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PREFACE.

—— s

THE electromagnet in a practical form was first publicly
exhibited on May 23rd, 1825, by William Sturgeon, on
the occasion of reading a paper which is to be found
in the volume of the Z7ansactions of the Society of Arts for
that year. For this invention we may rightfully claim the
very highest place. Electrical engineering embraces many
branches, but most of these are concerned with electro-
magnets. The dynamo for generating electric currents, the
motor for transforming their energy back into work, the
arc lamp, the electric bell, the telephone, the recent electro-
magnet machinery for coal mining and for the separation of
ore, and many other electro-mechanical contrivances, come
within the purview of the electrical engineer. In every one
of these, and in many more of the useful applications of
electricity, the central organ is an electromagnet. By means
of this simple and familiar contrivance—an iron core sur-
rounded by a copper wire coil—mechanical actions are pro-
duced at will, at a distance, under control, by the agency
of electric currents. These mechanical actions are known to
vary with the mass, form, and quality of the iron core, the
quantity and disposition of the copper wire wound upon it,
the quantity of electric current circulating around it, the form,
quality, and distance of the iron armature upon which it acts.
But the laws which govern the mechanical action in relation
to these various matters are by no means well known, and,
indeed, several of them have long been a matter of dispute.
Gradually, however, that which has been vague and indeter-
minate becomes clear and precise. The laws of the steady
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circulation of electric currents, at one time altogether obscure,
were cleared up by the discovery of the famous law of Ohm.
Their extension to the case of rapidly interrupted currents,
such as are used.in telegraphic working, was discovered by
von Helmholtz ; whilst to Maxwell is due their further exten-
sion to alternating, or, as they are sometimes called, undula-
tory currents. All this was purely electric work. But the law
of the electromagnet was still undiscovered ; the magnetic part
of the problem was still buried in obscurity. The only exact
reasoning about magnetism dealt with problems of another
kind ; it was couched in language of a misleading character ;
for the practical problems connected with the electromagnet
it was worse than useless. The doctrine of two magnetic
fluids distributed over the end surfaces of magnets, had,
under the sanction of the great names of Coulomb, of
Poisson, and of Laplace, unfortunately become recognized as
an accepted part of science, along with the law of inverse
squares. How greatly the progress of electromagnetic
science has been impeded and retarded by the weight of
these great names it is impossible now to gauge. We now
know that for all purposes, save only those whose value lies
in the domain of abstract mathematics, the doctrine of the
two magnetic fluids is false and misleading. We know that
magnetism, so far from residing on the end or surface of the
magnet, is a property resident throughout the mass; that the
internal not the external magnetization is the important fact
to be considered ; that the so-called free magnetism on the
surface is, as it were, an accidental phenomenon ; that the
magnet is really most highly magnetized at those parts where
there is least surface magnetization ; finally, that the doctrine
of surface distribution of fluids is absolutely incompetent to
afford a basis of calculation such as is required by the
electrical engineer. He requires rules to enable him not only
to predict the lifting power of a given electromagnet, but also
to guide him in designing and constructing electromagnets of
special forms suitable for the various cases that arise in his
practice. He wants in one place a strong electromagnet to
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hold on to its armature like a limpet to its native' rock; in
another case he desires a magnet having a very long range
of attraction, and wants a rule to guide him to the best
design ; in another he wants a special form having the most
rapid action attainable; in yet another he must sacrifice
everything else to attain maximum action with minimum
weight. Toward the solution of such practical problems as
these the old theory of magnetism offered not the slightest
aid. Its array of mathematical symbols was a mockery. It
was as though an engineer asking for rules to enable him
to design the cylinder and piston of an engine were confronted
with receipts how to estimate the cost of painting it.
Gradually, however, new light dawned. It became cus-
tomary, in spite of the mathematicians, to regard the mag-
netism of a magnet as something that traverses or circulates
around a definite path, flowing more freely through such
substances as iron, than through other relatively non-mag-
nectic materials. Analogies between the flow of electricity in
an electrically conducting circuit, and the passage of magnetic
lines of force through circuits possessing magnetic conduc-
tivity, forced themselves upon the minds of experimenters,
and compelled a mode of thought quite other than the
previously accepted. So far back as 1821, Cumming*
experimented on magnetic conductivity., The idea of a
magnetic circuit was more or less familiar to Ritchie,}
Sturgeon,} Dove,§ Dub,|| and De la Rive,T the last-named of
whom explicitly uses the phrase, “a closed magnetic circuit.”
Joule** found the maximum power of an electromagnet to be
proportional to “the least sectional area of the entire mag-
netic circuit,” and he considered the resistance to induction

* Camb. Phil. Trans., April 2, 1821,

t Prkil. Mag., series iii. vol. iil, p. 122.

Y Ann. of Electr., xii. p. 217.

