, the current perceptibly warmed" the coil

and core, and this may have prevented the iron acquiring a

higher magnetisation. The fact of coils becoming heated when

large currents are used is a bar to obtaining more than a few

hundred C.-G.-S. units of magnetising force this way. We
have previously shown (para. 130) that the magnetising field

in C.-G.-S. units produced in the interior of a long narrow coil

is equal to

ampere-turns x
length of coil (centimetres)

and therefore, in the case before us, in which the coil is 1ft.

(30*4:8 centimetres) long, the magnetising force per 1,000

ampere-turns is

= 41 -24 C.-G.-S. units;
30-48

and, therefore, for, say, 6,000 ampere-turns, which is about

200 ampere-turns per centimetre length of coil, and not far

from the maximum exciting power possible to use with one

layer of wire, we obtain a magnetising force of only 41-24 x 6, or

about 250 lines of force per square centimetre in the coil. If

the number of layers of wire is increased, the current put

through cannot be as strong as through a single layer, since

the radiation of heat is slower, and a limit of exciting power
is soon reached probably not much above 300 ampere-turns

per centimetre length of coil. This prevents the investiga-

tion by the magnetising coil method of the direction taken

by the magnetisation curve under very high magnetising
forces that is to say, whether it ever reaches a maximum

height beyond which no additional force will increase it, and

if this condition of things (which means absolute saturation

of magnetism) does take place, whether the curve continues

horizontal or shows an inclination to descend. If these

points, which are of the greatest interest, are to be deter-

mined, recourse must be had to some other method of mag-

netising the iron, by which powerful fields can be brought to

bear upon it.
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Immediately on reaching the highest current considered

safe for the insulation, the resistance was increased again, step

by step, and readings taken on both instruments as before.

This gave the descending curve of magnetisation which fol-

lowed pretty closely the shape of the ascending curve, but

at some distance higher from it. The residual magnetism in

the core was calculated by the above formula from the mag-
netometer deflection after the current was switched off. This

deflection being 10, the residual magnetisation was

I
= 1086 x -1 = 108 C.-G.-S. units.

This is only 9 per cent, of the total magnetisation acquired,

and is due to the demagnetising effect of the core on itself,

already spoken of.

In order to prove that the magnetometer has worked all right

during the set of readings taken, as soon as the residual mag-
netism has been measured the core should be withdrawn from

the coil and placed at a distance, upon which the needle of

the magnometer should return accurately to zero. We shall

next consider the magnetisation of a wire of annealed iron,

of sufficient length to render the demagnetising effect inap-

preciable.

135. Electro-Magnetisation of Annealed Iron Wire. In

order to observe the magnetisation of a piece of iron when
there is practically no demagnetising effect from its own poles,

it has been stated that a rod or wire must be selected whose

length is at least 300 times its diameter. Now, if the magnetic
moment is measured by either of the two methods of Gauss

already detailed (para. 125), the iron wire tested must be very
small in diameter, as it is not convenient to test a very long
wire by these methods. And the strength of pole developed in

a wire of small diameter is necessarily very small even when
the iron has acquired a high magnetisation, in consequence of

which the magnetometer can only be deflected to very small

angles. With a light mirror attached to the needle, the

amplitude of the deflections can be considerably increased by
a ray of light reflected from the mirror on to a screen, and
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In this manner very small movements of the needle can be

accurately observed. We are here, however, employing a mag-
netometer without a miiTor attachment, and it is therefore

advisable to arrange matters so that the needle is deflected to a

considerable angle, say to 50 deg. or 60 deg., when the iron is

near its highest magnetisation. The intermediate deflections can

then be read with ease and accuracy. This may be effected

conveniently by using a long core and placing it vertically, as

shown at C (Fig. 116). As large a diameter as No. 11 B.W.G.

FIG. 116.

iron wire may be used for a core 3ft. long, and yet be over the

necessary ratio of length to diameter. This gives sufficient

sectional area of iron to develop, at high magnetisations,

enough strength of pole to strongly deflect the needle, the

top end of the core being within 20 centimetres from the

needle. In this diagram, C is the magnetising coil wound

round a brass tube, and fixed vertically by passing it

through a hole in the table. The iron wire core of the

same length as the tube should slip easily into it, and the

upper end of the latter be fixed a little above the level
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of the magnetometer needle, in order that the pole, which,

is formed at a little distance from the end, may act more

nearly in a horizontal line with the needle. It has been pointed

out by Sir William Thomson (in Papers on Electricity and

Magnetism, p. 512) that as the iron becomes more magnetised
the poles move up more towards the ends, but are always
some slight distance off, in long thin cores, even when most

strongly magnetised. It is the position of the poles and the

variation of field along the length of a magnetised bar that

FIG. 117.

constitutes what is known as "
magnetic distribution." With

the magnetising coil vertical the changes in distribution or

position of the poles during magnetisation produce minimum
effect on the results. The upper pole now acts powerfully on

the needle, and with a long core the action of the lower pole
is very feeble. If we neglect the action of the lower pole, the

intensity of field at the needle, placed r centimetres away
from the upper pole, is

- C.-G.-S. units,
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where m is the strength of pole (see paras. 108 and 109). But

where accuracy is required the action of the lower pole must

be taken into account. Taking the point p (Fig. 117) as the

centre of the magnetometer needle and SN as the magnetised

core, it will be seen that the lower pole (R centimetres from p)
would repel a unit north pole at p with a force of

dynes. ',,' '^',^^
But this force is in an oblique direction, and the needle moving
in a horizontal plane is only influenced by horizontal forces.

It is therefore only the horizontal component of the above force

that we have to deal with. Resolving by the parallelogram of

forces we have by similar triangles

horizontal component : ^- 1 1 r I R,R

whence the horizontal force =^ dynes.

The resultant force / at the needle is then given by the

difference between the forces due to each pole, viz. :

Now, the force in dynes on unit pole at a point is the same

thing as the intensity of field at that point, and, therefore, the

above value of/ represents the strength of field at the needle

centre due to both poles of the core. This field also acts on

the needle at right angles to the earth's horizontal field H, and

therefore (by para. 119)

/=H tana,

where a is the angular deflection of needle. Glancing at the

figure it will be noticed that the end of the magnetometer

needle is viewed, the earth's meridian being supposed to be at

right angles to the plane of the paper, and the magnetising,

coil C being placed east or west of the needle.
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Equating the above values of /, and reducing by simple

algebra, we have

_ Htanar2

7/t'

which gives the strength of each pole in C.-G.-S. units, and

from which the magnetisation may be calculated by

|=^L C.-G.-S. units,
a

where a is the sectional area of the core in square centimetres.

The cubed fraction in the denominator is the ratio of the

distances of the poles of the core from the needle, and this frac-

tion is small when the core is long and placed near to the

needle. If the cube of this fraction is very small and is neg-

lected it will be seen that the formula represents the action of

the upper pole alone.

The manner of taking the test is precisely the same as that

already detailed for the short iron rod. In the figure the

adjustable resistance is shown conventionally, its practical form

having already been detailed in para. 131 and Fig. 112.

The following practical example may serve as a guide to work

by : A brass tube of three millimetres bore and 90 centimetres

long was first served round with an insulating covering of brown

paper and then wrapped round carefully with No. 18 silk-covered

copper wire. This took 657 turns of wire hi all, or 7*3 turns

per centimetre. Melted paraffin wax was brushed over the

coil, and laid on quite hot so as to allow it time to soak well

into the silk before solidifying. The current was obtained

from a maximum number of 12 secondary cells through two

adjustable resistances, one of German silver wire (Fig. 11 2) and

the other of water, the latter being for the smaller alterations in

resistance. Measurements of the current strength were taken

on a Thomson-graded galvanometer G (Fig. 116), the manner of

using which has been described. The controlling magnet was

not used hi any of the readings, and therefore the current was

found by
*18 amperes,

Q 2



228 PRACTICAL NOTES

where D is the deflection and P the position of the needle-box

(para. 132). A curve was then plotted on squared paper from

the readings in the same manner as described for the last curve,

the vertical ordinates being magnetometer deflections and the

horizontal ordinates the magnetising forces, calculated in

ampere-turns per foot. The reason of this is that the last

curve (Fig. 115) was plotted from readings taken with a mag-

netising coil one foot long, and therefore the magnetising forces

in ampere-turns expressed on that curve are actually ampere-
turns per foot. Now we wish to compare the rates of magneti-
sation of the two cores under test for a given series of magnetis-

ing forces, and therefore to be able to compare the two curves

together we plot the magnetising forces exerted on the core at

present under consideration in the same units as those em-

ployed on the previous core (para. 134), viz., ampere-turns per
foot. We have already noted (para. 130) that the magnetising
fore in C.-G.-S. units is equivalent to

ampere-turns '-
length of coil (centimetres)

that is, the number of ampere-turns per centimetre multiplied

by 1*257, from which it may be noticed that magnetising forces

are proportional to the number of current-turns per unit of

length. When comparing two or more coils of the same length

the strength of field set up by them or their magnetising forces

are proportional simply to their respective number of ampere-

turns, but when dealing with coils of different lengths the

simple statement of the number of ampere-turns on each offers no

basis of comparison between them ; we must know the number

of ampere-turns for a certain definite length of coil in each.

(We are referring to cylindrically-wound coils, as generally used

for electro-magnets, not ring-shape coils, as in galvanometers.)

For example, take two coils, each wound with one layer of wire

of similar size and around bobbins of similar diameter ;
one

bobbin being twice the length of the other. If the same cur-

rent is passed through both, the number of ampere-turns in the

former is twice that in the latter, and the length of wire wound

on is also twice as much, but the magnetic field developed by
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each, or their respective magnetising forces, are equal, for

we have the same number of ampere-turns per unit of

length in each. Again, take two coils, each wound with one

layer of wire of similar size and around bobbins of similar

length ;
one bobbin being twice the diameter of the other. If

the same current is passed through both, the number of ampere-

turns per unit of length is the same in each, and therefore the

magnetic field developed by each is the same, although the

length of wire wound on the former is twice that on the latter.

And, further, if we take two exactly similar bobbins and wind

any size wire on each, the magnetic fields developed are pro-

portional to the number of ampere-turns on each ;
and if the

current is the same in both, the fields are proportional simply

to the number of turns or to the length of wire wound on each

The remarks in para. 128 allude to this latter and more simple

case.

We may put these facts very concisely in algebraical form

by saying the magnetising force produced by a coil is propor-

tional to

-, total wire length
Current x SL.

;

coil diameter x coil length

or the same law may be expressed in C.-G.-S. units by deri-

vation from that already given in para. 130, viz. :

Magnetising force ampere-turns

in C.-G.-S. units "coil length (centimetres)

where the constant 1*257 is the ratio
^,

as explained in

that paragraph. For, the number of turns in any coil is equal

to the total length of wire, divided by the mean length per

turn, and the mean length per turn is equal to the mean dia-

meter of the coil multiplied by TT (3-1416).

Therefore, cancelling out the constant TT, we may write the

above in the form

Magnetising force _ .
total wire length _4

in C.-G.-S. units
= x

coil length x coil diameter 10'

all measurements of length being in centimetres. From this



230 PRACTICAL NOTES

it is clear that it is only when the denominator of the expres-

sion that is, the mean surface of different size cylindrical coils

is the same that we can compare the strengths of field pro-

duced by each by the product of the current and the length of

wire, in other words, by the number of ampere-feet on each.

To return, however, to the magnetisation test. The number

of turns per foot was 222*5, and the magnetising force was,

therefore,

Amperes x 222*5,

= 18 x222*5 ampere-turns per foot.

Reducing all galvanometer deflections (D) to position 32

(P = 32), as in the last example, and multiplying up, we have

Ampere-turns per foot= \\ D

all that was necessary, therefore, was to add on to each deflec-

tion (reduced to 32) one-quarter of its value. These results

give the magnetising forces in ampere-turns per foot, due to

the current in the coil
;
but we have an additional magnetising

force constantly acting on the core, which must be taken ac-

count of. The core, being vertical, is acted upon by the vertical

component of the earth's field. Taking the Kew Observatory
data given in para. 110, and calculating out the value of the

above, we have

.Earth's vertical field = H x tangent of angle of dip.

The angle of dip or inclination is 67 37', and its tangent
^ 2-4282. Therefore

'

Vertical field = -1810 x 24282 = -4394 C.-G.-S. units.

This must be expressed in ampere-turns per foot, in order to

add it to the magnetising forces due to the coil. We can do

this from the expression
- Field in C.-G.-S. units = 1 -257 x ampere-turns per centimetre.

Now, 1 foot = 30 -48 centimetres, and therefore the number of

ampere-turns per centimetre is equal to

Ampere-turns per foot

30-48
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"Substituting this value, and dividing out, we have

Ampere-turns per foot = field in C.-G.-S. units x 24J.

The vertical force of the earth is, therefore, in this lati-

tude, equal to a magnetising force of

4394 x 24J = 10-66 ampere-turns per foot,

and is added to the magnetising forces set up by the coil to

give the total magnetising force. We say added, because the
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current was purposely passed round the coil in the direction to

-cause the lower end of the core to become a north pole, and

the earth's vertical force has the same effect. Had the current

been in the other direction, the earth's force would have been

subtracted. The usual method of dealing with this force is to

neutralise it by winding another coil outside the first coil. This

extra coil is usually of fine wire, and a current is passed through
it just sufficient to set up a field exactly equal and opposite to
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that of the earth, and this current is kept on continuously

during the magnetisation test, neutralising the vertical field.

The iron core, which was mechanically very soft and care-

fully annealed, was 90 centimetres long and 2*6 millimetres

diameter. The length was, therefore, 346 times the diameter,

and over Prof. Ewing's minimum limit for negligible demag-

netising effect. In consequence of this it will be noticed that

the rise in magnetisation is much more rapid at the commence-

ment of the curve (Fig. 118) than with the former short iron*

core. The vertical ordinates of the two curves do not allow of

comparison, since the cores are of different dimensions. This

comparison must be made by the intensity of magnetisation,

which can be calculated by the formula stated above. We
must first find the value of m.

The distance (r) of the upper pole from the needle was 20

centimetres, and the length (I) of core being known (90 centi-

metres), the distance (R) of the lower pole can be found by

R being the hypothenuse of a right-angle triangle, of which r
and I are the two other sides (" Euclid," I., 47). Working out

these values we get for the denominator of the above expres-

sion '9898, and for the numerator 72 tan a. We have, there-

fore, m= 72*73 tan a.

Now the sectional area of core is equal to

= -7854 x (-26)2
= -053 sq. cms.,

and therefore the intensity of magnetisation is equal to

m 72-73 tan a .. ,-A +

a 53
1 >370tana'

We can now find the magnetisation at any given point on

the curve. Take the highest point, viz., 97 divisions :

I
= 1,370 x -97 = 1,329 C.-G.-S. units.

On switching off the current the magnetometer remained steady
at 45 divisions ; hence the residual magnetisation was

1,370 x -45 = 616 C.-G.-S. units,
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or 46 per cent, of the maximum magnetisation acquired. When-

the current is suddenly interrupted in this manner the residual

magnetism is not so great as when the current is gradually

reduced to zero. In soft annealed iron wires, whose relation

between length and diameter was similar to the above, ProL

Ewing found the residual magnetism some 85 per cent, of the

maximum ;
and as much as 90 and 93 per cent, in other speci-

mens of soft iron (" Researches in Magnetism," Phil. Trans.r

1885).

136. Comparison of Magnetisation Curves. The two curves

obtained have been plotted with magnetometer deflections a*

ordinates, but they cannot be compared by these deflections, a

they were taken by different methods and with cores of different

sectional area. We shall now compare them by plotting them

with the intensities of magnetisation as ordinates, and at the-

same time express the magnetising force in C.-G.-S. units

instead of ampere-turns per foot. For every 1,000 ampere-
turns per foot we have 41-24 C.-G.-S. units (para. 134), and by

inspection of each curve we find the magnetometer reading

(tan a) corresponding to each 1,000 ampere-turns per foot and

intermediate points. The intensity of magnetisation is derived

from the magnetometer reading by

1 = 1086 tana

in the first curve (para. 134), and by

I = 1370 tan a

in the latter.

For example, in the latter curve we find by inspection that

for 1,000 ampere-turns per foot (equal to 41-24 C.-G.-S. units)
the deflection is 92, and therefore the magnetisation is 1370 x -92

= 1260 C.-G.-S. units. Similarly, for 400 ampere-turns per foot

(equal to 16 -5 C.-G.-S. units) the deflection is 80 and the mag-
netisation 1 370 x -8 = 1096 C.-G.-S. units. Taking several points

this way, and plotting them as in Fig. 119, we are able to

observe the relative magnetisation of the two cores. The main

points of comparison are the relative magnetisations acquired
under any given magnetising force and the magnetic

" reten-
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tiveness
"
of each core. It should "be borne in mind that the

top curve is that taken with a core whose dimensions satisfy

the condition of "
endlessness," and is a soft annealed wire,

while the lower curve is that from a short iron rod of soft iron,

but unannealed. The marked difference in the rise of the two

curves is partly due to the slightly different nature of the iron,

but chiefly due to the dimensions of the cores. This is very

clearly shown by Prof. Ewing (to whose results the above are

similar) in his experiments. He cut from the same piece of iron

wire (of 1*58 millimetre diameter) different lengths, whose

ratios of length to diameter varied from 50 to 300. The

demagnetising effect and slow magnetisation were, therefore,

proved to be due to the ends in short lengths.

30 60 .90 120 150 iflO

In the above there was practically no demagnetising effect

-set up by the poles of the long wire core, and hence the full

magnetising force of the coil could take effect upon it. With

the short rod core, however, the poles caused a considerable

reverse field of force, through the metal (para. 133) neutralis-

ing part of the field of the magnetising coil, and preventing the

iron from becoming magnetised. This accounts for the very
little residual magnetism left, being only about 9 per cent, of

the maximum, for, when the current in the coil was reduced to

zero the poles of the core exerted their reverse field, tending to

neutralise the magnetism acquired. On the other hand, with
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-the long wire core the poles could exert no demagnetising effect,

and hence the iron, though softer, retained a much greater per-

centage of magnetism. These facts indicate clearly that mag-
netisation and residual magnetism depend as much on the

shape as on the kind of iron. While it is always best to use

soft iron to obtain the highest magnetisation for a given mag-

netising force, it is advisable in the construction of electro-

magnets where the residual magnetism is to be minimised to

make the core short and thick rather than long and thin. The

cores of electro-magnets of fast-speed telegraph instruments
:have of late years been constructed more of the "

squat
"
shape,

this having been found to allow of more rapid signalling than

the original tall, thin cores.