§ Pogg. Ann., xxix. p. 462, 1833. See also Pogg. Ann., xliii. p. 517, 1838.

|| Dub, Elektromagnetismus (ed. 1861), p. 401 ; and LFogg. Anmn., xc. p. 440,
1853.

{ De la Rive. Z7eatise on Electricity (Walker's translation), vol. i. p. 292.

** dnn. of Electr., iv. 59, 1839 ; v. 195, 1841 ; and Scientific Pagers, pp- 8,
34, 35, 36
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as proportional to the length of the magnetic circuit. Indeed,
there are to be found, scattered in Joule’s writings on the
subject of magnetism, some five or six sentences, which, if
collected together, constitute a very full statement of the
whole matter. Faraday,* considered that he had proved
that each magnetic line of force constitutes a closed curve ;
that the path of these closed curves depended on the
magnetic conductivity of the masses disposed in proximity ;
that the lines of magnetic force were strictly analogous to the
lines of electric flow in an electric circuit. He spoke of a
magnet surrounded by air being like unto a voltaic battery
immersed in water or other electrolyte. He even saw the
existence of a power, analogous to that of electromotive force
in electric circuits, though the name, “ magnetomotive force,”
is of more recent origin. The notion of magnetic conduc-
tivity is to be found in Maxwell’s great treatise (vol. ii. p. 51),
but. is only briefly mentioned. Rowland,t in 1873, expressly
adopted the reasoning and language of Faraday’s method in
the working out of some new results on magnetic permea-
bility, and pointed out that the flow of magnetic lines of force
through a bar could be subjected to exact calculation; the
elementary law, he says, “is similar to the law of Ohm.”
According to Rowland, the “magnetising force of helix ” was
to be divided by the “resistance to the lines of force;” a
calculation for magnetic circuits which every electrician will
recognize as precisely as Ohm’s law for electric circuits. He
applied the calculations to determine the permeability of
certain specimens of iron, steel, and nickel. In 1882} and
again in 1883, Mr. R. H. M. Bosanquet§ brought out at
greater length a similar argument, employing the extremely

* Experimental Rescarches, vol. iii. art. 3117, 3228, 3230, 3260, 3271, 3276,
3294, and 3361.

t Phil. Mag., series iv. vol. xlvi. August 1873, ¢ On Magnetic Permeability
and the Maximum of Magnetism of Iron, Steel, and Nickel.”

3 Proc. Royal Soc., xxiv. p. 445, December 1882, .

§ Phil. Mag., series v.vol xv. p. 205, March, 1883. On Magneto-Motive
Force. Also ibid., vol. xix. February, 1885, and Proc. Roy. Soc., No. 223, 1883.
See also Electrician, xiv. p. 291, February 14th, 1885.
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apt term ‘ magnetomotive force,” to connote the force
tending to drive the magnetic lines of induction through
the “magnetic resistance,” or “reluctance” (to use a more
modern term), of the circuit. In these papers the calculations
are reduced to a system, and deal not only with the specific
properties of iron, but with problems arising out of the shape
of the iron. Bosanquet shows how to calculate the several
resistances, or “reluctances,” of the separate parts of the
circuit, and then add them together to obtain the total resist-
ance, or “reluctance,” of the magnetic circuit.

Prior to this, however, the principle of the magnetic
circuit had been seized upon by Lord Elphinstone and Mr.
Vincent, who proposed to apply it in the construction of the
dynamo-electric machines. On two occasions* they com-
municated to the Royal Society the results of experiments
to show that the same exciting current would evoke a larger
amount of magnetism in a given iron structure, if that iron
structure formed a closed magnetic circuit, than if it were
otherwise disposed.

In recent years the notion of the magnetic circuit has
been vigorously taken up by the designers of dynamo-
machines, who indeed base the calculation of their designs
upon this all-important principle. Having this, they need no
laws of inverse squares of distances, no magnetic moments,<—
none of the elaborate expressions for surface distribution of
magnetism, none of the ancient paraphernalia of the last
century. The simple law of the magnetic circuit, and a
knowledge of the properties of iron, is practically all they
need. About four years ago, much was done by Mr. Gisbert
Kappt and by Drs. J. and E. Hopkinsont in the application
of these considerations to the design of dynamo-machines,
which previously had been a matter of empirical practice.

* Proc. Roy. Soc., xxix. p. 292, 1879, and xxx. p. 287, 1880. See Electrical
Review, viii. p. 134, 1880.

t The Electrician, vols. xiv. xv. and xvi. 1885-6 ; also Proc. Inst. Civil
Engineers, Ixxxiii. 1885-6 ; and Journ. Soc. Telegr. Engineers, xv. 524, 1886.

1 Pkil. Trans., 1886, pt. i. p. 331; and Tke Electrician, xviii. pp. 39, 63,
86, 1886.
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To this end the formule of Professor Forbes* for calculating
magnetic leakage, and the researches of Professors Ayrton
and Perryf on magnetic shunts, contributed a not unimportant
share. As the result of the advances made at that time, the
subject of dynamo design was reduced to an exact science.

It is the aim and object of the present work to show how
the same considerations which have been applied with such
great success to the subject of the design of dynamo-electric
machines may be applied to the study of the electromagnet.
The theory and practice of the design and construction of
electromagnets will thus be placed, once for all, upon a
rational basis. Definite rules will be laid down for the guid-
ance of the constructor, directing him as to the proper
dimensions and form of iron to be chosen, and as to the
proper size and amount of copper wire to be wound upon it
in order to produce any desired result.

In Chapter I.is given a historical account of the invention.
This is followed by a chapter dealing with general considera-
tions respecting the uses and forms of electromagnets, and
clectromagnetic phenomena in general. This is followed in
Chapter III. by a discussion of the magnetic properties of
iron and steel and other materials ; some account being added
of the methods used for determining the magnetic perme-
ability of various brands of iron at different degrees of
saturation. Tabular information is given as to the results
found by different observers. In connection with the mag-
netic properties of iron, the phenomenon of magnetic
hysteresis is also described and discussed. In Chapter IV.
the principle of the magnetic circuit is discussed, with
numerical examples, and a number of experimental data
respecting the performance of electromagnets are adduced, in
particular those bearing upon the tractive power of electro-
magnets. The law of traction between an electromagnet and
its armature is then laid down, followed by the rules for
predetermining the iron cores and copper coils required to

* Fourn. Soc. Telegr. Enginecrs, xv. 555, 1886,
t Zbid., xv. 530, 1886.
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give any prescribed tractive force. In Chapter V. comes the
extension of the calculation of the magnetic circuit to those
cases where there is an air-gap between the poles of the
magnet and the armature ; and where, in consequence, there is
leakage of the magnetic lines from pole to pole. Chapter VI.
is devoted to the rules for calculating the winding of the
copper coils ; and the limiting relation between the magnetiz-
ing power of the coil and the heating effect of the current in
it is explained. After this comes a detailed discussion, in
Chapter VIIL, of the special varieties of form that must be
given to electromagnets in order to adapt them to special
services. Those which are designed for maximum traction,
for quickest action, for longest range, for greatest economy
when. used in continuous daily service, for working in series
with constant current, for use in parallel at constant pressure,
and those for use with alternate currents, are separately
considered.

Toward the close of the book some account is given of the
various forms of electromagnetic mechanism which have
arisen in connection with the invention of the electromagnet.
In Chapter VIIIL the plunger and coil is specially considered
as constituting a species of electromagnet adapted for a long
range of motion. Chapter IX. is devoted to electric me-
chanism, and in it sundry modes of mechanically securing long
range for electromagnets, and of equalizing their pull over the
range of motion of the armature, are also described. 1In
the development of this subject some analogies between
sundry electro-mechanical movements and the corresponding
pieces of ordinary mechanism are traced out. Chapter X.
deals with electromagnetic vibrators; Chapter XI. with
alternate-current mechanisms; Chapter XII. with motors ;
and Chapter XIII. with electromagnetic machine tools.
Chapter XIV. is occupied by a consideration of the various
modes of preventing or minimising the sparks which occur in
the circuits in which electromagnets are used. Chapter XV,,
relating to the use of the electromagnet in surgery, has been
mainly contributed by the Author’s brother, Dr. J. Tatham
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Thompson, of Cardiff. Chapter XVI, which concludes the
book, deals with permanent magnets of steel.

The work now presented to the public is an amplification
of the Cantor Lectures delivered by the Author in 1890, before
the Society of Arts. To the Council of that Society his
thanks are due for the permission to reproduce much of the
text and many of the cuts. It hasbeen thought well to retain
in many passages the direct form of address, as to an audience,
rather than recast the matter in purely descriptive terms. The
chapter on electromagnetic mechanism constituted the
topic of the Author’s presidental discourse to the Junior
Engineering Society.

The Author’s grateful thanks are due to Professor R.
Mullineux Walmsley, for assistance in revising proofs ; and to
Mr. Eustace Thomas, one of the demonstrators in the depart-
ment of Electrical Engineering in the Technical College,
Finsbury, for much help in the preparation of the original
lectures.

Finally, the Author has to acknowledge the reception
accorded to his Cantor Lectures, both in this country and in
the United States, and to express the hope that in the present
more extended form, his labours will prove of service to those
who are occupied in the electrical industries, as well as to
those who follow science for its own sake.

C1ty AND GUILDS’ TECHNICAL COLLEGE, FINSBURY.
Fuly 1891.
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THE

ELECTROMAGNET.