137. Magnetic Susceptibility. As Science moves onward she

draws in her train an ever-increasing number of newly-coined or

adopted words and names, to each of which she assigns a definite

rdle that of representing with rigid exactness some new idea or

phenomenon, or perhaps of being the more concise representa-

tive of some already known but hitherto undefined property of

matter. Perhaps in no paths of discovery has she so far per-

petuated in this manner the names of those who have worked

laboriously in her cause as in electrical and allied researches,

in which such famous names as Volta, Ampere, Ohm, Coulomb,

Faraday, Joule, and Watt are constantly in use by those

who are engaged in developing the many practical appli-

cations turning on their discoveries. It sometimes happens
that Science presses into her service words which have been

more or less in the familiar use of common parlance. When,

however, such words are "told off" to serve her, she requires

that, whatever variety of garb they may choose to wear in

their capacity as civilians, one distinctive uniform only must be

worn when they are enlisted in her corps and on duty in her

service. In other words, Science requires that definite ideas

-.shall be represented by special terms set apart exclusively for

their use. As instances, we might cite such words as force,

strength, mass, intensity, power, work, energy, capacity, <fcc.,

which all have considerable flexibility of meaning in ordinary
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use, but only one distinctive meaning in their scientific

application.

The word "susceptibility," which we are about to consider,

has been told off to express a state or condition of iron in

which it is more or less
"
susceptible

"
of becoming magnetised

under the action of electro-magnetic force. In the familiar use

of the word we speak of "
susceptibility to pain,"

"
suscept-

ible of impressions,"
"
susceptible to charms," &c.; and, turning

to see what Johnson says, we find he quotes a sentence-

from " Wotton "
to illustrate its meaning as follows :

" He
moulded him platonically to his own idea, delighting first in

the choice of materials, because he found him susceptible

of good form." A noted judge, prominent in electrical

litigation, is reported to have said on one occasion, "No
doubt the words used are susceptible of two constructions."

Put into the simplest language, we may say that great or

little susceptibility conveys the idea of the ease or difficulty
with which an acting cause produces a corresponding effect.

When the subject operated upon possesses great susceptibility
a given acting cause can produce a great effect, but when it

has little susceptibility the same acting cause can produce but

little effect. The subject operated upon in our present case ia

iron, the acting cause magnetising force, and the effect the mag-
netisation produced. Iron is said to have a greater maximum

magnetic susceptibilitythan steel, because under a given magnetis-

ing force it acquires a higher intensity of magnetisation. Also,

the magnetic susceptibility of iron or steel varies according to

the state of magnetisation. On applying a gradually-increasing

magnetising force to iron its susceptibility is at first small,

then increases very rapidly to a maximum, and then falls again
almost to zero. This may be noticed in the curves already
worked out.

We may now define magnetic susceptibility (usually denoted

by the Greek letter K) as the ratio between I, the inten-

sity of magnetisation acquired, and H, the acting magnetising

force, and write it
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For example, taking the higher curve in the last figure it

will be noticed that for a magnetising force of 10 C.-G.-S. units the

magnetisation acquired is 800, and therefore the susceptibility

is 80. This is at the steepest part of the curve, and is there-

fore the maximum susceptibility in this specimen. As the iron

becomes practically "saturated" at the sharp bend of the curve

1200
the susceptibility is reduced to - - = 40, and at the highest

oU

magnetising force employed (170 C.-G.-S. units) it becomes very

small, viz., 1??2 = 8 nearly.

Prof. Ewing found the susceptibility of a specimen of very
soft iron to reach up to 280, and when mechanical vibrations

were applied to the same specimen while under the magnetising
force its susceptibility increased to as high a value as 1,600.

One important point must be noted. Any piece of iron, the

susceptibility of which is to be determined, must comply in

dimensions with the condition of
" endlessness

"
spoken of in

para. 133, otherwise the exact magnetising force brought to

bear upon it cannot be computed. For instance, from the lower

curve in the last figure the susceptibility of that specimen of

iron cannot be derived, because the dimensions of the core are

such that a demagnetising force of unknown value is acting on

it in addition to the force due to the coil.

138. Further Developments of the Subject. Before leaving
this subject we shall indicate in what direction the student may
experiment with advantage. Besides the acquaintance he will

gain with the subject by trying cores of various specimens of

iron and steel of different dimensions, he should carry the mag-
netisation of some specimens through a complete phase or cycle ;

that is, starting by increasing the current from zero, the ordi-

nary curve of magnetisation rises from (Fig. 120). After

carrying this on until the core is fairly saturated, the current

is gradually reduced to zero. The curve, as we have seen, will

not return to the point of origin by reason of the residual

magnetism A. The current in the magnetising coil is then

reversed, and precisely the same operation repeated viz.,
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gradual increase of current to fair saturation, and then decrease

to zero. This brings us to the point B, the residual magnetism

being B. Now the current is reversed again, and gradually
increased until the highest point in the curve is again reached.

The core has then been led through a complete cycle of magneti-
sation. The valuable suggestion made by Mr. Sidney Evershed

(The Electrician, Nov. 9, 1888) for eliminating the effect of the

magnetising coil on the magnetometer, simultaneously with the-

test, by winding a few turns of the said coil backwards round

the magnetometer needle at such a distance as to just neutralise

its own effect, should also be taken advantage of. This would

allow of seeing at once by the magnetometer deflections when-

the core approached saturation, and also save the time of

plotting two curves.

The core having been led through a cycle of magnetisation in

the manner indicated, we have a completely closed curve, the area

enclosed by which is proportional to the amount of work spent

per unit volume of iron in conducting it through the cycle.
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It is evident that the cause of the cyclic curve being of this

general shape and enclosing an area is due to the fact that the

descending curve does not coincide with the ascending curve,,

and this latter fact is due to residual magnetism of the iron.

In other words, the magnetisation of the iron follows at a dis-

tance or "lags behind" the magnetising force acting on it.

Prof. Ewing, in a set of exhaustive experiments on this pro-

perty of iron, carried out some five or six years ago at the

Physical Laboratory of the University of Tokio, Japan, calls-

the phenomenon "Hysteresis" from VO-TC/^'W, to lag behind,

and defines it as "the lagging behind of changes in mag-
netic intensity to changes in magnetising force

"
(" Researches

in Magnetism," Phil. Trans., 1885). In the same Paper we find

the pregnant remark,
" The existence of residual magnetism,

when the field is reduced to zero, is, in fact, only one case of an

action which occurs whenever the field is varied in any way,

viz., a tendency to persistence of previous magnetic state."

In all electro-magnetic apparatus where the magnetising
force is alternating in direction, or where an iron mass moves

periodically through alternate fields, the iron undergoes this

cyclic change, and we have the phenomenon of hysteresis. In

dynamo and motor armatures, and in the cores of " transformers "

or " converters
" used in distributing electrical energy by the

alternate current system, the loss of energy by hysteresis is an

important point affecting more or less their working efficiency.

The dissipated energy due to this cause takes the form of heat,,

resulting in a rise of temperature in the iron. In the earlier

forms of " transformers
"

the iron cores became perfectly hot

from this cause, showing the necessity for working with a

weaker field through the iron.

Mr. Gisbert Kapp, in his Paper on "Alternate-Current

Transformers," before the Society of Telegraph-Engineers
and Electricians (The Electrician, February 10th, 1888), in.

describing the experiments conducted by himself and Mr.

W. H. Snell in the design of their well-known transformer,

observes that, owing to the rise of temperature of the iron due

to hysteresis, the "induction" through the iron had to be

reduced to somewhat less than 10,000 C.-G.-S. units (see paras.
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139 and 140), which may be considered as about one-third the

maximum induction at which it is practically possible to work

-dynamo armatures constructed of the softest wrought iron. It

is not within the scope of the present work to treat of the above-

mentioned machines ; the student who is pursuing the subject

should, however, consult the works already referred to, in addi-

tion to which he will find the subject very clearly treated in a

"Note on Magnetic Hysteresis," by Dr. J. A. Fleming (The

Electrician, September 14, 1888). In furtherance of the sub-

ject of magnetic susceptibility, a Paper by Mr. R. Shida (Proc.

Royal Soc., 1883), and one by Mr. A. Tanakadat6 on the
" Mean Intensity of Magnetism of Soft Iron Bars of Various

Lengths in a Uniform Magnetic Field," read before Section A
of the Bath meeting of the British Association (The Electrician,

November 2, 1888), will be found valuable sources of infor-

mation.

139. Electro-Magnetic Induction. We shall conclude this

section with a consideration of electro-magnetic induction and

magnetic permeability, both of which are closely allied to the

foregoing subject of magnetisation, and in such constant use in

descriptions of, and discussions on, electro-magnetic appliances

as to make it important for the student to have a clear concep-

tion of their meanings. At the same time, consistently with

making the subject intelligible, we shall dwell on it as briefly

as possible.

At the outset, the relation which "magnetic induction"

bears to "
intensity of magnetisation

"
should be clearly under-

stood. We may state this concisely by saying that intensity

of magnetisation is proportional simply to the number of lines

of force per unit area passing through the iron due to its own

acquired magnetism, while magnetic induction is proportional to

the number of lines per unit area passing through the iron, due

to its own acquired magnetism, plus those due to the magnetising

Held. The latter is the more practically useful means of

measurement, since, in practice, we necessarily concern ourselves

\vith the combined magnetic effect of the magnetised iron and

the electro-magnetic field causing its magnetisation. Recalling
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what was said in para. 133, it will be remembered that through

the mass of any piece of iron which has been magnetised to a

strength of pole equal to m C.-G.-S. units, and whose dimensions

satisfy the condition of "
endlessness," there are 4 TT m lines

running from pole to pole (south to north). The condition of

" endlessness" ensures the absence of any demagnetising lines

(running from north to south, or in a contrary direction

through the metal) which would make the actual number of

lines through such a piece of magnetised iron less than 4 ir m.

Such being the case, we have in a piece of iron of a

square centimetres (uniform) cross-section lines per square
a

centimetre passing through its mass and due to its own

acquired magnetism. Now, the intensity of magnetisation (I) is

found by
I
m

I ,

a

putting which value in the above we find that

4 TT I
= lines per sq. cm. due to acquired magnetism;

and, therefore;

I
= lines per sq. cm. due to acquired magnetism x

477

This proves the statement made above, that the inten-

sity of magnetisation is proportional to the lines of force

per square centimetre through the iron, due alone to the

magnetism acquired. The same fact will have been noticed in

the practical examples already detailed, in which the mag-
netising force of the coil was subtracted from the combined

magnetic effect of the coil and core together before calculating
the intensity of magnetisation. Similarly, we have seen that

the strength of a permanent magnet may be expressed in units

of intensity of magnetisation, since the term only involves

the lines of force due to its own magnetism, or the strength of

pole of the magnet itself; but the same cannot be expressed in

units of magnetic induction, since this term implies the

E
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presence of a magnetising force, and must include the value of

the same.

Now, to understand the precise meaning of magnetic induc-

tion, let us take a simple cylindrical coil of wire as at H
(Fig. 121). On passing a known current through it, a magnetic

field of a definite intensity is set up in its interior. We have-

FIG. 121.

then a magnetising coil that is, one capable of magnetising

any magnetic metal placed within it. We have shown that

the field intensity in the coil, or, what is the same thing, the

lines per square centimetre, can be easily calculated. Suppose
there are H lines per square centimetre through the coil. Now,
on putting an iron core inside, as at B, we find that the

intensity of field becomes very much stronger than before ; in-
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fact, the presence of iron in the coil has enormously in-

creased the number of lines. Now, what is termed "
magnetic

induction," or sometimes simply "induction," and denoted by
the letter B, is the strength of field which exists when the iron

is put in that is, the number of lines per square centimetre.

It must be remembered, however, that the part of this field B
which we called H existed before the iron was put in, and there-

fore B - H lines have been created by adding the iron. We say

created because they did not exist in the iron before it was put
in the coil, neither did they exist in the coil space before. The

lines B - H are therefore those due alone to the magnetism

acquired by the iron, and these we have found above to be

equal to 4 TT I. We therefore arrive at an equation expressing

the fundamental relation between "
magnetisation

" and " induc-

tion," viz.,

B-H=47T|,

from which, if we know the magnetising force H and the mag-
netisation I, we can find the induction by

For example, by inspection of the upper curve in Fig. 119

we find that the magnetisation was 1,280 units for a magnetis-

ing force of 54 units. Hence the magnetic induction for this

force was

4 7T 1,280 + 54 = 16,144 lines per square centimetre,

of which 54 are due to the magnetising coil and 16,090 to the

magnetism acquired by the iron. Working out a few values in

the above manner we obtain data to plot a fresh curve (Fig. 122)
for the same core, the vertical ordinates being now in C.-G.-S.

units of magnetic induction or lines of force per square centi-

metre through the iron. This shows the connection between

induction and magnetisation, and how one may be deduced from

the other. It is possible, however, that the student may find

some difficulty in conceiving the physical meaning of the

formula as applied to the reverse operation, viz., that of deduc-

R 2
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ing the magnetisation from the magnetic induction. From
what we have shown above, the formula is evidently :

B-H

Now, suppose the value of B in a certain ring of iron under
a given magnetising force H has been ascertained. It is simple
enough to put these values into the above formula and so cal-

culate I but the physical meaning is not so simple to follow,
for by I is meant the pole strength per unit area of metal, or

CURVE

HIGHEST

OF MAGNETIC INDUCTION

FOR SOfT

POINT I6U90 LINES.

IRON

GHETISING rORCE Iff C.G.S. LNITS.

60. SO.

FIG. 122.

12Q. ISO. 180.

moment per unit volume, while the piece of iron under test is

ring-shaped, and, therefore, has no poles and no magnetic
moment. The explanation is that for a given pole strength per
unit area, the mass of the iron is in a certain definite condition

magnetically, which can be represented as equivalent to a

definite field or number of lines per square centimetre, running

through its substance. Now, it is clear that this identical

magnetic condition of the iron, as regards the number of lines

through it, can exist equally well when the iron forms a closed
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circuit, and exhibits no polarity at all
; indeed, we have already

shown that the internal field equivalent to a magnetisation I is

represented by 4 TT I lines, and therefore the formula is quite

intelligible. With a ring-shaped iron core the magnetisation

cannot be determined by a magnetometer, as there are no poles

to act on the needle, but it can be calculated in the above

way from a direct experimental determination of the magnetic

induction.

140. Practical and Absolute Magnetic Saturation. It will

be noticed in the above curve that magnetic induction in the

iron, up to 12,000 lines, takes place very rapidly under the

action of 10 or 12 C.-Gr.-S. units of magnetising force, and that

as the force is increased beyond this point induction occurs

more slowly. For instance, double the force (24 units) only

produces 14,700 lines, or an increase of a little over one-

fifth the field. Again, three times the force (36 units) only

produces 15,700 lines, or an increase of about one-third

the field. And it will be seen by the curve that any

further increase in the force produces but slight increase

in the induction ;
in fact, for practical purposes, it would

be very uneconomical to expend 180 units of magnetising

force to produce 16,900 lines, when 16,000 could be produced
with less than one-quarter the force. It is for this reason that

the top bend of the curve just before it becomes almost hori-

zontal is taken as the practical limit of saturation, and in soft

iron may be taken as about 16,000 lines.

In the best quality of iron now obtainable, such as Swedish

charcoal iron or well-annealed wrought iron, the induction curve

rises quicker, and reaches considerably higher values. For

dynamo armatures built with iron of this quality a fair average

saturation met with in good machines ranges from about

18,000 to 20,000 C.-G.-S. lines, or sometimes higher. The point

of
" absolute saturation

"
is of purely theoretical value, and,

of course, means the point at which the curve ceases altogether

to rise. It would appear that there could be no absolute

saturation point for magnetic induction, because the magne-

tising force is one of its constituents, and, therefore, it would
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seem probable that induction would always increase with

an increase in magnetising force. To determine this question

evidently requires the employment of exceedingly high mag-

netising forces, to obtain which the magnetising coil, as

applied directly to the specimen of iron under test, is

out of the question. The researches of Prof. J. A. Ewing
and Mr. William Low in this direction furnish by far the

most advanced experimental data on the subject, inasmuch

as these able observers have for some time brought to bear

upon the specimens of iron under test far higher mag-

netising forces than have been hitherto employed. Their

method consists in placing the piece of iron between the

poles of a powerful electro-magnet, so as to form a com-

plete magnetic circuit, and thus force a large number of

lines through it. To increase the density of lines through
the test piece it is thinned at the centre by turning
down to a very small diameter, while its two sides extend

outwards, cone-like, to fit the pole-pieces. This gives the

test piece the shape of a reel or bobbin, of which the thin

central portion is called the neck. By this means, as commu-
nicated to the Royal Society in their recent Paper (Novem-
ber 22, 1888), the authors have forced the magnetic induction

in wrought iron to the enormous value of 45,350 C.-G.-S. units,

and in cast iron to 31,760, and find that there is no appearance
of a limit to the extent to which magnetic induction may be

raised. To show what an advance this is, a remark of Drs.

J. and E. Hopkinson in their able Paper on Dynamo-Electric
Machines in 1886 (Phil Trans.), may be quoted, "No pub-
lished experiments exist giving the magnetising force required

to produce the induction here observed in the armature core

amounting to a maximum of 20,000 per square centimetre."

The direct measurement of the induction was made in the

usual way ;
the central neck, where the induction is greatest,

was wound with a coil of wire connected to a ballistic galvano-

meter, and the "
swing

" on the latter observed when the iron

bobbin was turned round through half a revolution, so as to

face the opposite poles of the electro-magnet. As this com-

pletely reverses the direction of magnetisation, the deflection
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is proportional to twice the induction in the bobbin. "We shall

refer again to the ballistic galvanometer and the method of

calibrating it in absolute units by the use of earth-coils. The

measurement of the exact value of the magnetising force

(necessary in order to calculate the intensity of magnetisation)

was attended with great difficulty, and it was not until the

Paper referred to above that the authors were able to speak

with confidence of its determination. The method was to wind

;a second coil at a certain measured distance concentrically round

the first, and to subtract the deflection obtained with the first

coil from that obtained with the second, the difference being

proportional to the field within the air space between the two

coils. To investigate how nearly this field approximated to the

magnetising force acting on the metal, was a determination of

great difficulty, but the authors say in the above Paper that by

modifying the form of the cone-shaped sides of the iron bobbin

.a uniform field was obtained in the central neck, and the

.magnetising force within the neck was sensibly the same as

that in the air immediately around it.

Having established the correctness of the determinations of

the magnetising forces employed it was found that for wrought
iron the intensity of magnetisation remained stationary at

1,700 C.-G.-S. units, while the magnetising force was varied

between the enormous values of 2,000 to 20,000 C.-G.-S. units,

showing that apparently a point of " absolute
"
saturation as

regards magnetisation may be reached. This saturation point
for cast iron is found by the authors to be 1,240 units. The

point of "practical" saturation for soft iron will be seen

by the curve obtained above experimentally (Fig. 119) to be

.about 1,300 C.-G.-S. units.

141. Kapp Lines. At this stage it may be well to allude to

the English unit of magnetic induction introduced by Mr. Gis-

bert Kapp, and now largely in use by manufacturers of elec-

trical machinery. A new unit line of force, equal to 6,000
O.-G.-S. lines, is adopted, and the sectional area of iron is taken

in square inches instead of square centimetres. The new unit

of induction is therefore one of these assumed lines per square
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inch section, and is generally known as one Kapp line per

square inch, or one English unit of induction.

The number 6,000 is composed of two factors, viz., 60, which

enables the formula for the E.M.F. produced in a rotating

armature to be expressed in revolutions per minute instead of

per second; and the factor 100, which brings the measurement

of induction down to figures in the tens instead of thousands-

Now, if we divide 6,000 by 6-4514 (the number of square centi-

metres in one square inch), we have the number of C.-G.-S^

10
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lines per square centimetre equivalent to one Kapp line per

square inch = 930-03, or say 930
; therefore,

1 Kapp line per sq. in. = 930 C.-G.-S. lines per sq. cm.,

or 1 English unit = 930 C.-G.-S. units of magnetic induction.

For the purpose of comparison the vertical ordinates of the

last curve have been reduced to Kapp units by dividing the-

values of B by 930 (Fig. 123). The highest induction arrived

at in this specimen of soft iron is seen to be 18 lines, and the

practical saturation 17'2 lines (16,000 C.-G.-S. lines). In the

previous paragraph we noted that there was no absolute limit
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to induction, and that 20,000 C.-G.-S. units (= 21-5 Kapp units)

might be considered a fair average induction in machines whose

armatures were of well-annealed wrought iron. The extremely

high value reached by Prof. Ewing of 45,350 C.-G.-S. lines with

wrought iron is equivalent to 48'7 Kapp lines. One or two

examples quoted from descriptions of dynamos in which the

induction is expressed in these units may render their prac-

tical application intelligible. For instance, in. The Electrician,

Vol. XX., page 35, we find :

"The cross-sectional area of the magnet bars is 30 square

inches, and the total cross-sectional area of actual iron in the

armature is 20 square inches. The total excitation of field-

magnets at full load is 12,130 ampere-turns, and the total

strength of useful field is 378 lines (English measure). The

density in the magnet cores is therefore 12*6 lines per square

inch, and in the armature core 18'9 lines per square inch."

Again, on page 162, in the description of another machine :

" The field strength in the core, according to the figures sup-

plied us, works out at a very high figure, viz., to 23'6 lines

per square inch." These calculations are on the basis of Mr.

Kapp's formula; given in his Paper on " The Predetermina-

tion of the Characteristics of Dynamos" (Journal Soc. Tel.

Eng., Xo. 64), and take into account magnetic resistance

and leakage. In that Paper Mr. Kapp gives the average

practical saturation values of induction derived from numerous

data and experiments on machines, pointing out that the

figures given are by no means the highest obtainable with

exceptionably good iron. These are as follows : Armatures

built of well-annealed charcoal iron wire 25 lines per square

inch, armatures built of discs of the same iron 22 lines, field-

magnets of hammered scrap iron 18 lines. Multiplying by
930 we find these are equivalent to 23,250, 20,460, and 16,740
C.-G.-S. lines of induction respectively. Considerable exception
to these English units was taken by scientists at the time of

their introduction two years ago, chiefly on the ground of the

necessary translation of coefficients used with formulae based

on the inch-minute system into their value on the centimetre-
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second system. Mr. Kapp's reply to this and other objections

(Society of Telegraph-Engineers' meeting, Dec. 2nd, 1886) was

as follows : "I use minutes because everybody is accustomed to

counting revolutionsperminute, and anybody quite unacquainted
with French measure can work my formulae, and would at the

-same time see what he is doing. The figures are of reasonable

magnitude, and present to those who use them a definite mean-

ing. They know what is meant by 17 lines to the square inch,

but if we talk of 15,800 to the square centimetre a greater

mental effort is required to grasp the meaning. . . . The
translation from it to C.-G.-S. units is really not such a difficult

matter as we are told, and with a little training one could get
to manage either system equally well

;
but we have to talk to

our workmen, and then we could not use grammes, centimetres,

and seconds. We must give them figures in the usual English

measure, and therefore it saves labour if we make the calcula-

tions in a system where the figures are of reasonable mag-
nitude and directly applicable to the various purposes of the

workshop."

142. Magnetic Permeability To denote the degree to which

iron and other magnetic metals permit lines of magnetic induc-

tion to permeate through their substance, under the action of a

given magnetising force, the term "permeability" has been

applied. The permeability of a specimen of iron is said to be

high if it will permit the flow of a large magnetic induction

through its mass for the expenditure of a small magnetising

force, and vice versd. In other words, magnetic permeability is

the ratio between magnetic induction B and magnetising force

H, and is usually denoted by the Greek letter
/z. By inspection

of the curves it will be seen that this property, like that of

susceptibility, is not a constant quantity for any given kind of

iron, but depends on its magnetic condition. For instance, in

the curve given (Fig. 122) when the induction is between

the limits of 4,000 and 12,000 C.-G.-S. lines, the permea-

bility is fairly constant at about 800, but gradually falls to 300

at 16,000 lines, and ultimately to 100. In softer specimens of

iron the permeability may reach 3,000 or 4,000.
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The meaning of these figures may be better appreciated by

-considering them as indicating the permeability of iron with

reference to that of air. In a magnetising coil, with no iron

present, the induction produced in the air space in the interior

is identically the same as the magnetising field, and, therefore,

the ratio of the two, i.e., the magnetic permeability of air, is equal

to unity. The number indicating the permeability of iron is

therefore the number of times its permeability exceeds that of

air. When iron is acted upon by an alternating or increasing and

diminishing magnetising force, its permeability, when not near

saturation, is constant. The parallelism of the ascending and

descending lines in the cyclic curve of magnetisation (Fig. 120)

shows the susceptibility to be constant for low magnetising

forces, and it follows that the permeability is constant. The

exact relation between permeability and susceptibility may be

found by taking the fundamental formula given in para. 139

B = 47r| + H,

and dividing each side by H ;
we then have

p=4c7T K + 1,

or Permeability = 1 + (Susceptibility x 1 2 -57).

We may regard the term permeability as meaning the con-

ductivity of iron to lines of force, in the same way as we speak
of the conductivity of iron to the passage of electric currents

;

with this important difference, however, that while the electrical

conductivity of iron at a given temperature remains constant for

all intensities of current, its magnetic permeability decreases to a

very marked extent as the intensity of magnetic-field or number

of lines through it is increased.

If we pass an electric current through a piece of iron wire,

and gradually increase the intensity of current until the

wire is red-hot, the conductivity of the metal will undergo a

considerable change. As soon as the intensity of current is

sufficient to cause the slightest rise in temperature of the iron,

the conductivity of the latter commences to diminish, and
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beyond this point any increase in the flow of current causes a

rapid diminution of the conductivity. This decrease of con-

ductivity in an electrical circuit, on increasing the intensity of

current through the conductor, is somewhat analogous to the

decrease of permeability in a magnetic circuit, on increasing
the intensity of magnetic flow, or induction through the iron.

Section III. Magnetic Fields of Coils and Solenoids.

143. Preliminary. The phenomenon which may be con-

sidered the most important and fundamental to be appreciated

BATTERY

FIG. 124.

in dealing with this subject is that discovered by Oersted 70

years ago, viz., the magnetic character of and effects produced

by currents of electricity. A simple experiment is sufficient to

exhibit the magnetic field set up in the neighbourhood of a con-

ductor carrying an electric current. A piece of stout copper

wire, say No. 14, is pierced through the centre of a sheet

of stiff cardboard (Fig. 124), and carried vertically for two-
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or three feet before it is bent round to the terminals leading

to a battery or other source of current. The card should

be supported uniformly underneath, so as to present a flat,

rigid surface, and the battery should consist of a few cells

of large plate area, such as secondary batteries, in order to

furnish a strong current. If the latter are used there should

be an adjustable resistance between the battery and the

experimental wire, which can be gradually reduced until the

current is of sufficient strength to exhibit the effects,

otherwise the experimental wire, being of neligible resistance,

short-circuits the cells. Iron filings sprinkled over the card

while the current is passing arrange themselves in circles round

the wire. This exhibits the form of the magnetic field sur-

rounding a straight conductor conveying a current, and demon-

strates the magnetic character and properties of the current.

What most concerns us in the use of this principle is the

measurement of the field; in other words, we must be able

to calculate the intensity and direction of the field at any

point in the vicinity of the conductor. The direction of flow

of the circular lines of force according to the usual assump-
tion (para. 104) may be readily observed by exploring the

same with a small magnetic compass-needle as shown in

the figtf.e. Suppose a line drawn across the card in the direc-

tion of the magnetic meridian, and two compass-needles placed
on the line, one on each side of the conductor. Before the

current is switched 011 to the wire the two needles will point

along the meridian line, both, of course, with their north poles

pointing towards the north. Now, if we connect the battery to

the terminals, so as to send a current upwards through the wire,

we shall observe on switching on the current that the needles

move sharply into positions nearly at right angles to the meri-

dian line, each pointing the opposite way. The north pole of

the one on the right-hand side of the wire will point away from

the observer, and the same pole of the other needle will

point towards the observer, as shown. And if we move one

compass needle round the wire, starting from one point and

coming back to the same again, we shall observe that the needle

turns on its pivot through a complete revolution in other
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words, it shows the direction of flow of the curves of force to be

continuous. According to the assumption that the north pole
of a needle points to the direction of flow of the lines (para. 104),

we find that, in this case, the flow is round the wire in the

direction in which one would unscrew a screw (a, Fig. 125). To
remember the direction, perhaps the screw is the best analogy,
for in unscrewing a screw we are moving it bodily upwards,

i.e., in the same direction as the current flows in the wire.

The converse case
(6, Fig. 125) is with a descending current in

the wire, the direction of flow of lines being reversed, and'

coinciding with the direction of turning a screw when screwing
it downwards. Again, suppose we are using a spanner to screw

FIG. 125.

a nut off or on a bolt, and we take the bolt to represent the*

conductor, and the direction in which the nut moves bodily

along the bolt to represent the direction of the current in the

conductor, then whichever way the bolt is placed, or in what-

ever direction the nut is moved, the direction of the circular

lines of force round the conductor will always be the same as

that in which the spanner is turned. The student will find it

quite easy to recollect the direction of field for a given current

by these practical analogies. In moving the needle round the

wire it does not quite set itself as a tangent to the circle of

force, because it is also affected by the earth's horizontal field,,
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but with the strong current through the wire necessary to

exhibit the circles of iron filings the earth's field has, in com-

parison to the circular field, very slight influence on the

needle. It is this principle which enables us to find the direc-

tion of flow of a current in a conductor by the direction in

which a compass needle, placed near it, sets itself (para. 66).

When a force acts along the circumference of a circle the

direction of the force at any given point in the circumference

is a tangent to the circle at that point, and this tangent is a

line at right angles to the radius of the circle drawn from

the centre to the point. If, therefore, we consider any one

of the circles of force surrounding a conductor conveying a

current, it is clear that, whatever point we choose in that

circle, the magnetic force is acting there at right angles

to the radius of the circle (drawn from the conductor to the

point) and at a tangent to the curve. Further, if we con-

sider two straight conductors side by side (Fig. 125), in

which equal currents are flowing in opposite directions,

it is evident that those portions of the circles of force which

are between the conductors coincide in direction. The mag-
netic field at a point equidistant from both conductors, and in

the same plane, is therefore twice the intensity of that which

would exist if one of the conductors were removed in other

words, there would be twice the force acting on a magnetic
needle placed at the point. But a still greater intensity of

field may be produced at the point by bending the conductor

into the form of a circle (Fig. 127), of which the given

point is the centre. Here all the circles of force act in the

most direct and efficient way, so as to add up their effects

in one direction. This direction, by what has been said, will

be understood to be entering the ring from the observer,

the current being in the direction indicated by the arrows in

the figure. The relative strengths of field produced (1) by a

ring whose centre is the point p, and (2) by two very long

straight conductors carrying the same strength of current,

each of which is separated from the point by a distance equal to

the radius of the ring (the conductors and the point being in

the same plane), is in the proportion of 2ir to 4, or as 6'28 : 4.
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The same physical effect of multiplying the magnetic action

.by carrying the conductor completely round the point where

8AT7ERY

FIG. 126.

-the field is required, is obtained in the same way, whether

.the conductor is in a circular form or otherwise. We shall,

Fio. 127.

however, confine ourselves to the circular form of conductor

.or coil, this being the general form for standard galvano-
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meters, and that which is the best for quantitively determining
-the magnetic field due to a current. The appearance of the

lines of force, as shown by iron filings when the conductor

is bent into a semi-circle, is shewn in Fig. 126, where the

direction of the current and lines of force are indicated. The
next step will be to point out the law by which the intensity

of field in C.-G.-S. units due to a current may be determined,
and to instance its application to solenoids and galvanometer
coils.

144. Direction of Magnetic Field in the Region of a Cir-

cular Current. Only a few months back the attention of the

scientific world was directed once more to the life and labours

of that great French mathematician and physicist, Andre" Marie

Ampere, the occasion being the unveiling of a statue in his

memory erected by his fellow citizens in the city of Lyons.

Immediately upon the news reaching Paris of Oersted's dis-

covery of the action of a current of electricity upon a magnetic
needle towards the close of 1820, Ampere keenly followed up
the subject, and very soon after gave to the world his electro-

dynamic theory, embracing the laws governing the mutual

action between conductors carrying currents of electricity,

based upon which we now have some remarkable current

and electricity meters. Among these may be cited Siemens'

electro-dynamometer, in which a current circulating in two

coils, one fixed and the other movable, is measured

by the amount of mechanical force required to counteract

their mutual attraction. Again, the Ferranti meter, in

which the current to be measured passes radially through
a mercury bath, and then through a fixed coil outside it,

causing rotation of the mercury, and setting in motion a

train of clockwork indicating the quantity of electricity passed

through the meter in a given time ; and more recently the

beautiful ampere balances of Sir William Thomson, in which

the movable coils are at each end of a balance arm, and are

attracted, one up and the other down, by a pair of fixed rings,

embracing each movable coil. In this instrument a sliding

weight is moved along the bar until a position is found, such

s
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that the balance arm is restored to equilibrium, and this position

indicates on a scale the strength of current passing through the

coils. Measuring instruments such as these, designed on the

principle of the attraction between fixed and movable portions

of an electric circuit, have the invaluable property of being

capable of measuring the strength of alternating as well as direct

currents.

But, further, Ampere gave a precise explanation and theory
of the magnetic character of electrical circuits ;

in fact, he

showed that when a conductor carrying an electric current is

bent into the form of a single ring or a series of rings side by
side, such as a spirally-wound coil, that the behaviour of such

is identical with the behaviour of a magnet. The spirally-

wound coil, in which a current is circulating, acts, as regards

attraction, repulsion, and external magnetic effects, exactly
like a cylindrical bar magnet, presenting, as it does, at its-

extremities north and south magnetic poles. Similarly, a ring-

shaped coil, through which a current circulates, presents oppo-

site magnetic poles at its two faces, being, in fact, identical in

magnetic effect to a thin slice off a cylindrical bar magnet.
Such a thin slice or disc of magnetised iron is called a magnetic

shell, and the ring-shaped coil carrying a current which is equal
in magnetic action to such a shell is termed its equivalent mag-
netic shell. Further, every plane closed circuit of whatever

external shape can be shown to have its equivalent magnetic
shell.

It is with this part of the subject that we have now more

particularly to deal, and to make the subject as easily under-

stood as possible we shall first consider only the direction of the

magnetic field in the neighbourhood of a circular current, and

then show how its exact value at different points may be deter-

mined by Ampere's laws. Suppose, first, a portion of a con-

ductor carrying a current, bent into a ring as in Fig. 128, the

arrows representing .the direction of the current. What is

most useful to know with reference to the action of galvano-

meter coils is the direction and magnitude of the magnetic
field along what is called the axis of the coil. The axis of a coil

is an imaginary line in the same position with regard to a coil
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as a shaft is in with regard to a pulley keyed to it that is, it

is a line (such as the line A B in the figure) whose direction

is at right angles to the plane of the coil, and which passes

through its centre. Lines of force will enclose the conductor

FIG. 12a

in circles at every point throughout its length. Now let us

consider separately for a moment those circles of force which

lie in the same vertical sectional plane of the ring, one at the

FIG. 129.

top and the other at the bottom, and let us examine the mag-
netic field they create along the axis A B. Having found this

we can add up the fields set up by every sectional plane of the

ring, for every one of these planes acts alike. The direction

s2
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of the circles of force will be understood to be as indicated in

the figure, because the current is flowing towards us in the top
of the ring, and away from us in the lower portion. Take,

first, the action of the upper portion of the ring and let us con-

sider it separately, the section of the wire being represented at

W (Fig. 129). On the axis A B let us mark out a series of

points (1 at the centre and 2, 3, 4 on each side of it) at which

to determine the field set up. Circles of force emanating from

the conductor W as centre will pass through all these points.
Now we have already stated that when a force acts along a

circle, its direction at any given point is at a tangent to the circle.