—

CHAPTER L
HISTORICAL INTRODUCTION.

THE effect which an electric current, flowing in a wire, can
exercise upon a neighbouring compass needle was discovered
by Oersted in 1820* This first announcement of the pos-
session of magnetic properties by an electric current was
followed speedily by the researches of Ampéref Arago}
Davy,§ and by the devices of several other experimenters, -
including De la Rive’s || floating battery and coil, Schweigger’s
multiplier, Cumming’s ** galvanometer, Faraday’s }} apparatus
for rotation of a permanent magnet, Marsh’s {} vibrating
pendulum, and Barlow’s §§ rotating star-wheel. But it was
not until 1825 that the electromagnet was invented. Arago
announced, on 25th September, 1820, that a copper wire
uniting the poles of a voltaic cell, and consequently traversed
by an electric current, could attract iron filings to itself
laterally. In the same communication he described how
he had succeeded in communicating permanent magnetism
to steel needles laid at right angles to the copper wire, and
how, on showing this experiment to Ampére, the latter had
suggested that the magnetizing action would be more intense

* See Thomson’s Annels of Philosopky, Oct. 1820 ; see translation of original
paper in Fourn. Soc, Telegr. Engineers, V. p. 464, 1876

+ Ann. de Chim. et de Physique, xv. pp. 59 and 170, 1820.

4 Jbid., xv. p. 93, 1820. § Phil. Trans., 1821.

| Bibliotheque Universelle, March 1821.

q Ibid. ** Camb. Phil. Trans., 1821,
tY Quarterly Fournal of Science, Sept. 1821.
1t Barlow’s Magnetic Attractions, 2nd edition, 1823, §§ Zbid.
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2 The Electromagnet.

if for the straight copper wire there were substituted one
wrapped in a helix, in the centre of which the steel needle
might be placed. This suggestion was at once carried out by
the two philosophers. “ A copper wire wound in a helix was
terminated by two rectilinear portions which could be adapted,
at will, to the opposite poles of a powerful horizontal voltaic
pile ; a steel needle wrapped up in paper was introduced into
the helix.” “Now, after some minutes’ sojourn in the helix,
the steel needle had received a sufficiently strong dose of
magnetism.” Arago then wound upon a little glass tube some
short helices, each about 2} inches long, coiled alternately right-
handedly and left-handedly, and found that .on introducing
into the glass tube a steel wire, he was able to produce
“consequent poles” at the places where the winding was
reversed. Ampére, on October 23rd, 1820, read a memoir,
claiming that these facts confirmed his theory of magnetic
actions. Davy had, also, in 1820, surrounded with temporary
coils of wire the steel needles upon which he was experimenting,
and had shown that the flow of electricity around the coil could
confer magnetic power upon the steel needles. From these
experiments it was a grand step forward to the discovery that
a core of soft iron, surrounded by its own appropriate coil of
copper, could be made to act not only as a powerful magnet, but
as a magnet whose power could be turned on or off at will,
could be augmented to any desired degree,and could be set into
action and controlled from a practically unlimited distance,
The electromagnet, in the form which can first claim
recognition for these qualities, was devised by William Stur-
geon* and is described by him in the paper which he
contributed to the Society of Arts in 1825, accompanying
a set of improved apparatus for electromagnetic experi-
ments.} Amongst this set of apparatus are two electro-
magnets, one of horse-shoe shape (Figs. 1 and 2), and one
a straight bar (Fig. 3). It will be seen that the former
figures represent an electromagnet consisting of a bent iron

* See Appendix A for a biographical notice of William Sturgeon.
t Trans. Soctety of Arts, 1825, xliii. p. 38.
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rod about I foot long and } inch in diameter, varnished
over and then coiled with a single left-handed spiral of
stout uncovered copper wire of eighteen turns. This coil
was found appropriate to the particular battery which Sturgeon:
preferred, namely, a single cell containing a spirally enrolled
pair of zinc and copper plates of large area (about 130 square
inches) immersed in acid ; which cell having small internal

Fic. 1. Fig. 2.

V4

B et

STURGEON’S FIRST ELECTROMAGNET.

resistance, would yield a large quantify of current when con-
nected to a circuit of small resistance. The ends of the copper
wire were brought out sideways and bent down so as to dip
into two deep connecting cups, marked Z and C, fixed upon a
wooden stand. These cups, which were of wood, served as
supports to hold up the electromagnet, and, having mercury
in them, served also to make good Eelectrical connexion.
In Fig. 2 the magnet is seen sideways, supporting a bar of
iron, . The circuit was completed to the battery through a
connecting wire, 4, which could be lifted out of the cup, Z,
so breaking circuit when desired, and allowing the weight to
drop. Sturgeon added, in his explanatory remarks, that the
poles, N and S, of the magnet will be reversed if you wrap the
BY 2
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copper wire about the rod as a right-handed screw, instead of
a left-handed one, or, more simply, by reversing the con-
nexions with the battery, by causing the wire that dips into
the Z cup to dip into the C cup, and vice versd. This electro-
magnet was capable of supporting g Ib. when thus excited.