FIG. 130.

Wehave familiar examples of this tangential action in centrifugal

separators. For example, if the dotted circle in Fig. 130 repre-

sents a body revolving in the direction shown, the forces acting

at any moment when it passes the points A B, CD, are tan-

gential to the circle, or at right angles to the radii at those

points, and this is the case for any point we may take on the

circle. Applying this principle to the circles of force round

the conductor, we find the direction of the magnetic forces by

drawing lines at right angles to the radii of the circles passing

through the various points, and assigning to them a direction

agreeing with the direction of the circles of force. It will be
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noticed, then, at the point 1, which is at the centre of the

ring, the direction of force is along the axis of the ring, but as

we get further away from the plane of the ring the forces

become more and more nearly at right angles to the axis. Now,

FIG. 131.

consider the action of the circles of force emanating from the

lower portion of the ring. Fig. 131 represents this action,

where 1, 2, 3, 4 are the same points as chosen above, and the

circles of force are in the opposite direction. Proceeding in

FIG. 132.

the same way, we find that at the point 1 (the centre of the

ring) the force acts along the axis of the coil in the same direc-

tion as the force due to the upper portion of the ring, and the

forces at the other points act at the same angles relatively to

the axis as those above. Now combine the two sets of forces by
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setting them out together along the axis (Fig. 1 32), the upper and

lower sections of the conductor composing the ring being indi-

cated at W W. Here we find that although the forces diverge

more and more from the axis as we proceed further away from the

plane of the coil, yet each pair of forces has its resultant along

the axis, and all resultants are in the same direction as the two

forces at the centre due to both portions of the conductor.

Further, the resultants of these pairs of forces become

less and less as we take them further from the plane of the

coil, because the forces themselves act more and more in a

direction opposing each other, and therefore tend to reduce the

intensity of the horizontal resultant. By reversing the current

in the coil the whole of these forces would also be reversed in

direction.

145. Intensity of Field in the Region of a Circular Cur-

rent. The C.-G.-S. Unit of Current. In the preceding para-

graph we investigated the direction of field along the axis of a

ring conductor carrying, a current, and that direction we con-

sidered in one plane only of the ring. What is true for one

plane is true for all sectional planes of the ring, and a little

consideration will show that the entire magnetic field (or force

on unit pole) set up at a point on the axis, that is, the field due

to the current in the ring conductor, as a whole, will be acting

at the point round a cone-like surface. This effect of the entire

field at the point may be understood by the perspective view

of the ring and the forces set up by it at the point p in

Fig. 133. Here A B is the axis of the ring as before, and if we

imagine a unit north pole at the point p, it would be urged

outwards from the ring along the axis towards B. In this direc-

tion there must evidently be one resultant force equal to the

combined forces acting round the cone at the point, and it

is this resultant that we have to find. Now, any point

on the axis A B is equidistant from every portion of the ring

conductor ;
and when this is the case the total intensity of

field at the point is directly proportional, by Ampere's law, to

the length of conductor multiplied by the strength of current,

and inversely proportional to the square of the distance between
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the point and conductor. The distance between any point on

the axis and the conductor is simply the common radius to all

those circles of force which pass through the point. If we take

R as this radius, C as the current, and L as the length of con-

ductor composing the ring, the total intensity of field at the

point is proportional to

CL
R2

'

Now, to find the resultant of this field along the axis, let

us consider one plane through the cone, as before. Here

we have two diametrically opposite forces, each, say, equal to

5? (Fig. 134), acting at the point p, as tangents to the circles

B

FIG. 133.

of force through the point, or in other words, at right angles

to the common radius R, of the circles of force through p.

Completing the parallelogram of these forces, and callingf the

resultant of the pair, we find by similar triangles that

/:F :: 2r;R,

where r is the radius of the ring conductor whose opposite

sectional portions are at W W, that is,

/-F^.R
Now it is evident that the resultant of the cone of forces

bears the same relation to the combined intensity of those
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forces as the resultant (/) of the pair (2 F) bears to that pair.

Therefore we have the relation,

Resultant field _ /
Total field

"
2~F*

Substituting the value of/as obtained above, and cancelling,.

we have Resultant = total field x

FIG. 134.

Now, the length of conductor (L) in a ring of radius r is-

equal to 2 if r, and therefore we have,

Resultant along axis =
TT 1*

,K

R3

This is a very important expression, as it is proportional to

the field at any point along the axis of a coil. We have not
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yet taken the quantities in any fixed system of units, so that

the expression as it stands must be regarded as simply propor-
tional to the field.

Now in this expression we notice that the numerator is con-

stant for a given current flowing in a ring of given size, and

the field at any point along the axis of the ring is inversely

proportional to the cube of the radius of the circles of force

through that point that is, the cube of the distance of the

point from the conductor.

It is interesting to represent graphically the rate at which

this field decreases as we take points further and further from

1000

FIG. 135.

the coil. All that is necessary is to take measured distances

along the axis A B of the coil (Fig. 135), starting from at

the centre of the coil, and for each of these distances calculate

the radius R, then cube it and take its reciprocal, the resulting
number being proportional to the strength of field at the

points taken. For instance, taking the radius of the ring as

unity, and the strength of field at its centre as 1,000, we find

that at the distances one, two, and three the field is propor-
tional to 350, 89, and 32 respectively. A few more points
nearer still to the coil should be worked out, as the curve

slopes more gradually at very short distances from the coiL
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For example, at distances J, J, and J from the coil the field is

proportional to 977, 913, and 715 respectively. These six

points on the axis of the coil are sufficient to show the general
rate of decrease of field along the axis. It will be noticed in

Fig. 133 that R forms the hypothenuse of a right-angled

triangle, of which one side is the radius (r) of the ring, and the
other is the distance (d) of the point on the axis from the

centre of the ring. We have, therefore, the relation (Euc. I., 47)

whence R3 =

from which the cube of the radius R may be found for any dis-

tance from the centre of the ring. Raising vertical ordinates

proportional in height to the field at the several points chosen,
and connecting them, we obtain the curve in Fig. 135, show-

ing the rate of decrease of field on each side of the ring along
its axis.

It will be noticed in working out the above values that the

field at every point we take depends on two things, viz., the

radius of the coil itself, and the distance away from the coil

Along the axis, and it will be found that whatever size coil we
consider (i.e.,

of whatever radius), and whatever current flows

through it, the field will always decrease gradually (as in the

above curve) at short distances from the coil on either side, then

suddenly the fall will be rapid, and then gradual again. And
the fall in strength of field is always most rapid at a distance

away from the coil equal to half its radius. We might, there-

fore, call this the critical point on the axis, because a little

further away than this point the field is considerably feebler,

and a little nearer to the coil than this point the field is con-

siderably stronger. Returning to the first part of this para-

graph, it will be seen that by Ampere's law the field at the

centre of a coil is proportional to

CL
r2

'

because the radius (R) of the curve of force through the centre

is now equal to the radius (r) of the ring. And of these three
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quantities, viz., field, current (C), and length (L and r2
),
which

are related to each other in the above proportion, there are two,

viz., field and length, of which we have already defined units ;

it only remains to define unit current. Now, if we take a coil

of unit radius (r), and consider only the magnetic field at the

centre due to unit length (L) of the wire
(i.e., any part of the

coil equal in length to the radius), and, further, suppose that a

certain current flows in the coil which causes the field at the

centre (due to unit length of wire) to be equal to unity, then

the only value we can give the current on the basis of an

absolute system of units is to take that current as the unit

current. Supplying, then, the units on the C.-G.-S. system, we
can at once define the absolute unit of current as that current

which, flowing in a ring conductor of 1 centimetre radius,

produces at the centre of the ring a magnetic field equal in

intensity to 1 C.-G.-S. unit for every centimetre length of wire in

the ring. Further, since the ring must be 2ir centimetres in

circumference, the total intensity of field at the centre is equal
to 2-rr C.-G.-S. units. The practical unit of current, to which is

assigned the name of Ampere, is chosen as equal in value to

one-tenth of the absolute unit, and therefore one ampere flowing
in a ring conductor of one centimetre radius produces a field of

,
or - C.-G.-S. units.

10 5

If the ring or coil consists of more turns than one, say
n turns, the field is increased n times, and the complete expres-
sion for the field at any point on the axis becomes

C.-G.-S. units,

which at the centre of the coil (where r = R) becomes

2" Cn
C.-G.-S. units,

f

where r is then the mean radius of the coil in centimetres.

Example. The coil in Sir Wm. Thomson's graded current

galvanometer (described para. 132) consists of six complete
turns of stout copper strip, the inside diameter being 6 centi-
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metres and the outside 10 centimetres. What is the intensity

of field produced by a current of 30 amperes flowing through

the coil, at a distance of 10 centimetres from the centre of the

coil along its axis, and what is the field produced at the centre

of the coil I

Mean radius of coil (r)
= 4

Current in C.-G.-S. units (C)
= 3

Number of turns (n)
= 6

2irC7tr2 =1809-5

log of 1809-5 =3-25755

ft* = (r
2 + d2

)f = (16 + 100)1

log of 116 =2-06445

logoff ^
2

Subtraction gives log of answer = -16088

Therefore,

Intensity of field = 1-448 C.-G.-S. units.

Field at coil centre = L C.-G.-S. units.
r

110
= i!if = 28-25 C.-G.-S. units.

146. Magnetic Fields due to a Coil and Magnet Super-

posed. We have already discussed the case of two uniform

magnetic fields superposed at right angles to each other

(para. 119). Referring again to the figure (Fig. 80), it was

shown that the ratio between the two superposed fields / and H
was the tangent of the angle which H, the total controlling

field, makes with the resultant. Let us now take the

practical case which occurs in every tangent galvanometer,

viz., the superposition at right angles to each other of the

controlling field due to the earth or a permanent magnet, and

the field due to the current in the coil. A little experiment
carried out with a Thomson potential galvanometer coil and a

battery of secondary cells may serve to make this action clear.

This instrument is of the same external appearance as the

current galvanometer described in para. 132, but instead of a.
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few turns of stout copper strip the coil is wound with some

8,000 turns of German silver wire, amounting to a resistance

of 9,830 ohms. The needle-box, movable along the wooden

platform, being removed, the magnetic fields produced in the

region of the coil were examined by iron filings sprinkled on

a sheet of stiff card placed on the platform. First, without

any current through the coil, the controlling magnet N S

was placed over it in the usual position as used with the

instrument (Fig. 136). The iron filings then revealed the

N

FIG. 136.

kind of field produced in the region of the coil. The lines of

force here pass straight from one pole of the magnet to the

other, producing at the centre of the coil a field parallel to its

plane. When in use the coil and magnet are put in the plane
of the magnetic meridian so that the earth's horizontal field is

added to that of the magnet. The earth's field alone is far too

weak to be exhibited by iron filings. The central line in the

figure represents the axis of the coil, and is the line along which

readings are taken with the instrument. Along this axis we

may consider the controlling field produced by the magnet and
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the earth .to be everywhere in the direction of the arrow, viz. r

at right angles to the axis. For even at positions along the

axis remote from the coil where the lines are in curves, the

direction of each line of force as it crosses the axis is a tangent
to the curve, and, therefore, at right angles to the axis.

Secondly, the controlling magnet was removed, and the ends

of the coil connected by leading wires to the terminals of

21 cells, giving a difference of potential of 42 volts at the

terminals of the coil. A vigorous effect was then produced
on the filings, which arranged themselves into the form in

Fig. 137. It will be noticed that as regards the axis of the

^^mim
FIG. 137.

coil, this field is at right angles to that set up by the control-

ling magnet. The current was sent round the coil in such a

direction as to cause the direction of the lines to be towards

the coil, as shown by the arrow. Lastly, the controlling mag-
net was placed over the coil, as at first, the current being

kept on the while, resulting in the change in direction of the

filings represented in Fig. 138.

Here we have an actual representation of the resultant field,

that is, the character of the field resulting from the combined

effect of two distinct fields at right angles to one another. The

arrow hi this figure indicates the direction of the lines of iho-
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resultant field at the centre of the coil. As we take points

on the axis further away from the coil the effect of the

latter becomes rapidly decreased, and the controlling field

predominates, so that the lines become nearer and nearer

at right angles to the axis. The direction of this resul-

tant field is precisely that taken up by a magnetic needle

free to move when placed at a given position on the axis

of the coil. If the needle is at the centre of the coil

we have an ordinary tangent galvanometer, and if the box

containing the needle oan be shifted along the axis of the-;

FIG. 138.

coil, as in Sir William Thomson's graded galvanometers,,

we have instruments which still follow the tangent law, and

which have, in addition, the advantage of great variation in

sensibility, as before explained. Let us form a practical idea of

the strengths of the two fields at the centre of the coil, their

resultant, and its direction in the above case. The outside dia-

moter of the coil was 14 centimetres, and the inside 6 centi-

metres; the mean radius was therefore 5 centimetres. The
current was equal to

I!5. . _. . -00427 amperes,
ohms 9830
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Dividing this by 10 we have the

current in C.-G.-S. units = -000427.

The number of turns of wire being 8,000, the field at the

centre of the coil due to the current was :

5

Now, the controlling field at right angles to the above con-

sisted of the field of the magnet, which was 10*56 C.-G.-S. units,

plus the earth's horizontal field '18 unit, total 10-74 units.

The ratio of the coil field to the controlling field is the tangent
of the angle which the resultant makes with the controlling

field, that is

- -4003 = tangent of 22 nearly.

A small magnetic needle freely suspended at the centre of

the coil would therefore turn through this angle with the above

potential difference applied at the terminals of the coil.

147. General Character of Field Due to a Solenoid. In con-

sidering the way to determine the strength of magnetic field

at any point on the axis of a ring conductor carrying a current,

we gave ourselves a more extended and more general view of

the subject than when determining the field at the centre of

the coil only. In other words, the latter case is involved in

the former, and the student will find it best to master the more

general case, because he will then be able to apply it to any

special case required. The determination of the field at any

point along the axis of a solenoid is the most general case of all,

and it will therefore be the last case we shall examine in this

section. At the same time, this most general case is the most

difficult one to be followed and understood, and the writer hopes,

at any rate, to lead up to the final result by a series of easy steps.

It will be well here, as previously done, to get a general idea of

the character of field exhibited by a solenoid; next, to consider

the direction of the field, and finally its intensity in C.-G.-S.

measure at any point along the axis. This being done, the
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student will find that he is in a position to intelligently under-

stand the various forms in which galvanometers are constructed.

A single low-resistance cell connected to the terminals of a

solenoid wound with a few layers of No. 18 or No. 16 double

cotton-covered wire will be sufficient to exhibit the general con-

tour of the magnetic field set up in and around the coil. It is

better to mount the solenoid on a bit of wood, as in Fig. 139, and

carry the two ends of the coil through the wood and along two

slots underneath leading to their terminals. Done in this way

you can have two sensible terminals to connect your wires to,

instead of the flimsy little terminals sometimes screwed on to

FIG. 139.

the cheek of the bobbin, which frequently cause splitting of

the same, or, at all events, make bad contact with the coil.

After winding, the bobbin may be fixed rigidly to the wooden

base by countersinking a hole in the latter deep enough to

receive the lower cheek of the bobbin flush with the level of

the base. A couple of semi-circular pieces of brass plate

covering the cheek and the contiguous part of the base may
then be screwed down to the latter, holding the coil firmly in

position. Or a piece of brass sheeting may be cut so as to fit

over the top cheek and come down in a half-inch strip each

side, and be firmly screwed on to the base below. In any case,

T
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screws should not be fastened into the cheeks themselves. The
solenoid can be fixed horizontally in much the same way on

to a base board, but its position will depend on what kind of

experiments are to be made with it. When finished, it can

be used for a variety of experiments, such as the mechanical

pull it exerts upon an iron core to draw it into the coil.

This can be varied by trying different kinds of core, such

as, for instance, a core built of a bundle of small iron

m4v%
TO

FIG. 140.

wires and cores of different shapes with pointed and blunt

ends, &c., measuring the pull on a spring balance, wheny

say, a given core has different portions of its length introduced

into the coil. The outside layer of wire on the coil should be

well brushed over with thick shellac varnish (shellac dissolved

in alcohol). This soaks in and hardens the cotton covering,

protecting it from abrasion in handling. Curves made from

the plotting of the observations above indicated are very useful

in showing the action of cores working in solenoids in arc lamps,
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especially the difference between the pull on a core which moves

with the carbon rod, as, for instance, in the Pilsen lamp, and

that on a core which generally maintains a certain position

relative to the coil, as in the Brush or Siemens. The foregoing

remarks are merely to indicate what useful experiments and

tests may be carried out with a solenoid ;
to go into detail in

this direction would more befit a separate treatise on electric

lighting, and is outside our present limits. Taking, then, such

TO BATTERY
FIG. 141.

a solenoid and laying it down horizontally, we can examine the

character of field by iron filings sprinkled on a card supported
close to it, as shown in Fig. 140. When the current is on

and the filings are sieved down gently they will be found to

arrange themselves as indicated in the figure, and it is easy
to see that the solenoid exhibits the same kind of field as

a permanent magnet whose length is in the same direction

as the length of the solenoid. Further, we can better under-

stand what goes on in the interior of a bar magnet by noticing
T2
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the kind of field that we get inside the solenoid. This is best

examined with a small compass needle, which we shall do

shortly. Taking an iron core, fitting into the solenoid, and of

about the same length, it is interesting to observe that when
the core is very nearly out of the coil, as in Fig. 141, the shape
of the field is considerably altered. The reason that no iron

filings adhere to the card just over the iron core is because the

core itself absorbs those lines of force which otherwise would

TO DYNAMO
FIG. 142.

pass through the air and attract the filings. So easy a path
does the iron core offer in comparison to the air that the lines

pass straight from the interior of the coil into the iron core for

some distance before passing outward in the usual curves to

complete the magnetic circuit, and this causes the alteration in

the shape of the field. The projecting end of the core is

strongly magnetised, and its magnetism will be reversed if the

direction of current in the coil is reversed. Also, if the core is

right inside the solenoid, we have virtually an electro-magnet,



FOR ELECTRICAL STUDENTS. 277

and with a direct current we get the same field as we have

before shown for electro-magnets. With an alternating current

through the coil, however, such a vibration is set up that imme-

diately the filings touch the card the greater part of them dart

at once to the core. This effect is shown in Fig. 142.