Fig. 3 shows another arrangement to fit on the same
stand. “This arrangement communicates magnetism to

hardened steel bars as soon as
N they are put in, and renders

soft iron within it magnetic
c during the time of action; it
only differs from Figs. 1 and 2
in being straight, and thereby
allows' the steel or iron bars to
slide in and out.”

For this piece of apparatus
and other adjuncts accompany-
ing it, all of which are described
in the Society’s Zransactions for
1825, Sturgeon, in return for
the award of the Society’s medal

STURGEON’S STRAIGHT BARr and premium, deposited the ap-
ELECTROMAGNET. .
paratus in the museum of the
Society, which therefore might be supposed to be the proud
possessor of the first electromagnet ever constructed. Alas
for the vanity of human affairs, the Society’s museum of
apparatus has long been dispersed, this priceless relic having
been either made over to the now defunct Patent Office
Museum, or otherwise disposed of.

Sturgeon’s first electromagnet, the core of which weighed
only about 7 oz., was able to sustain a load of 9 Ilb., or
about twenty times its own weight. At the time it was con-
sidered a truly remarkable performance. Its single layer of
stout copper wire was well adapted to the single cell battery
employed. The same weight of copper in the form of a fine
wire would have produced no better result. Subsequently,
in the hands of Joule, the same electromagnet sustained a

Fic. 3.

i’
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load of 50 lb,, or about 114 times its own weight. Writing
in 1832 about his apparatus of 1825, Sturgeon used the follow-
ing magniloquent language :—

“ When first I showed that the magnetic energies of a galvanic
conducting wire are more conspicuously exhibited by exercising
them on soft iron than on hard steel, my experiments were limited
to small masses—generally to a few inches of rod iron about half
an inch in diameter. Some of those pieces were employed while
straight, and others were bent into the form of a horse-shoe magnet,
each piece being encompassed by a spiral conductor of copper wire.
The magnetic energies developed by these simple arrangements are of
a very distinguished and exalted character, as is conspicuously mani-
fested by the suspension of a considerable weight at the poles during
the period of excitation by the electric influence.

“ An unparalleled transiliency of magnetic action is also dis-
played in soft iron, by an instantaneous transition from a state of
total inactivity to that of vigorous polarity, and also by a simul-
taneous reciprocity of polarity in the extremities of the bar—
versatilities in this branch of physics for the display of which soft
iron is pre-eminently qualified, and which, by the agency of electricity,
become demonstrable with the celerity of thought, and illustrated by
experiments the most splendid in magnetics. It is, moreover,
abundantly manifested by ample experiments; that galvanic electricity
exercises a superlative degree of excitation on the latent magnetism
of soft iron, and calls forth its recondite powers with astonishing
promptitude, to an intensity of action far surpassing anything which
can be accomplished by any known application of the most vigorous
permanent magnet, or by any other mode of experimenting hitherto
discovered. It has been observed, however, by experimenting on
different pieces selected from various sources, that, notwithstanding
the greatest care be observed in preparing them of a uniform figure
and dimensions, there appears a considerable difference in the
susceptibility which they individually possess of developing the
magnet powers, much of which depends upon the manner of treat-
ment at the forge, as well as upon the natural character of the iron
itself.*

* ¢ bave made a number of experiments on small pieces, from the results
of which it appears that much hammering is highly detrimental to the develop-
ment of magnetism in soft iron, whether the exciting cause be galvanic or any
other. And although good annealing is always essential, and facilitates to a con-
siderable extent the display of polarity, that process is very far from restoring to the
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“The superlative intensity of electromagnets, and the facility
and promptitude with which their energies can be brought into play,
are qualifications admirably adapted for their introduction into a
variety of arrangements in which powerful magnets so essentially
operate, and perform a distinguished part in the production of
electromagnetic rotations ; whilst the versatilities of polarity of which
they are susceptible are eminently calculated to give a pleasing
diversity in the exhibition of that highly interesting class of
phenomena, and lead to the production of others inimitable by any
other means.”*

Sturgeon’s further work during the next three years is
best described in his own words :—

“It does not appear that any very extensive experiments were
attempted to improve the lifting powers ‘of electromagnets, from the
time that my experiments were published in the Zransactions of the
Society of Arts, &c., for 1825, till the latter part of 1828. Mr.
Watkins, philosophical instrument maker, Charing Cross, had, how-
ever, made them of much larger size than any which I had employed,
but I am not aware to what extent he pursued the experiment.