148. Direction of Field Due to a Solenoid. A solenoid,

mounted as in Fig. 143, is very suitable for observing the direc-

tion of field set up. One layer of stout wire, say, No. 12, is

first wound round a cylindrical surface such as a battery jar, to

TO BATTER f

FIG. 143.

give it the proper shape which it will be found soft enough to

retain itself after slipping off. It is better to leave a little clear

space between each turn, so that afterwards when experiment-

ing you can look down into the middle of the coil. If this is

done there is no need to have the wire insulated. Let the two

ends be passed through the wooden base block B carrying the

two terminals, and solder the wires underneath this block to

the extremities of the terminals. Clamp the coil down by a

flat piece of wood screwed down to the base block, as shown.

This keeps the solenoid firmly in position, and affords a little

table whereon to put your compass needle when examining the
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field in the interior. A convenient size of solenoid is about

from four to six inches in diameter, and, say, one foot long.

Before passing the current through let the solenoid be placed
so that the direction of its length is at right angles to the

magnetic meridian, and then put a compass needle inside, or,

better still, place the compass inside first and then turn the

whole apparatus bodily round till the needle points at right

angles to the direction of length of the solenoid. If another

compass needle be placed outside the solenoid in the position

shown in the figure, both needles will point the same way,
north and south, before the current is passed into the coil ;

but

immediately the current is switched on the needles will turn

Fir. 144.

sharply in opposite directions, and when at rest will lie very

nearly in the direction of length of the solenoid. Notice should

be taken of the direction of the current and the direction of

movement of the needles. In the figure the needles are shown

as they are deflected when the current passes through the

solenoid in the direction of the arrows. We now see the direc-

tion of the field by the direction towards which the north

poles of the needles point, and we find by exploring all

round the solenoid that the lines seem to flow along the

interior space of the coil and then to separate into two

streams passing backwards along the exterior sides of the

coil, and then turning in again to the centre. This can be
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best observed by cutting out a piece of card as in Fig. 144,

bending it upwards at the dotted line, and slipping it over

the coil in the manner shown in Fig. 145, the centre portion, A,

being then bent downwards again so as to lie along the interior

of the coil. By passing the current through the coil again,

and letting fine iron filings fall on the card, the character

of the entire field is delineated. Supposing the current in

the coil to be in the same direction as in Fig. 143, we shall

find that wherever we place small compass needles the direction

in which their north poles turn is along the arrows marked on

70 BPJTERY

FIG 145.

-the card. Now the card only exhibits the field in one of the

sectional planes of the coil, but it is obvious that the field

is the same for all sectional planes ; and, hence, when we
think of the field of a coil or solenoid we must carry in our

minds the conception that the field entirely envelopes the

coil. In other words, the lines of force fully occupy the

interior space of the coil, and after passing through this space
divide evenly and flow lackivards round the outside; and
with this conception it will be easily understood that if we
attach two magnetic needles rigidly together, as in Fig. 146,
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with their north poles pointing opposite ways, and freely

suspend the two by a silk thread, so that one is inside the coil

and the other outside, as shown, both needles will turn in

the same direction when a current is sent through the coil.

The two needles together, or, as the combination is technically

called, the "
system of needles," is hardly at all affected by the

earth's horizontal force, because what force it exerts on one

needle is counteracted very nearly by the force on the other ;

in fact, if the two needles were of exactly the same magnetic

moment, the "
system," when allowed to swing freely in the

earth's field, would not come to rest in any definite position,

FIG. 146.

and hence the "
system

"
is called an " astatic

"
system. It

will be seen that as the earth's field has very little controlling

effect on it (only just enough to keep it at zero) the astatic

system is very sensitive. It is usual to have two separate coils,

one above the other, and each containing and acting upon one

of the needles, but when the idea was first developed one coil

only was used. Faraday mentions in his renowned "Experi-

mental Researches
"
the use he made of an astatic system with

one coil (Fig. 146) in carrying out some induction experiments.

And the writer has introduced it here believing it to be of

interest in connection with the direction of field in and around

one coil alone ; and, indeed, in an earlier part of this series



FOR ELECTRICAL STUDENTS. 281-

(para. 57) reference was made to the subject, the explanation of

which now will make the case given there better understood.

Lastly, if a compass needle placed inside the coil be moved

outwards along the axis either way, it will be found that its

deflection keeps pretty nearly in line with the axis until it

emerges from the coil, when the deflection rapidly falls off; and

ultimately, by removing the needle further and further away,

we find the field of the coil exerts practically no more force

on it, and it rests in the meridian once more. It is precisely

this variation of field along the axis that we wish to determine-

for any kind of solenoid ;
and further than this, to determine

in C.-G.-S. units the exact intensity of field at any point.

149. Intensity of Field at the Centre of a Solenoid. In the

treatment of this subject there is involved the use of a branch

of mathematics not frequently understood either by those who

are commencing their electrical studies or even by old and

tried practitioners. But while it is very serviceable to be able

to sum up a series of extremely small quantities by the usual

mathematical process, it is very much more important to have

a common-sense view of what has to be done to attain the

result aimed at. It is a cause of disappointment and dismay-

to many students wha have been carefully following up a

subject to find themselves, after much labour spent in trying

to understand it, handicapped by a mathematical process which

is said to attain the desired result, but of which they d

not comprehend the meaning. The said mathematical treat-

ment would be quite out of place in these Letters, and if

the result were put down accordingly without any explanation

of the process by which it is arrived at, the reader would be

no better off than before. Hence, it seems desirable to steer

a middle course between these two extremes. But the task so

proposed has in it somewhat of the difficulty experienced by

Ulysses on his voyage from Troy, when, to save his men from

the grasp of Scylla, he ran the risk of getting wrecked in the

whirlpools of Charybdis ;
and it is possible that in trying to

avoid one alternative we may in some way run foul of the other.

The student will find, however, that if he gets a common-
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sense view even of the manner of arriving at the result, or

clears up any previously foggy ideas on the subject, he will

certainly have scored another point to the good.

To fix our ideas, let us suppose a solenoid six centimetres

long, wound with five layers of wire, 40 turns to the layer, and

therefore making in all 200 complete turns. Let the depth of

the winding that is, the thickness of the five layers be half

a centimetre, and the reel on which the coil is wound 3*5 centi-

metres diameter ;
this makes the mean radius (r) of the coil

two centimetres. Suppose that a current of three amperes is

passed through the wire, it is evident that it circulates 200

times round the bobbin, and the total current passing round the

bobbin is therefore 3 x 200 = 600 amperes. Although each turn

is really in series with the rest, yet if we look at a section

lengthwise through the coil the ends of the wires appear like

so many separate conductors, each in "
parallel

"
or "

multiple

Arc " with the rest, and the total current is therefore the sum
of the currents carried by each conductor, viz., 3x200; or

we may regard the winding as equal to 200 x 3 = 600 ampere-

turns, which may be replaced, without in any way altering the

field, by a single turn, occupying the same volume as the 200

turns, and carrying 600 amperes. This is the most con-

venient, and, at the same time, the most accurate way of

looking at the action of a solenoid. We shall therefore think

only of the total current circulating uniformly once round

the bobbin and occupying the same space as the winding.

Or, putting the same thing in a general form, to which any

figures may be applied, let n be the number of turns of wire

on the solenoid, and C the current in C.-G.-S. units passed

through the wire. Then we can regard this as a current of

C n C.-G.-S. units making one turn round the bobbin. Now
it is convenient to consider this single turn or belt of current

as divided up into a large number of thin rings of current,

because then we can calculate the field produced at the required

point by each narrow ring. In short, the expression which was

derived in para. 145, viz. :
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for finding the field in C.-G.-S. units produced at any point
on the axis of a ring of mean radius r centimetres, assumes

that the current C is in the exact centre of the wire form-

ing the ring. To make this clear, suppose we take a ring
of wire and a wide flat ribbon of copper, which, when bent

round, makes a single turn of cylindrical shape, of the

same diameter as the ring. Now, although the same current

be passed through the single turn of wire and the single

cylindrical turn, the field produced by each at their respec-

tive centres is not the same
j

for in the wire the current is

concentrated into a narrow space immediately surrounding the

point where it is required to determine the field, whereas in

the wide cylindrical coil the current is spread over the whole

cylinder, and it is therefore only a small portion of the current

which flows immediately over the centre point. Further, it is

obvious that the remaining portions of the current which are

flowing round parts of the cylinder further and further away
from the centre must have less effect in producing field there

than would be the case if the whole current was massed

together right over the central point, as in a ring of

wire. And therefore we can only apply the above expression
to rings of wire or coils of several turns whose breadth is

very small compared to their diameter. But it follows that

the field produced by the entire cylindrical coil can be esti-

mated by considering its current as divided up into a large

number of very narrow, thin rings, the field due to each of

which at the required point can be calculated by the above

expression, and the several results for each ring so obtained

finally added together. This gives the field produced at any

required point on the axis due to the current in every part of

such a cylinder, and is, in fact, the way in which the total

field due to a solenoid is calculated. For the whole coil of wire

of a solenoid is cylindrical in shape, and we have seen that it

may be considered as one turn occupying the same volume,
which is therefore also cylindrical.

The question naturally occurring next is, how many rings

are we to consider the cylindrical turn or belt of current

divided into? Well, first let us divide it into rings of one
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centimetre width. Now if the solenoid is I centimetres long
there will be I such rings, and the current (Cj) carried by each

will be the total current in the cylindrical belt divided by the

length I that is,

*
in C.-G.-S. units.

This is usually spoken of as the current per unit length of

solenoid. We must carry this subdivision of the rings to a still

I x....
0"l"'2'"t"^"5""e

FIG. 148.

greater extent ;
but this will be best understood by plotting a

curve over the solenoid (Fig. 148) showing the relation between

strength of field at the point produced by different current

rings, and the distance of these rings from the point. The

axis of the solenoid is along the line A B, and it is at the point

on this axis that we will first set ourselves to determine the

strength of field due to the entire solenoid. We might at once

take this point at the middle of the coil ; but it is better, as a
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more preliminary step, to consider the field at one end of the

coil first. Any point on this axis between the beginning and

end of the solenoid will, of course, be the centre of a narrow ring

carrying a certain fraction of the current per unit length. It

is not necessary to consider now what this fraction may be, for

the curve will be of the same shape whatever we take it. In

fact, as this fraction of the current would be the same for each

narrow ring we take, it may be regarded as constant, and the

curve plotted by simply working out the reciprocals of R3 for

a few points on the axis. Raising perpendiculars proportional

to the figures so obtained, and joining together the summits of

these perpendiculars, we get the outline of the curve as shown.

The few points on the axis selected, with corresponding numbers

proportional to the field they produce at 0, are given below.

These few points are quite sufficient to show the general shape
of the curve.

T, ., . . . Values of propor-
Position of ring R:*

r

on axis. tional to field.

-125

1 -12

i -1125

1 -09

2 -0425

4 -Oil

6 -004

Now, by inspection of the curve it is clear that in any cur-

rent ring of one centimetre width, that part of it nearer to the

point produces a much stronger field at than its more

remote portion. For instance, in the belt or ring of current

between the points 1 and 2 the perpendicular line propor-

tional to the field is much higher at 1 than 2, and if we

imagine this ring subdivided into a very large number of

small rings, it is easy to see that the field of each (at the

point 0) gradually becomes more intense as they are further

from 2 and nearer to 1, the increase being in exact propor-

tion to the rise of the curve. In fact, every perpendicular

line drawn from the axis between 1 and 2 to meet the curve is
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proportional to the field produced at by a narrow ring of

current in the plane of that line ; and in order to estimate the

total field produced by the belt of current between 1 and 2, it

is clear that we must add together the values of as many
perpendicular lines as can be crowded into that space. But

this is the same thing as finding the area of the strip included

between the two vertical lines at 1 and 2, the curve, and

the axis. Now the area of this strip we may consider as

made up of two parts a rectangle and a space like a

triangle (shown separated by a dotted line). It would be

very easy to find the area of the rectangle, but not so easy to

find the area of the triangular space, because one side is

curved. But by dividing the space between 1 and 2 into a

series of smaller strips the curved side of the triangle in each

might be considered straight and the areas found by inspec-

tion, adding them together afterwards to get the area of the

whole strip. Fortunately we are not obliged to do anything
so laborious as that, for by considering any very narrow

strip, such as that drawn on the off-side of the figure 2, it

will be seen that the little triangle becomes very diminu-

tive, and finally disappears altogether if we take the strip

smaller and smaller without limit. Just in the same way as

the field produced by the belt of current between 1 and 2

is found by measuring the area of the strip contained between

these limits, so the total field at the point due to the whole

solenoid is found by calculating the area of the whole curve

between the limits and I. By taking such extremely small

strips, then, we may regard them as rectangles of minute

breadth, and adding them all together from to I gives the

total area of the curve. It is not necessary to understand the

exact process by which this is done so long as the student

understands what is done and why it is done. It will be

understood that in adding any series of numbers the process

of addition is much simplified if we first separate any factors

which are constant from those which vary. For instance, sup-

pose it is required to sum up all multiples of some number

which we will call a, between the limits of 5a and 9a, it is

easier to perform the summation by adding the factors which
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vary first
;
thus : 5 + 6 + 7 + 8 + 9 = 35, and then taking the

product 35a, than to add together 5a + Qa + 7a + 8a + 9a. The

difference in the labour involved in doing it these two ways
is at once apparent by taking a as some fractional number,

say 1^. In other words, a = l^ is constant throughout, and

it is only necessary to sum the factors which vary as above,

and then multiply their sum by the constant, giving the final

summation of the series, viz., l^-x35 = 40. Similarly, in the

summation of the little rectangles representing the fields pro-

duced by each narrow ring of current there are two factors

which go to make up the value of each rectangle, one being
constant and the other varying with the position of the current

ring. The constant factor in this series is the product 2 TT d r2
r

and the factor which varies comprises the reciprocal of R3
(which

FIG. 149.

varies with the position of each ring), and a fractional quantity

which diminishes the width of the current rings (and therefore

of the rectangles) down to an infinitesimally small amount..

This latter fraction would be a constant quantity were it not

for the fact that it is expressed as a fraction of the distance of

each ring from the point where the field is to be determined,

and this distance of course is different for every ring. We have

now only to take the factors which vary and sum up all their

possible values between the limits and I (the length of the

solenoid), the result of this summation being equal to

I

where R has its greatest value, viz., the distance from the-

point to the mean depth of the furthest ring (see Fig. 149).
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The depth of the winding is represented in the figure by the

fipace (partially shaded) between the two bounding lines of the

coil, and the line R is from to a point at the side of the coil

central to the winding in fact, to the point which limits the

mean radius r. Multiplying the constant quantity by the sum
of the factors which vary, we have the final summation, giving
the total field at due to the entire solenoid, viz. :

2 TT G! r2 x JL C.-G.-S. units,

which, after cancelling out r2
,
becomes

2 TT d x 1 C.-G.-S. units.
R

Putting for CA its equivalent (Cn divided by I),
and cancel-

ling out I, we have for the field at either end of the solenoid

^ C.-G.-S. units.

Let us now apply this to the numerical example given above.

The length of R will be seen to be the square root of the sum
of the squares of the mean radius and length of the solenoid,

which are two and six centimetres respectively. Hence

R= ^4 + 36 = 6-32 centimetres.

The current is 3 amperes (or -3 C.-G.-S. units), and the number
of turns of wire 200

;
therefore the field at either end of this

solenoid is equal to

2 x 3-1416 x -3x200 377

6-32 6-32
59-6 C.-G.-S. units.

Now suppose we take a solenoid (Fig 150) exactly double

the length of the above, but in all other respects the same,

that is having the same depth of winding and the same

current. Evidently the field at the point 0, taken now at the

centre, will be twice that at the end of the former solenoid,

and therefore we can write it down at once as

4 TT Cj x __
C.-G.-S. units.

n
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But I is now only half the length of this solenoid, and there-

fore it is advisable to multiply both I and R by 2 (which does

not alter their ratio). Now the value 2 R is equal to the line

connecting opposite corners of the solenoid (Fig. 150), which

we will distinguish by calling it the diagonal (D). And instead

of writing 2 1 for the length of the present solenoid we shall

write it I, keeping this letter to represent the length of solenoid

whatever it may be. Therefore the field at the centre becomes

I

4 v c
i
x

i)
C.-G.-S. units.

Now let Cj (the current per unit length) be expressed in

terms of C (the current passing through the wire). It will be

understood that the current per unit length of coil is the same

FIG. 150.

value as before, and is expressed by the total current flowing

round the bobbin (C n) divided by I, n being the number of

turns and I the length of the present solenoid. Cancelling out

I the field at becomes

C.-G.-S. units.

This is applicable to any dimensions of solenoid, and gives

the field produced at the central point on the axis where it is

most frequently required to be known.

We have now the means of determining the strength of field

at either end of a solenoid and at its centre on the axis. It

will be understood that, taking any size solenoid whatever, and

u
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denoting by the letters R and D the two lines drawn and so

marked in the figure (Fig. 151), that the field at either end on

the axis is equal to

""5"

and that at the centre is

D

C.-G.-S. units.

C.-G.-S. units.

It is worthy of note that when the solenoid is very long R be-

comes practically equal to D, while if the solenoid is very short,

more like a galvanometer coil, R is practically equal to half of D.

Applying the latter expression to find the field at the centre of

FIG. 151.

the solenoid whose dimensions are given above (Fig. 148), we

find that the numerator is twice the previously calculated

amount, and is therefore equal to 754. The length of D is the

square root of the sum of the squares of the mean diameter

and length of solenoid, which are 4= and 6 centimetres respec-

tively. Hence

D= ^16 + 36 = 7-21 centimetres,

and the field at the centre is therefore equal to

n = 104-5 C.-G.-S. units.
7-21

being somewhat less than double that at each end,
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It will easily be seen that the longer the solenoid the

nearer does D become equal to Z, and that for a long narrow

solenoid we may consider it the same as I without any appre-

ciable error. The field at the centre of such a solenoid is

then
*"Cn

C.-G.-S. units,

to which expression reference has already been made (paras.

130 and 133). Again, the shorter the length of the solenoid

the more it approaches the shape of a current ring (Fig. 152),

and we should therefore expect the field at the centre to become

very nearly equal to that due to a thin ring of current. This

is so, for the diagonal line is very nearly the same as the

mean diameter of the coil, and does become

exactly equal to it when the coil is made shorter

and shorter till it forms a narrow ring. When
such is the case, instead of the diagonal D in the

above expression we can put the mean diameter

of the coil or twice the mean radius (2 r). Cancel-

ling out the 2, the field at the centre becomes

C.-G.-S. units,
r

which is the same as previously derived for a

narrow ring-shaped coil of n turns (para. 145). FIG. 152.

The next point to consider is the strength of

field at any point on the axis either inside or outside the sole-

noid, and this case will necessarily include those already taken.

The expressions, however, which have been derived above for

finding the field at the centre and at either end of a solenoid

will be found useful not only as steps leading up to the most

general case, but as easy expressions to deal with, showing also

at a glance the relation between the field at these points and

the diameter, length, and depth of winding of a solenoid.

150. Intensity of Field at any Point on the Axis of a Sole-

noid. The results already derived will afford sufficient ground

to work upon in order to show how the field at any point on

u2



292 PRACTICAL NOTES

the axis of a solenoid is determined. In the two expressions

for the field at the centre and at either end, if we consider only
those factors which alter in value according to the position of

the point on the axis, we shall be able to trace the general law

for any point. On examining these expressions we find that

the factor 2 IT G
l
occurs in both, and therefore the remaining

factors depending on the position of the point considered are

and

2 Z
at the centre,

at either end.
R

Now the ratio of the length of the solenoid
(I)

to the diagonal

FIG. 153.

(D) is the cosine of the angle (0) between them (Fig. 153), and

it is evident that the angle is equivalent to the angle a.

Further, if a line is drawn from the centre to the other end of

the solenoid, as shown, it is evident that the included angle /3

is symmetrical with the angle a and equal to it.

We have, therefore,

2 7 = 2 cos a = cos a + cos /3.

This is for the field at the centre of the coil
;
and now if we

consider the field at one end we find in a similar manner

that the ratio of I to R (Fig. 149) is the cosine of the angle

between these lines. Generalising these results, it is not difficult
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to see that the field along the axis within the coil depends upon

the sum of the cosines of the angles formed on each side of the

point wherever that is situated on the axis. For instance, as

the field is considered at points further away from the centre

one angle becomes less and less while the other becomes

greater ;
and finally, when the point is taken at the end of

the coil, as in Fig. 149, the angle /3 has increased to 90deg.

where its cosine is zero, while a has become equal to the angle

enclosed between the lines I and R, as we have seen above.

Replacing the constant factor 2 TT Cv and putting for C
t

its

equivalent (C n divided by /),
we have the result that the

FIG. 154.

intensity of field at any point on the axis within the coil is

equal to

27rCU
(cos a+ cos P) C.-G.-S. units,

where at the end of the coil the cosine of /3 is zero, and beyond

this, viz., outside the coil, its cosine changes in sign. The field

at any point outside the coil on its axis (such as at p, Fig. 154)

is, therefore, proportional to the difference of the cosines of the

two angles instead of their sum as above. (The angle a in this

figure is shown on the other side of the axis for convenience.

It is evident that it is identically the same as when indicated

above the axis, in the same way, at the point p.) This mav now be

applied to some practical example. It is best to take some definite
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size of solenoid and calculate the intensity of field at various

points along the axis, and from these results plot a curve showing

the way in which the field varies. By this means an insight is

obtained into the relative strength of field at various points on

the axis of such a coil. Take a solenoid eight centimetres long and

wound with 100 turns of wire, the mean radius of the coil so

wound being one centimetre (Fig. 155). Say a current of 12'7

FIG. 155.

amperes is passed through this winding, then the constant

quantity
2 TT Crc2x 3-1416x1-27x100 = 100,

the current being expressed in C.-G.-S. units. The factors

which vary according to the position of the points on the axis

have now to be determined, and as the distribution of field is

symmetrical on each side of the centre it is only necessary to

make the calculations for one side. The angles themselves

need not be determined, but simply their cosines, and this only

involve^ in each case finding the value of the hypothenuse of a
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right angle triangle of which the other two sides are known.

We have at the centre two equal angles, the cosine of each of

which is

4

the denominator being the hypothenuse, and found by ex-

tracting the root of the sum of the squares of the other two

sides. At the centre of the coil the field is, therefore,

100 x 2 x -97 = 194 C.-G.-S. units.

Now calculate the field at points on the axis one centimetre

apart. At one centimetre distance from the centre the two

angles are different, their cosines being found in the same way
as the above, and added together, viz. :

JL + -L-1-93.

The field at this point is, therefore,

100 x 1-93 = 193 C.-G.-S. units.

Similarly, at two centimetres from the centre the field is

100 fJL + -^LV 188 C.-G.-S. units.

V ^37 J5 I

At three centimetres the field, similarly calculated, is equal

to 169 units. Now at four centimetres from the centre we

arrive at the end of the coil where one angle becomes 90 deg.

and its cosine nil, the cosine of the remaining angle being

The field at the end of the coil is, therefore,

100 x -99 = 99 C.-G.-S units,

or a little more than half that at the centre. It will be

observed that the field diminishes very rapidly at this part of
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the axis. At five centimetres from the centre the point is out-

side the coil, and the difference of the cosines is therefore taken.

The field is therefore

100 (-2= - \ = 28 C.-G.-S. units.

V ^82 N/2/

Similarly, at six centimetres from the centre the field is

equal to

100 ( }j_ - -4= \ = 10 C.-G.-S. uni
\ N/101 N/5/

units.

These values plotted give the curve shown in the figure,

which therefore graphically represents the variation in inten-

sity of field along the axis. It will also be noticed by the fore-

going example that the variation of field along the axis depends

only upon the geometrical dimensions of the coil
; that is, on the

relation between the mean diameter and length of the solenoid,

and not on its actual size as a whole. For example, the curve

above plotted (Fig. 155) is for a solenoid whose length is four

times its mean diameter, and there would be precisely the

same distribution of field and consequently the same shape of

curve for solenoids of 2, 3, 10, or any number of times the

actual size of the above, provided they have the same relation

between length and diameter
;
and this is irrespective of the

strength of current, number of turns, and size of wire composing
the coil. The above does not profess to be a proof of the law

stated, but the endeavour has been to trace up in a rational

manner the derivation of the formula, so that it may be used

with an intelligent appreciation of its meaning.



TABLE OF NATURAL TANGENTS.

The tangent of 45 being exactly equal to unity, the tangents
of angles under 45 are fractional quantities, while the tangents
of angles above 45 are greater than unity, but not in exact

whole numbers.

The fractional quantities are given in the vertical columns,
each such fraction corresponding to the degree marked in the

same horizontal line in the first column and the number of
" minutes " marked at the head of the column in which the

fractional quantity is placed.

Instead of 60 vertical columns, viz., one for each minute, it

is only for every sixth minute that the fraction is given in full.

The last two columns supply figures for the intermediate five

minutes by which the fractional numbers must be increased.

If the angle is simply in degrees its complete tangent is at

once found in the second column. In all other columns the

whole numbers are omitted, but are understood to be the same

as those marked in the second column in the same horizontal

line, except when the first figure of the fraction has a mark
over it, when the next higher whole number is to be taken.

With the aid of a few examples no difficulty will be experi-
enced in using the table.

Required the tangent of 36 45' :

By the table tangent of 36 42' = 7454
Difference in Minutes = 3

Number under 3 . = 14

Add -7468 = required tan.

Required the tangent of 71 50' :

By the table tangent of 71 48' =3 -0415

Difference in Minutes = 2

Number under 2... 58

Add 3-0473 = required tan.
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Required the tangent of 83 54' :

By the table tangent of 83 54' =9*3572

Example of the reverse operation :

Required the angle whose tangent is 2-3090 :

Nearest lower fractional number

opposite whole number 2 = -2998 = tan 66 30'

Difference between this and 3090 - 92

In difference column 92 corresponds to 5'

Add 66 35'

which is the required angle.
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Ô-3

I>K3
d" O O3
CO 1 <3-
OO O5 O5

ss g CO 00 05 05
[> rH LO OO CO vO CD LO O5 *3"O5OO OrHrH O3 OJCOlO

O5 LO 3- O =3- O IO
LO O O rO CO OO ^T
t> i I W 02 CO O O
O5 O O O i-H i-H CXi

O5 O O5 O rH
rH O5 O LO LO o

L^ O T
O5 O O

a,

5?CO CO
^- oco I-H LOOC
co ro u j o> (O O5
t> O ro O O ro
CO OJ O5 OJ O CJ

LO d- O K3 O O5T 3- O O5 3- rH
i I LO O5 rO CO rO
rH rH rH O3 V.N tO

3
iO CO O
t>L- CO

<L- COO KD
coas

O LO CO O O
i O ro O I-H LOlOO OrH r-

O CO O5 O i-H CO rO 53- LO O [> 00 O5 O rH CO IO
rOr^jrO 53- 5T'd-X TT 1^- =3-^T*T ^ LOLCLO



302 PRACTICAL NOTES

10 ro LO co oro o o
"3" <T "3" LO LO LO vO

rororo

S g S *
rH rH rH

s rn-

I> coco o ro *
rH rH rH O3 O3 O3 O3

03 030 O rH rH O3 ro * LO ooco

O O rH C^ rH

C^ tO O3 LO O3
^" LO LO 4J C^"

O3 rO CO LO LO
1 LO ^ ro ro *^
O3 IO rH O3 IO

t?

O3O3 rO OCOrO r->rHO3
i ICO O3 lO urj O3 LO LO rO
LO t CO vD^fK) O3O3rO

ujOr> t> COO3;O rHO3tO

O3 O LO
C^ rH
rH O <f
[> CO IO

\c
LO

i-HLOO OtOLO t> LOO3LO
SSr? t2r?^ ^ i05 ^
<3- <sr LO LO v C^ C003 lO rH 03 ?0

O3 O
O3 LO
* LO 8

030 CO

LOrH

O O3 O LO
O3 rH C*" r^"
^O rO CO ^O
LO O O t>

LO ro cc O3 vd o O3
^J' O3 ^f 00 T tO
O3 O3 i-H Ki C^" O3
rH O3 ^ LO ^O CO

k
CO vD rH
vO O3 LO
O> 3- O
rO <3- LO

LO
O3

8
i ro o 03
IN <a- LO'

vO 03
rH ^ [> i-H O3 O3

l> O3 d- tO
LO rH CO LO

LO O ro

OO O CU
CO O3 O3

^r co
[> O
rH O3

r-i OJ O
IO rH C^
LTJ O O OrHO3 rOLOvO O- O3

Is

s Ss

oa

LO
KD

O3
rH KD co
co ro co
ro =3- *x

LO f^ rH
rH CO rH
rH CO O
CO CO O3

<=r ro o ro vO
r>^

LO co

LO LO O CO rH O O3
rH O3 rO ^T O I> O3

00 O^003O CO v>
co co o^

rO LO O O3 rH rH LO O3

LCJ *3" ^J" LO D^* O ^" CPO rH O3 rOt^vO L^ O3

030303 030303 O3 O3

LO LO LO vO



FOR ELECTRICAL STTJDENTS. 303

rH K5 CM I> L0[>
vOCO OKDO vO fO
rH rH CO CM CM K)K5d-

OJ <d- (MOK3 CO CM O
(M^- O CO rH 3-O3iO
rH rH rH r-l CM CM CM K>

OCO CM CT> O >O CT> CM
O5O CMrOvO CO rH O

rH rH rH i-l rH CM CM

* oa -H K> r- 3- \o LO
vOC- CO OiO

aq; jo

-idBj eq^ o; 8uiAio '[njasn

aq o; os'eao saranpo aoaa.iajjTQ;

vO O3 CM O3
tr*~ ^
CT> i 1O sO

O553- CMOO
,,8 -S3 ^^12

LO

S

;cS

CM lOCOCNJ C5 CM CT> K> * _
*d- O> LO LO O O CO CJt^Lp

LO LO C**" JO rH ^5O LO IrH 0} lOi ICM

a

OC^

O3 ^"

^OCI

vO Ot)

K)d-vO LO OvOCM COOhO OCM
cocnoo o CMO5LO LOOCO COCOCM

i i LO
C^- C^-
r-HtO

o>
LTi

O5 i 1 LO O C35

000 r^^Oi ^ SSl^ OCMO N 00 2O CO rH LO 0) 10 O> O LO D- rH iH rH CM K> r-

35 OCLO CMLOLO

Sc^ ?SS g SS^ Si2 SSS

C* 3-
CM

g
LO 00
3-fOKJ

000)0 =? CO

C35rHLO OrHrH
rH rH CMIOO

LOhO

LOI>- CDrH-- C350N3
H rH rH hO \O

T-

!> CM C5 rH
CO <3-
hO LO

K3O<* O r-irH^- irOO CO^CJ)
tpt^rH O tprHrH LO^tO OOCM

LO o t> c a> r-^

O r-iCMr-iCMtO LOO I>OOO>
CO 00 CO CO CC CO OOCOCO





INDEX.

Aerial Lines, 71

Ampere, The, 38, 267

Ampere-feet, 230

Ampere-turns and Field, 202
on Solenoid, 282

Area of Curve, 286
Astatic Instrument, 94

Needles, 86

System, 280

Batteries (see Cells).

Calibration by Comparison, 117

Constant, of Tangent Galva-

nometer, 118
of Indicators, 87

Simultaneous, 105r 106

Cell, Chemical Action of, 5
Dauiell, 7
De la Rue's, 14
Elements and Poles of, 5
Fuller's, 14

Gravity, 10
Internal Resistance of, 9
Leclanche", 13
Local Action in, 7

Minotto, 11
Polarisation in, 6
Porous Partition for, 9
Standard, 16

Tray, 12, 88

Cells, Diffusion in, 9.

in Multiple Arc, 96
in Series, 17
to Insulate, 18

Circuit, Closed and Open, 33
Short, 12, 62

Coils, External shape of, 85
for Resistances, 99
in Multiple, 47
in Series, 47

Mounting, 45

Winding, 46 85

Commutator, 58

Conductivity and Weight, 26
Current and E.M.F., 38
Unit of, 24, 81

Conductors, Copper, 25

, , Length, Diameter,and Weight,
26

Telegraphic, 27

Continuity Tests. 64

Controlling Field, Measurement of, 213

Magnet, 128, 209
Cosine and Sine, 149

Coulomb, The, 39

"Couple," 152

Current, 1, 9, 10
Absolute and Practical Units, 267
Belt, 282
Direction of, 4, 42
Retardation of, 36
Unit of, 38

Curves of Force, 126

Daniell Cell, 7

Gravity, 10

Declination, Angle of, 140

Demagnetising, 142, 218

Effect, 234

Lines, 215
Detectors (see Indicators).
Difference of Potential, 4
Diffusion in Cells, 9

Dip, 133

Dyne, 134

Earth Plate, 71
Earth's Field,

"
Couple

"
due to, 152

Horizontal Intensity, 136, 138

Magnetic Field, 133

Magnetising Force, to Neutralise,
231

Total Intensity, 134, 138
Vertical Intensity, 139
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Electro-Magnets, 190

Ampere-turns, 195
Poles of, 191

Retarding Effect, 194
Electromotive Force, 2

Element, Positive and Negative, 5

Ewing, Prof. J. A. : Experiments on Mag-
netic Induction, 246

Fibre, Suspension, 146
Field at Centre of Coil, 267

at Centre of Solenoid, 289
at End of Solenoid, 288

Controlling, Measurement of, 213

Intensity of, in Circular Conductor,
262

of Coil and Magnet Superposed, 268
of Force, Mechanical and Magnetic,

143
on Coil Axis, Critical Point, 266
on Axis of Solenoid, 293

Resultant, 157

Fields, Superposed, 144, 156, 268

Strength of, 145

Figure of Merit, 103

Force, Magnetic, 137, 138, 141
Moment of, 149
on Needle, 147
Unit of, 134

Galvanometer, Sir Wm. Thomson's Graded,
210,269

Galvanometers, Decrease of Sensitiveness

of, 208
Increase of Sensitiveness

of, 142, 212

Tangent, 113, 118
with Several Coils, 58,209,

210
German Silver for Resistances, 98

Horizontal Component, 136

Hysteresis, 239

Inclination, Angle of, 133

Indicator, Astatic, 94

Horizontal, 61
Needle of, 44, 59, 60
Standard G.P.O., 82, 101

Indicators, Best Resistance of, 48, 50

Current, 42
for Large Currents, 55, 119
for Telegraph Work, 53

Indicators for Telephone Work, 54
Sensitiveness of, 48, 63, 91
with Different Coils, 57