“In the year 1828, Professor Moll, of Utrecht, being on a visit
to London, purchased of Mr. Watkins an electromagnet weighing
about 5 lb,, at that time I believe the largest which had been made.
It was of round iron, about one inch in diameter, and furnished with
a single copper wire twisted round it eighty-three times. When this
magnet was excited by a large galvanic surface, it supported about
75 1b. Professor Moll afterwards prepared another electromagnet,
which, when bent, was 12} inches high, 2} inches in diameter, and
weighed about 26 1b. ; prepared like the former with a single spiral
conducting wire. With an acting galvanic surface of 11 square feet,
this magnet would support 154 ib., but would not lift an anvil which
weighed 200 1b.

“ The largest electromagnet which I have yet (1832) exhibited in
my lectures weighs about 16 lb. It is formed of a small bar of

iron that degree of susceptibility which it frequently loses by the operation of the
hammer. Cylindric rod iron of small dimensions may very easily be bent into
the required form without any hammering whatever; and I have found that
small electromagnets made in this way display the magnetic powers in a very
exalted degree.”

* Sturgeon’s Scientific Researches, p. 113.
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soft iron, 14 inch across each side; the cross piece, which joins the
poles, is from the same rod of iron, and about 32 inches long.
Twenty separate strands of copper wire, each strand about 5o feet
in length, are coiled round the iron, one above another, from pole to
pole, and separated from each other by intervening cases of silk : the
first coil is only the thickness of one ply of silk from the iron; the
twentieth, or outermost, about half an inch from it. By this mean
the wires are completely insulated from each other without the
trouble of covering them with thread or varnish. The ends of wire
project about 2 feet for the convenience of connection. With one
of my small cylindrical batteries, exposing about 150 square inches
of total surface, this electromagnet supports 400 1b. I have tried it
with a larger battery, but its energies do not seem to be so materially
exalted as might have been expected by increasing the extent of
galvanic surface. Much depends upon a proper acid solution ; good
nitric or nitrous acid, with about six or eight times its quantity of
water, answers very well. With a new battery of the above dimen-
sions and a strong solution of salt and water at a temperature of
190° Fahr., the electromagnet supported between 70 and 8o Ib.
when the first seventeen coils only were in the circuit. With the
three exterior coils alone in the circuit, it would just support the
lifter, or cross piece. When the temperature of the solution was
between 40° and 50°, the magnetic force excited was comparatively
very feeble. With the innermost coil alone and a strong acid solu-
tion, this electromagnet supports about 100 lb.; with the four outer-
most wires about 250 lb. It improves in power with every
additional coil until about the twelfth, but not perceptibly any
further ; therefore the remaining eight coils appear to be useless,
although the last three, independently of the innermost seventeen,
and at the distance of half an inch from the iron, produce in it a
lifting power of 75 1b.

¢ Mr. Marsh has fitted up a bar of iron much larger than mine,
with a similar distribution of the conducting wires to that devised
and so successfully employed by Professor Henry. Mr, Marsh’s
electromagnet will support about 560 1b. when excited by a galvanig
battery similar to mine. These two, I believe, are the most powerful
electromagnets yet produced in this country.

“ A small electromagnet, which I also employ on the lecture-
table, and the manner of its suspension, is represented by Fig. 3,
Plate VI. (Fig. 4 in this work).

“ The magnet is of cylindric rod iron, and ‘quh_s:*omlces its

AR
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poles are about a quarter of an inch asunder. It is furnished with
six coils of wire in the same manner as the large electromagnet
before described, and will sup-
port upwards of 50 1b.

“I find a triangular gin very
convenient for the suspension of
the magnet in these experiments.
A stage, A, A, of thin board, sup-
porting two wooden dishes, C
and Z, is fastened, at a proper
height, to two of the legs of the
gin. Mercury is placed in these
vessels, and the dependent amal-
gamated extremities of the con-
ducting wires dip into it—one
into each portion.

““The vessels are sufficiently
wide to admit of considerable
motion of the wires in the mer-
cury without interrupting the

contact, which is sometimes

STURGEON’S LECTURE-TABLE . BN

FinciioicNE occasioned by the swinging of

the magnet and attached weight.

The circuit is completed by other wires, which connect the battery

with these two portions of mercury. When the weight is supported

as in the figure, if an interruption be made by removing either of

the connecting wires, the weight instantaneously drops on the table.

The large magnet I suspend in the same way on a larger gin; the

weights which it supports are placed one after another on a square

board, suspended by means of a cord at each corner from a hook
in the cross piece, which joins the poles of the magnet.

“With a new battery, and a solution of salt and water at a tempe-
rature of 19o° Fahr., the small electromagnet, Fig. 3, supports 16 1b.”