Induction, Electro-Magnetic, 240
Insulation of Overhead Mains, 75

Resistance per Mile, 77

Test, 70, 76

Insulators, Porcelain, 71

Shackle, 73

Intensity of Magnetisation, 199, 241
Inverse Squares, Law of, 135

Johnson and Phillips' Insulator, 72

Kapp Lines, 247

Latimer Clark's Insulator, 71

Leading Wires, Correction for, 80
Effect of Current in, 56,

206
Lines of Force, 126, 136, 141

Demagnetising, 215
Direction of, 127, 131
Round Circular Conductor,

257
Round Straight Conductor.

254
Local Action in Cell, 7

Magnet, Controlling, 128, 209, 211, 213

Electro, 190
Polar and Normal Lines of, 166

Magnetic Circuit, 196

Distribution, 225
Field Round Circular Conductor

257
Neutralisation of, 142
of Earth, 133, 138, 139
of Magnet, 157, 161, 162
Round Straight Conductor
253

Uniform, 140

Unit, 135

Fields, 123

Comparison of, 141

Superposed, 144, 156, 268

Hysteresis, 239

Induction, 199, 240

Leakage, 199

Meridian, 139

Moment, Measurement of, 177

Permeability, 250

Pole, Unit, 135
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Magnetic Poles, Comparison of, 143

Saturation, 245

Shell, 258

Susceptibility, 236

Magnetisation, Apparatus to Determine,
206

Curve, 220

Intensity of, 199, 241

Magnetise, To, 132, 146

Magnetising Coil, 236, 224, 227

Force, 195, 222, 228
and Ampere-turns, 202

Magnetism, Free, 200

Hughes' Theory of, 185
Nature of, 182

Residual, 232, 234, 239

Magnetometer, 166

Adjustment, 176

Mass and Weight, 135, 155

Megohm, 30

Microhm, 30

Milliampere, 40

Mho, 24, 81
Moment of a Force, 149

Couple, 152

Magnet, 155

31orse, Simple Circuit, 66

Mounting of Coils, 45

Needles, 44

Multiple Arc, 31

Multiplying Power of Shunt. 107, 109,
110

Needle, for Magnetometer, 169
for Tangent Galvanometer, 114

Vibrating, 146

Needles, Astatic, 86, 94

Checking Oscillations of, 101
Loss of Magnetism in, 59, 60
of Detector, 44

Oscillations, and Strength of Field,
141

Reversal of, 59

, Size, in Comparison to Coil, 114,
121

Ohm, 10

Ohm's Law, 40, 89
; 103, 110

Ohms, Multiples of, 30
Oil Insulator, 72

Oscillations, Law of. 143
^Overhead Mains, 73

Insulation of, 75

Parallax, Error of, 85

Pendulums, Force Actuating, 142
Law of Compound, 143

Period, 143

Variable, 36

Permeability, Magnetic, 250

Pivot, Friction of, 60

Platinoid, 98

Platinum-Silver, 98

Pointer, Glass, 169

Vulcanite, 84

Polarisation, 6, 101

Pole, Unit Magnetic, 135

Poles, Consequent, 131
Force Between Two, 135

Free, 127, 143, 156
North and South, 125
Number of Lines from, 214
(of Cell), Positive and Negative, 5
Position of, 156, 225

Porous Partition, 9

Potential, 18
Difference of, 4
Distribution of, in Battery, 18

Quantity of Electricity, 39

Resistance, 9.

Adjustable, 207
and Cross Section, 26
and Length, 25

Box, 97

by Reproduced Deflection, 82
Insulation, 75, 77

Joint, 31, 111
of Cell, 9

Relative, of Metals, 23
Resistances in Multiple, 31, 111

in Series, 30
of German Silver, 98
of Platinoid, 98
of Platinum Silver, 98

Resultant Field, 157, 270
Direction of Field, 158

Sensitiveness, Increase of, 142, 212
of Indicator, 91

Series, Cells in, 17
Shackle Insulator, 73

Shackling Telegraph Lines, 74
Short Circuit, 12, 62

Shunt, 106

Multiplying Power of, 107, 109 110
Resistance of, 111

x2
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Sine and Cosine, 149
Soft Iron, Magnetic Saturation of, 245

Solenoid, Direction of Field due to, 277
Field along Axis of, 293

at Centre of, 289
at End of, 288

Mounting of, 273
' Variation of Field alongAxis, 284,

294

Specific Conductivity, 23

Resistance, 23
Steel Main Suspender, 74

Stirrup for Needle, 146

Straight Line Law, 92, 102
^

Submarine Cables, Retardation on, 36

Susceptibility, Magnetic, 236

Tangent Curve, 115

Galvanometer, 113

Principle, 156

Scale, Graduation of, 172

Temperature and Resistance, 98
Terminal Volts, 89
Tests for Continuity, 64

Faults in Apparatus, 65>

Identity of Wires, 68

Tests, Insulation, 70
with Indicators, 64

Volt, 3, 7
Volume of Core, 204

Weight and Mass, 135, 155-
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trations, cloth, 3s. 6d.

QUESTIONS ON MAGNETISM AND ELECTRCITY set at the Intermediate
Science and Preliminary Scientific Press Examination of the University of London from 1860 to 1884. By
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MAGNETISM AND ELECTRICITY. By John Cook, M.A., Principal of
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TRAIT6 PRATIQUE D'ELECTRICITE INDUSTRIES By E. Cadiat and
L. Dubost. Second Edition. With 222 engravings, 8vo., 12s.

TRAITE EL^MENTAIRE D'ELECTRICITE. By J. Joubert. With 321
illustrations. 6s.

Third Edition.

Price, Paper Covers, Is., post free Is. 3d. ; Boards, Is. 6d., post free Is. 9d.

PRIMERS of ELECTRICITY. By Prof. Houston, W. H. Siiell, and others.
These Thirty-two Primers contain Chapters devoted to Dynamo Machines, Arc and Incandescent Lamps,

Alternating Currents, Testing Instruments, The Electric Telegraph, The Microphone, The Telephone, Galvano-
meter Constants, Ohm's Law, Electric Clocks, Voltaic Batteries, &c., &c.

The Third Edition is NOW HEADY.

ELECTEIC LIGHTING AND TRANSMISSION OF POWER,
PRINCIPLES OF DYNAMO-ELECTRIC MACHINES. By Carl Hering.

Cloth, 279 pages, 59 illustrations, 10s. 6d.

Practical Directions for Designing and Constructing Dynamos. With an Appendix containin several
Articles on Allied Subjects, and a Table of Equivalents of Units of Measurement.

ELECTRIC TRANSMISSION OF ENERGY, AND ITS TRANSFORMATION,
SUB-DIVISION AND DISTRIBUTION. A Practical Handbook. By G. Kapp. New Edition. Crown
Svo, 119 illustrations, 7s. 6d.

THE ELECTRIC MOTOR AND ITS APPLICATIONS. By T. C. Martin and
J. Wetzler.

New and greatly enlarged edition. This work is the first American book on Electric-Motors, and the
only book in any language dealing exclusively and fully with the modern Electric-Motor in all its various

practical applications. The book is a handsome quarto, and contains about 300 pages and 275 illustrations

12s. 6d., post free 13s. 6d.

DYNAMO-ELECTRIC MACHINERY: A TEXT-BOOK FOR STUDENTS
OF ELECTRO-TECHNOLOGY. By Silvanus P. Thompson, B.A., D.Sc., M.S.T.E. Third Edition, revised-

and enlarged, Svo, cloth, 16s.

ELEMENTS OF CONSTRUCTION FOR ELECTRO-MAGNETS. By Count Th.
du Moncel, Membre de 1'Institut de France. Translated by C. J. Wharton. Crown Svo, cloth, 4s. 6d.

ELECTRICITY AS A MOTIVE-POWER. By Count Th. du Moncel, Membre de
1'Institut de France, and Frank Geraldy, Ing^nieur des Ponts et Chauss^es. Translated and edited byC. J...

Wharton, Assoc. Soc. T. E. With 113 engravings and diagrams, crown Svo, cloth, 7s. 6d.

ELECTRIC LIGHTING FROM CENTRAL STATIONS. By Geo. Forbes, M. A.,.
F.R.S. (L. and E.), &c., &c. Svo, sewed, Is.

WRINKLES IN ELECTRIC LIGHTING. By Vincent Stephen. With illustra-

tions, crown Svo, cloth, 2s. 6d.

RULES AND REGULATIONS RECOMMENDED FOR THE PREVENTION
OF FIRE RISKS FROM ELECTRIC LIGHTING, issued by the Society of Telegraph-Engineers. 8vo,

sewed, 6d.

THE PHCENIX FIRE OFFICE RULES FOR ELECTRIC LIGHT INSTAL-
LATIONS AND ELECTRICAL POWER INSTALLATIONS. By Musgrave Heaphy, C.E. Thirteenth
Edition, Svo, sewed, 6d.

CENTRAL STATION ELECTRIC LIGHTING. With illustrations. An enlarge-
ment of the Paper awarded the Telford Premium by the Institution of Civil Engineers. By Killingworth.
Hedges. M. Inst. C.E. Crown Svo, cloth, 3s. 6d.

ON THE RELATION WHICH OUGHT TO SUBSIST BETWEEN THE
STRENGTH OF AN ELECTRIC CURRENT AND THE DIAMETER OF CONDUCTORS, TO PREVENT
OVER-HEATING. A Paper read before the Society of Telegraph-Engineers and Electricians. By Pro-
fessor George Forbes, M.A., F.R.S.E. Svo, sewed, Is.

ELECTRIC LIGHT : ITS PRODUCTION AND USE. Embodying Plain
Directions for the Treatment of Voltaic Batteries, Electric Lamps, and Dynamo-Electric Machines,
By J. W. Urquhart, C.E. Fourth Edition, with large additions and 128 illustrations, cloth, 7s. 6d.
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ELEMENTARY PRINCIPLES OF ELECTRIC LIGHTING. By Alan A. Camp-
bell Swinton. Crown 8vo, cloth, Is. 6d.

THE STORAGE OF ELECTRICAL ENERGY, AND RESEARCHES IN THE
EFFECTS CREATED BY CURRENTS COMBINING QUANTITY WITH HIGH TENSION. By G.
Plants. Translated from the French by Paul Bedford Elwell. With 89 illustrations, 8vo, cloth, 12s.

MUNICIPAL LIGHTING. A comprehensive Treatise upon the Public Lighting
of the World. By Fred. H. Whipple. With illustrations. Second Annual Number. 4s. 6d.

EVOLUTION OF THE ELECTRIC INCANDESCENT LAMP. By Franklin
Leonard Pope. Cloth, 4s.

PRACTICAL DIRECTIONS FOR WINDING MAGNETS FOR DYNAMOS.
By Carl Bering. Crown 8vo, cloth, 63 pages, illustrated, 3s. 6d.

PRACTICAL DYNAMO BUILDING FOR AMATEURS : HOW TO WIRE
FOR ANY OUTPUT. By F. Walker, C.E. Second edition. 2s.

HOW TO MAKE A DYNAMO. By Alfred Crofts. Illustrated. 2s.

THE DYNAMO : HOW MADE AND HOW USED. By S. R. Bottone. With
39 illustrations Fifth Edition. 2s. 6d.

ELECTRICAL DISTRIBUTION BY ALTERNATING CURRENTS AND
TRANSFORMERS. By R. Kennedy. Second Edition nearly ready.

THE VOLTAIC ACCUMULATOR. An Elementary Treatise. By 6mile Reynier,
translated by J. A. Berly, Assoc. Inst. E.E. With 62 illustrations, cloth, 8vo, 9s.

LAW RELATING TO ELECTRIC LIGHTING. By G. S. Bower and W. Webb.
Entirely re-written. 8vo, 12s. 6d.

PRACTICAL TREATISE ON ELECTRIC LIGHTING. By J. E. H. Gordon.
Illustrated. 8vo, 18s.

ARC AND GLOW LAMPS : A PRACTICAL HANDBOOK ON ELECTRIC
LIGHTING. By Julius Maier, Ph.D., &c. With 78 illustrations. Crown Svo. 7s. 6d.

MANAGEMENT OF ACCUMULATORS AND PRIVATE ELECTRIC LIGHT
INSTALLATIONS. A Practical Handbook. By Sir David Salomons, Bart., M.A. New Edition, re-

vised and enlarged, with 32 illustrations, cloth, 3s.

THE GALVANOMETER AND ITS USES. A Manual for Electricians and
Students. By C. H. Haskins. Second edition. Illustrated. 18mo., 7s. 6d.

ELECTRIC LIGHT ARITHMETIC. By R. E. Day. 2s.

ELECTRICAL ENGINEERING FOR ELECTRIC LIGHT ARTISANS AND
STUDENTS. By W. Slingo and A. Brooker. Nearly ready.

ECONOMIC VALUE OF ELECTRIC LIGHT AND POWER. By A. R. Foot.
12mo, 4s. 6d.

ELECTRIC LIGHT FOR THE MILLION. By A. F. Guy. 6d.

ELECTRICAL ENGINEERING: Systematically-Arranged Questions on Tele-

graphy, Telephony, Electric Lighting, and Transmission of Power. By Prof. Jamieson. 9d.

ELECTRO MOTORS. The Means and Apparatus employed in the Transmission
of Electrical Energy and its Conversion into Motive-Power. By J. W. Urquhart. With illustrations,
crown Svo, cloth, 7s. 6d.

THE ELECTRIC RAILWAY. By Fred. H. Whipple. With illustrations, 4s. 6d.

TELPHERAGE. A Lecture delivered by Professor John Perry, M.E., F.R.S., at
the London Institution, January 24th, 1886. With wood engravings, Svo, sewed, 6d.

LES ACCUMULATEURS ELECTRIQUES. By A. Bandsept. 103 pages. 2s.

INDUCTEURS DYNAMO-^LECTRIQUES ET PYRO ^LECTRIQUES. By
A. Bandsept. fid.

TRAITE DES PILES tiLECTRIQUES. By Dr. D. Tommasi. 650 pages, 139
illustrations.

LES MACHINES DYNAMO-ELECTRIQUES, DE LEUR ORIGINE
JUSQITAUX DERNIERS TYPES INDUSTRIELS. By P. Cle"menceau. With 116 illustrations. 5s.

LE TRANSPORT DE LA FORCE PAR L'ELECTRICITE, ET SES APPLI-
CATIONS INDUSTRIELLES. By E. Japing, with Notes and Supplement by Marcel Deprez. With 49

illustrations, 4s.

LES LAMPES ^LECTRIQUES ET LEURS ACCESSOIRES. By D'Urbanitski
et G. Fournier. 96 figures, 3s. 6d.

:ELMENTAIRE DE LA PILE ^LECTRIQUE. By Alfred Niaudet.
Third Edition. Revised by Hippolyte Fontaine, and followed by a Notice on Accumulators by E. Hos-

pitalier. Illustrated, Svo, 6s. 6d.
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TRAITE PRATIQUE D'ELECTRICITE APPLIQU^E A SEXPLOITATION
DBS CHEMINS DE FER. By G. Dumont. With 250 illustrations, 6s. 6d.

ECLAIRAGE A L'ELECTRICITE. By Hippolyte Fontaine. Third Edition,
entirely re-written, with 326 illustrations, Svo, 13s

TRANSMISSIONS ELECTRIQUES. By Hippolyte Fontaine. Illustrated,
Svo, 2s. 6d.

LA LUMIERE ELECTRIQUE CONTEMPORAINE. By L. Montillot. With
200 illustrations, 3s.

LE TIRAGE DES MINES PAR L'ELECTRICITE. By Paul F. Chalon
Illustrated, 6s.

KRITISCHE YERGLEICHUNG DER ELEKTRISCHEN KRAFTUBERTRA-
GUNG MIT DEN GEBRAUCHLICHSTEN MECHANISCHEN UEBERTRAGUNGSSYSTEMEN By
A. Beringer. 2s. 6d.

DIE BLITZGEFAHR. I. MITTEILUNGEN UND RATSCHLAGE BETREF-
FEND DIE ANLAGE VON BLITZABLEITERN FUR GEBAUDE. Is.

DIE DYNAMOELEKTRISCHE MASCHINE : EINE PHYSIKALISCHE.
BESCHREIBUNG FUR DEN TECHNISCHEN GEBRAUCH. By Dr. O. Frblich. With illustrations,

Large Svo, 8s.

DIE ELEKTRISCHE BELEUCHTUNG. By Prof. Dr. E. Hagen With illus-

trations, large Svo, 8s.; cloth, 9s.

DIE ELEKTRISCHE BELEUCHTUNG UND IHRE ANWENDUNG IK
DER PRAXIS. By Dr. Alfred Ritter von Urbanitzky. 85 illustrations. 5s.

DIE ACCUMULATOREN FUR ELEKTRICITAT. By Edmund Hoppe. With
illustrations. 6s.

DIE GLEICHSTROM - DYNAMOMASCHINE : IHRE WIRKUNGSWEISE
UND VORAUSBESTIMMUNG. By Waldemar Fritsche. With 105 illustrations, Svo, 4s.; cloth, 5s.

TELEGRAPHY AND TELEPHONY,
TELEGRAPHY. By W. H. Preece, F.R.S., M.I.C.E., and J. Sivewright, M.A. P

C.M.G. With 160 woodcuts and diagrams, fcap. 8vo, 5s.

HANDBOOK OF PRACTICAL TELEGRAPHY. By R. S. Culley, M.InstC.E.
17 plates and 135 woodcuts, Svo, 16s.

HISTORY OF ELECTRtC TELEGRAPHY TO THE YEAR 1837 ; chiefly com-
piled from original sources and hitherto unpublished documents. By J. J. Fahie, Mem. Soc. Tel. Eng.,.
and of the International Society of Electricians, Paris. With engravings, crown Svo, cloth, 9s.

MODERN PRACTICE OF THE ELECTRIC TELEGRAPH. By Frank L.
Pope. Third Edition, with numerous wood engravings, Svo, cloth, 9s.

ELECTRICAL TABLES AND FORMULAE FOR THE USE OF TELE-
GRAPH INSPECTORS AND OPERATORS. Compiled by Latimer Clark and Robert Sabine. With wood-
engravings, crown Svo, cloth, 12s. 6d.

ELECTRICITY AND THE ELECTRIC TELEGRAPH. With numerous illus-
trations. By George B. Prescott. Sixth Edition, 2 vols., Svo, cloth, 1. Is.

THE ELECTRIC TELEGRAPH : ITS HISTORY AND PROGRESS. With.
Descriptions of some of the Apparatus. By R. Sabine, C.E., F.S.A. Limp cloth, 3s.

THE ELECTRIC TELEGRAPH. By Dr. Lardner. Revised and re-written bjr
E. B. Bright, F.R.A.S. With 140 illustrations, small Svo, cloth, 2s. 6d.

HANDBOOK OF THE TELEGRAPH: A GUIDE TO CANDIDATES FOR
EMPLOYMENT IN THE TELEGRAPH SERVICE. By R. Bond. Fourth Edition, revised and enlarged.
To which is appended : Questions on Magnetism, Electricity and Practical Telegraphy, for the Use of
Students. By W. McGregor, Indian Government Telegraphs. With woodcuts, limp cloth, 3s. ; strongly
bound, 3s. 6d.

A MANUAL OF TELEGRAPH CONSTRUCTION : for the Use of Telegraph
Engineers and others. By John Christie Douglas, M.I.E.E., East India Govt. Telegraph Department, <fec.

With numerous diagrams. Second edition (published with the approval of the Director-General of Tele-

graphs in India), crown Svo, cloth, bevelled, 15s.

MANUAL OF TELEGRAPHY. By W. Williams, Superintendent of Indian Govern-
ment Telegraphs. Illustrated by 93 wood engravings, Svo, 10s. 6d.

ELECTRICITY, MAGNETISM, AND ELECTRIC TELEGRAPHY
;
A PRAC-

TICAL GUIDE AND HANDBOOK OF GENERAL INFORMATION FOR ELECTRICAL STUDENTS,
OPERATORS AND INSPECTORS. By Thos. D. Lockwood. Numerous engravings, Svo, cloth, 12s fid.

THE QUADRUPLEX. By Wm. Maver, jun., and Minor M. Davis. With chapters
on the Dynamo-Electric Machine in relation to the Quadruplex, the Practical Working of the Quadruplex,
Telegraph Repeaters and the Wheatstone Automatic Telegraph. By Wm. Maver, jun. Cloth, 126 pages,
63 illustrations, price 7s.
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ON A SURF-BOUND COAST: CABLE-LAYING IN THE AFRICAN
TROPICS. By Arthur P. Crouch, B.A. 7s. 6d.; New Edition, 5s.

THE TELEPHONE. By W H. Preece, F.R.S., and J. Maier, Ph.D. With
numerous illustrations, crown 8vo 12s. 6d.

THE TELEPHONE. An Account of the Phenomena of Electricity, Magnetism,
and Sound, as involved in its Action. By Prof. Dolbear. 8vo, 2s. 6d.

PRACTICAL INFORMATION FOR TELEPHONISTS. By T. D. Lockwood.
Crown 8 vo, cloth, 5s.

PHILIPP RETS, INVENTOR OF THE TELEPHONE. A Biographical Sketch,
documentary testimony, translations of the original papers of the inventor and contemporary publica-
tions. By Silvanus P. Thompson, B.A., D.Sc., Professor of Experimental Physics in University College,
Bristol. With portrait and wood engravings. 8vo, cloth, 7s. 6d.

KRIEGS-TELEGRAPHIE : GESCHICHLICHE ENTWICKELUNG, WIRK-
UNGSKREIS UND ORGANISATION DERSELBEN. By R. von Fischer-Treuenfeld. With illus-

trations, 8vo, 6s.

DIE GESCHICHTE UND ENTWICKELUNG DES ELEKTRISCHEN
FERNSPRECHWESENS. With illustrations, Is. 6d.

LEHRBUCH DER TELEPHONIE UND MIKROPHONIE. By C. Grawinkel,
Kaiserl. Postrath. With illustrations, Svo, 5s.; cloth, 6s.

HANDBUCH DER ELEKTRISCHEN TELEGRAPHIE. In 5 vols.

I. GESCHICHTE DER ELEKTRISCHEN TELEGRAPHIE. By Dr. Karl Eduard Zetzsche. With 335

illustrations, 18s.

II. DIE LEHRE VON DER ELEKTRICITAT UND DEM MAGNETISMUS. By Dr. 0. Frblich. With
267 illustrations, 14s.

III. DIE ELEKTRISCHE TELEGRAPHIE IM ENGEREN SINNE. Fully illustrated. Parts 1 and 2

by 0. Henneberg, 8s. Part 3, by Drs. 0. Frblich and K. E. Zetzsche, 6s. Part 4, by Dr. K. E.

Zetzsche, 4s.

IV. DIE ELEKTRISCHEN TELEGRAPHEN FUR BESONDERE ZWECKE. By Dr. K. E. Zetzsche.
With 668 illustrations, 28s.

DIE ERFORDERNISSE ZUM TELEGRAPHIREN. By 0. Henneberg, Dr. 0.
Frblich, and Dr. K. E. Zetzsche. (A New Edition of Part. 1 of Vol. III. of the "Handbuch fiir Elektrischen

Telegraphic.") With 701 illustrations, 25s.

T^L^PHONE, MICROPHONE, ET RADIOPHONE. By T. Schwartze and G.
Fournier. 119 illustrations, 3s. 6d.

TRAITS DE TELEGRAPHIE SOUS-MARINE. Historique. Composition et fabri-
cation des cables tele"graphiques. Immersion et reparation des cables sous-marins. Essais electriques.
Recherche des d&auts. Transmission des signaux. Exploitations des lignes sous-marins. By E.

Wiinschendorff, Ingenieur des Telegraphes, Directeur de Telegraphic Militaire. With 469 illustrations,

Svo, 32s. _____

'ELECTRO-CHEMISTRY AND ELECTRO-METALLURGY.
THE ART OF ELECTRO-METALLURGY, INCLUDING ALL KNOWN PRO-

CESSES OF ELECTRO-DEPOSITION. By G. Gore, LL.D., F.R.S. With 56 illustrations, fcp. Svo, 6s.

OALVANO-PLASTIC MANIPULATIONS. A Practical Guide for the Gold and
Silver Electroplater and the Galvano-plastic Operator, based largely on the "

Manipulations Hydroplas-
tiques' of Alfred Roseleur. By Dr. W. H. Wahl, Secretary of the Franklin Institute. 189 engravings,
royal Svo, cloth, 1. 15s.

ELECTROLYSIS. A Practical Treatise on Nickeling Coppering, Silvering, the

Refining of Metals, and the Treatment of Ores by means of Electricity. By Hippolyte Fontaine. Trans-
lated from the French by J. A. Berly, C.E., Assoc. S.T.E. With engravings, Svo, 9s.

ELECTRO-DEPOSITION : A PRACTICAL TREATISE ON THE ELECTRO-
LYSIS OF GOLD, SILVER, COPPER, NICKEL, AND OTHER METALS AND ALLOYS. With Descrip-
tions of Voltaic Batteries, Magneto and Dynamo-Electric Machines, Thermopiles, and of the Materials
and Processes used in every Department of the Art, and several Chapters on Electro-Metallurgy. By
Alexander Watt, F.R.S.S.A. With numerous illustrations. Third Edition, revised and corrected. Crown
Svo, cloth, 9s.

ELECTRO-METALLURGY : PRACTICALLY TREATED. By Alexander Watt,
F.R.S.S.A. Eighth Edition, revised, with additional matter and Illustrations, including the most recent

processes. 12mo, cloth boards, 3s. 6d.

ELECTRO-PLATING : A PRACTICAL HANDBOOK ON THE DEPOSITION
OF COPPER, SILVER, NICKEL, GOLD, ALUMINIUM, BRASS, PLATINUM, &c., &c. With descrip-
tions of the Chemicals, Materials, Batteries and Dynamo Machines used in the Art. By J. W. Urquhart
C E. Second Edition, revised, with additions. Numerous illustrations. Crown Svo, cloth, 5s.
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MISCELLANEOUS,
PRACTICAL ELECTRIC BELL FITTING. By F. C. Allsop. Nearly 150

illustrations. 3s. 6d.

ELECTRIC BELLS. A Practical Handbook. By S. R. Bottone. With numerous
illustrations, crown Svo, 3s.

ELECTRICAL INSTRUMENT MAKING FOR AMATEURS, A Practical
Handbook. By S. R. Bottone, Author of " The Dynamo," &c. 60 illustrations, Second Edition, cloth, 3s

ELEMENTARY MECHANICS. By Oliver J. Lodge, D.Sc. Lond. Revised
Edition, 208 pages. Cloth, 3s.

MECHANICAL THEORY OF HEAT. By R. Clausius. Translated by Walter R.
Browne, M.A., late Fellow of Trinity College, Cambridge. Crown Svo. 10s. 6d.

FOUR-FIGURE MATHEMATICAL TABLES. Comprising Logarithmic and
Trigonometrical Tables, anJ Tables of Squares, Square Roots, and Reciprocals. By J. T. Bottomley, M.A.,
F.R.S.E., F.C.S., Lecturer in Natural Philosophy in the University of Glasgow. Svo, 2s. 6d.

AN ELEMENTARY TREATISE ON HEAT. With numerous woodcuts and
diagrams. By Balfour Stewart, LL.D., F.R.S. Fifth Edition. Extra fcap. Svo, cloth, 7s. 6d.

PAPERS, LITERARY, SCIENTIFIC, &c. By the late Fleeming Jenkin, F.R.S.S.
(L. &E.) Edited by Sidney Colvin, M.A., and J. A. Ewing, F.R.S. With Memoir -by Robert Louis
Stevenson. 2 vols., Svo, 32s.

LESSONS IN ELEMENTARY MECHANICS. By Sir Philip Magnus, B.Sc.
With 52 Examples, nearly 500 Exercises and Examination Questions with Answers, and 124 woodcuts. Fcap.
Svo, 3s. 6d.

THE COMBINED NUMBER AND WEIGHT CALCULATOR. Containing
upwards of 250,060 Separate Calculations, showing at a glance thft value at 421 different rates, ranging
from ^th of a penny to 20s. each, or per cwt., and 20 per ton, of any number of articles consecutively,
from 1 to 470. Any number of cwts., qrs., and Ibs., from 1 cwt. to 470 cwt. Any number of tons, cwts.,
qrs., and Ibs., from 1 to 23 tons. By William Chadwick. Imp. Svo, strongly bound for office wear and
tear, 30s.

PRACTICAL CHEMISTRY, INCLUDING ANALYSIS. By J. E. Bowman and
Prof. C. L. Bloxam. Eighth Edition. With 90 engravings, fcap. Svo, 5s. 6d.

THE PATENTEE'S MANUAL : A TREATISE ON THE LAW AND PRAC-
TICE OF LETTERS PATENT. By J. Johnson and J. H. Johnson. Svo, 10s. 6d.

ON SOME NEW FORMS OF WORK-MEASURING MACHINES AS
APPLIED TO DYNAMOS AND ELECTRO MOTORS. By F. J. Smith, B.A., Assoc. Soc. Telegraph
Engineers, Member of the Physical Soc. of London. Cuts, 12mo, sewed, Is.

LIVES OF THE ELECTRICIANS. First Series : Profs. TYNDALL, WHEAT-
STONE AND MORSE. By William T. Jeans. Crown Svo, cloth, 6s.

FARADAY AS A DISCOVERER. By John Tyndall, F.R.S., &c. Fcap. Svo,
Ss. 6d.

THE JOURNAL OF THE INSTITUTION OF ELECTRICAL ENGINEERS
(formerly the Society of Telegraph-Engineers and Electricians). Issued at irregular intervals.

LIGHTNING ROD CONFERENCE. Report of the Delegates from the following
Societies, viz., the Meteorological Society, the Royal Institute of British Architects, the Society of

Telegraph-Engineers and Electricians, the Physical Society, and co-opted Members. Edited by G. J.

Symons, F.R.S. Cloth, Svo, 7s. 6d.

LIGHTNING CONDUCTORS : THEIR HISTORY, NATURE, AND MODE
OF APPLICATION. By Richard Anderson, F.C.S., F.G.S. Cloth, Svo, 12s. 6d.

EDISON AND HIS INVENTIONS. Including Full Explanations of the Phono-
graph, the Telephone, Tasimeter, &c., &c. With illustrations, Svo, cloth, 4s. 6d.

COMPARISON OF THE NUMBERS AND SIZES OF THE NEW LEGAL
STANDARD WIRE GAUGE WITH PREVIOUSLY KNOWN NUMBERS AND SIZES OF THE BIR
MINGHAM WIRE GAUGE, AND THEIR VALUES IN l.OOOTHS OF AN INCH. On a large sheet, Is

FORCE AND ENERGY : A THEORY OF DYNAMICS. By Grant Allen
Svo, 7s. 6d.
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DICTIONAEY OF CHEMISTRY (Watts'). Revised and entirely rewritten by
H. Forster Morley, M.A., D.Sc., and M. M. Pattison Muir, M.A., F.R.S.E., assisted by eminent contribu-
tors. 4 vols., 8vo, 42s. each.

LIFE OF PROF. CLERK MAXWELL. With Selections from his Correspond
ence and Occasional Writings. By Lewis Campbell, M.A., LL.D., and William Garnett, M.A. New-
Edition, abridged and revised. Crown 8vo, 7s. 6d.

POPULAR LECTURES AND ADDRESSES ON VARIOUS SUBJECTS IN
PHYSICAL SCIENCE. By Sir William Thomson, D.C.L., LL.D., F.R.S.E., Fellow of St. Peter's College,
and Professor of Natural Philosophy in the University of Glasgow. With illustrations, 3 vols., crown 8vo.

THE AGE OF ELECTRICITY, FROM AMBER SOUL TO TELEPHONE. By
Park Benjamin, Ph.D. 7s. 6d.

SCIENCE FOR ALL. Edited by Dr. Robert Brown, M.A., F.C.S., &c., assisted

by Eminent Scientific Writers. Five Volumes. Extra crown 4to, cloth, 9s. each.

EXAMPLES IN PHYSICS. By Dr. E. Jones, D.Sc., Lecturer in Physics in
University College of Wales, Aberystwith. Fcap. 8vo, 3s. 6d.

AN INTRODUCTION TO PHYSICAL MEASUREMENTS. With Appendices
on Absolute Electrical Measurement, &c. By Dr. F. Kohlrausch. Second Edition. Translated from the-

Fourth German Edition by Thomas Hutchinson Waller, B.A., B.Sc., and Henry Richardson Procter, F.C.S.
With 37 engravings, 8vo, 15s.

ELECTRICITY AND ITS MANNER OF WORKING IN THE TREATMENT
OF DISEASE. A Thesis for the M.D. Cantab Degree, 1884. By William E. Steavenson, M.D., M.R.C.P.,
Casualty Physician and Electrician to St. Bartholomew's Hospital. To which is appended an Inaugural
Medical Dissertation on Electricity for the M.D., Edin. Degree, written in Latin by Robert Steavenson,
M.D., in 1778, with a Translation by the Rev. F. R. Steavenson, M.A. 8vo, 4s. 6d.

A HANDBOOK OF MEDICAL AND SURGICAL ELECTRICITY. By
Herbert Tibbits, M.D., F.R.C.P.E. Third Edition. With engravings, 8vo.

HOW TO USE A GALVANIC BATTERY IN MEDICINE AND SURGERY.
By Herbert Tibbits, M.D., F.R.C.P.E. Third Edition, revised, and incorporating the Author's three
Lectures on Electro-Therapeutics. With engravings, 8vo, 4s.

UNITS OF MEASUREMENT FOR SCIENTIFIC AND PROFESSIONAL
MEN. By Lowis D'A. Jackson. Crown 4to, 2s.

ARITHMETICAL PHYSICS. By C. J. Woodward, B.Sc. Part HA., Is.;
Part IlB., 3s.

ABC FIVE-FIGURE LOGARITHMS
; OR, LOGARITHMS WITH DIFFER-

ENCES ON A NEW AND SIMPLE PLAN. By C. J. Woodward, B.Sc. Cloth, 2s. 6d.

PATENT LAWS OF THE WORLD. By Alfred and Edward Carpmael. 20s.

USEFUL RULES AND TABLES. By Prof. Rankine and Prof. Jamieson. 10s. 6d.

INDEX TO PUBLICATIONS ON MILITARY COMMUNICATIONS AND
ON TORPEDO WARFARE. By R. von Fischer-Treuenfeld. 3s.

KECUEIL G^N^RAL DE TOUS LES BREVETS D'INVENTION AYANT
TRAITE D'ELECTRICITE DE 1791 A 1881. By G. Fournier. 8vo, 4s. 6d.

LES SONNERIES ^L^CTRIQUES, INSTALLATION, ET ENTRETIEN. By
G. Fournier. 51 figures. 2s.

THE "TELEGRAPH CONVENTION" CODE (Copyright). Compiled by a
Staff of the moat experienced Telegraphists in the World. The most perfeiTelegraphists
approved by the leading Cable and Telegraph Companies.

perfect Code in existence, and
Prices per pair :

ENGLISH CODE, containing 36,900 words 660
LATIN

, 20,710 440
GERMAN 14,366 330
DUTCH 11,244 220

SPANISH CODE, containing 10,720 words 3 3
FRENCH 10,658 22
ITALIAN 9,815 2 2
PORTUGUESE 8,461 1 11

THE STATIST : A Journal for Economists and Men of Business. The leading
English Financial Journal. Published weekly. Price 6d., post free 6d. ; annual subscription, 1. 8s.

THE HANDY SHIPPING GUIDE. A Concise List of Shipping Ports, showing
at a glance all Sailings thereto from any given British and the Leading Continental Ports, Alphabetically
arranged. Published every Saturday. Price 6d., post free 7d. ; annual subscription, 1. Is.

1, Salisbury Court, Fleet Street, London, E.G.





THIS BOOK IS DUE ON THE LAST DATE
STAMPED BELOW

AN INITIAL FINE OF 25 CENTS

OVERDUE.

-35

9 1948

LD 21-20m-G,'32