In 1840, after Sturgeon had removed to Manchester, where
he assumed the management of the “Victoria Gallery of
Practical Science,” he continued his work, and in the seventh
memoir in his series of Researches he wrote as follows :—

“ The electromagnet belonging to this Institution is made of a
cylindrical bar of soft iron, bent into the form of a horse-shoe



Sturgeon’s Researches. 9

magnet, having the two branches parallel to each other, and at the
distance of 4°5 inches. The diameter of the iron is 2-75 inches, it
is 18 inches long when bent. It is surrounded by fourteen coils of
copper wire, seven on each branch, The wire which constitutes the
coils is y};th of an inch in diameter, and in each coil there are about
7o feet of wire. They are united in the usual way with branch wires,
for the purpose of conducting the currents from the battery. The
magnet was made by Mr. Nesbit. . . . The greatest weight sus-
tained by the magnet in these experiments is 124 cwt., or 1386 Ib.,
which was accomplished by sixteen pairs of plates, in four groups of
four pairs in series each. The lifting power by nineteen pairs in
series was considerably less than by ten pairs in series ; and but
very little greater than that given by one cell or one pair only. This
is somewhat remarkable, and shows how easily we may be led to
waste the magnetic powers of batteries by an injudicious arrange-
ment of its elements.” *

It was not until three years after Sturgeon’s invention
that any notice of it was taken in Germany. In 1828, Pohlf
showed a small electromagnet in Berlin. In 1830, Pfafff
described one of Sturgeon’s, made by Watkins, which he
had seen on a recent visit to London.

At the date of Sturgeon’s work the laws governing the
flow of electric currents in wires were still obscure. Ohm’s
epoch-making enunciation of the law of the electric circuit
appeared in Poggendorff’s Annalen in the very year of
Sturgeon’s discovery, 1825, though his complete book was
published only in 1827, and his work, translated by Dr. Francis
into English, appeared (in Taylor’s Scientific Memoirs, vol. ii.),
only in 1841. Without the guidance of Ohm’s law it was
not strange that even the most able experimenters should not
understand the relations between battery and circuit which
would give them the best effects. These had to be found by
the painful method of trial and failure. Pre-eminent amongst
those who tried was Professor Joseph Henry, then of the
Albany Institute, in New York, later of Princeton, New

* Sturgeon’s Scientific Researches, p. 188,

t See Von Feilitzsch’s Lekre vom galvanisckem Strome, p. 95.
1 Schweigger's Fournal, Wiii. p. 273, 1830.
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Jersey, who not only tried, but succeeded in effecting an
important improvement. In 1828, led on by a study of the
“multiplier ” (or galvanometer,) he proposed to apply to elec-
tromagnetic apparatus the device of winding them with a
spiral coil of wire “closely turned on itself,” the wire being of
copper from gsth to gsth of an inch in diameter, covered
with silk. In 1831 he thus describes* the results of his
experiments :(—

“ A round piece of iron, about } inch in diameter, was bent into
the usual form of a horse-shoe, and instead of loosely coiling around
it a few feet of wire, as is-usually described, it was tightly wound with
35 feet of wire, covered with silk, so as to form about 400 turns; a
pair of small galvanic plates, which could be dipped into a tumbler
of diluted acid, was soldered to the ends of the wire, and the whole
mounted on a stand. With these small plates the horse-shoe became
much more powerfully magnetic than another of the same size and
wound in the same manner, by the application of a battery composed
of twenty-eight plates of copper and zinc, each 8 inches square.
Another convenient form of this apparatus was contrived by winding a
straight bar of iron, g inches long, with 35 feet of wire, and supporting
it horizontally on a small cup of copper containing a cylinder of zinc ;
when this cup, which served the double purpose of ‘a stand and the
galvanic element, was filled with dilute acid, the bar became a
portable electromagnet. These articles were exhibited to the
Institute in March, 1829. The idea afterwards occurred to me,
that a sufficient quantity of galvanism was furnished by the two small
plates to develop, by means of the coil, a much greater magnetic power
in a larger piece of iron. To test this, a cylindrical bar of iron, half
an inch in diameter, and about 10 inches long, was bent into the shape
of a horse-shoe, and wound with 30 feet of wire ; with a pair of plates
containing only 23 square inches of zinc, it lifted 15 Ib. avoirdupois.
At the same time, a very material improvement in the formation of
the coil suggested itself to me on reading a more detailed account of
Professor Schweigger’s galvanometer, and which was also tested with
complete success upon the same horse-shoe ; it consisted in using
several strands of wire, each covered with silk, instead of one.
Agreeably to this construction, a second wire, of the same length as
the first, was wound over it, and the ends soldered to the zinc and

* Silliman’s Amervican FJournal of Science, Jan. 1831, xix. p. 400.
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copper in such a manner that the galvanic current might circulate in
the same direction in both, or, in other words, that the two wires
might act as one; the effect by this addition was doubled, as the
horse-shoe, with the same plates before used, now suppported
28 1b.

“With a pair of plates 4 inches by 6 inches, it lifted 39 Ib., or
more than fifty times its own weight.

“These experiments conclusively proved that a great development
of magnetism could be effected by a very small galvanic element, and
also that the power of the coil was materially increased by multiplying
the number of wires without increasing the length of each.” *

Not content with these results, Professor Henry pushed
forward on the line he had thus struck out. He was keenly
desirous to ascertain how large a magnetic force he could
produce when using only currents of such a degree of small-
ness as could be transmitted through the comparatively thin
copper wires such as bell-hangers use. During the year 1830
he made great progress in this direction, as the following
extracts show :—

“In order to determine to what extent the coil could be applied
in developing magnetism in soft iron, and also to ascertain, if possible,
the most proper length of the wires to be used, a series of experi-
ments were instituted jointly by Dr. Philip Ten Eyck and myself.
For this purpose 1060 feet (a little more than one-fifth of a mile) of
copper wire of the kind called bell-wire, -045 of an inch in diameter,
were stretched several times across the large room of the Academy.

¢ Experiment 1.—A galvanic current from a single pair of plates
of copper and zinc 2 inches square was passed through the whole
length of the wire, and the effect on a galvanometer noted. From
the mean of several observations the deflexion of the needle was
T5,

“ Experiment 2.—A current from the same plates was passed
through half the above length, or 530 feet of wire ; the deflexion in
this instance was 21°.

“ By a reference to a trigonometrical table, it will be seen that the
natural tangents of 15° and 21° are very nearly in the ratio of the
square roots of 1 and 2, or of the relative lengths of the wires in
these two experiments.

* Scientific Writings of Joseph Henry, p. 39.
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“The length of the wire forming the galvanometer may be
neglected, as it was only 8 feet long.

“ Experiment 3.—The galvanometer was now removed and
the whole length of the wire, attached to the ends of the wire of a
small soft iron horse-shoe a 4 inch in diameter, and wound with
about 8 feet of copper wire with a galvanic current from the plates
used in Experiments 1 and 2. The magnetism was scarcely
observable in the horse-shoe.

“ Experiment 4—The small plates were removed, and a battery
composed of a piece of zinc plate 4 inches by 7 inches, surrounded
with copper, was substituted. When this was attached immediately
to the ends of the 8 feet of wire wound round the horse-shoe, the
weight lifted was 44 1b. ; when the current was passed through the
whole length of wire (1060 feet), it lifted about half an ounce.

« Experiment 5.—The current was passed through half the length
of wire (530 feet) with the same battery ; it then lifted 2 oz.

« Experiment 6.—Two wires of the same length as in the last
experiment were used, so as to form two strands from the zinc anc
copper of the battery ; in this case the weight lifted was 4 oz.

¢ Experiment 7.—The whole length of the wire was attached to a
small trough on Mr. Cruickshanks’ plan, containing twenty-five double
plates, and presenting exactly the same extent of zinc surface to the
action of the acid as the battery used in the last experiment. The
weight lifted in this case was 8 oz.; when the intervening wire was
removed, and the trough attached directly to the ends of the wirq
surrounding the horse-shoe, it lifted only 7 oz. .

¢TIt is possible that the different states of the trough, with respec
to dryness, may have exerted some influence on this remarkabls
result ; but that the effect of a current from a trough, if not increased
is but slightly diminished in passing through a long wire is certain. . .

“But be this as it may, the fact that the magnetic action of
current from a trough is, at least, not sensibly diminished by passin
through a long wire is directly applicable to Mr. Barlow’s project ¢
forming an electromagnetic telegraph; and it is also of materiz
consequence in the construction of the galvanic coil. From thes
experiments it is evident that in forming the coil we may either us
one very long wire or several shorter ones, as the circumstances ma
require ; in the first case, our galvanic combinations must consist ¢
a number of plates, so as to give “ projectile force” ; in the second i
must be formed of a single pair.

“ In order to test on a large scale the truth of these preliminar
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results, a bar of soft .iron, 2 inches square and zo inches long, was
bent into the form of a horse-shoe, 9% inches high ; the sharp edges
of the bar were first a little rounded by the hammer ; it weighed
21 lb. ; a piece of iron from the same bar, weighing 7 1b., was filed
perfectly flat on one surface, for an armature or lifter; the ex-
tremities of the legs of the horse-shoe were also truly ground to the
surface of the armature : around this horse-shoe 540 feet of copper
bell-wire were wound in nine coils of 6o feet each ; these coils were
not continued around the whole length of the bar, but each strand of
wire, according to the principle before mentioned, occupied about
2 inches, and was coiled several times backward and forward over
itself ; the several ends of the wires were left projecting and all num-
bered, so that the first and last end of each strand might be readily
distinguished. In this manner we formed an experimental magnet
on a large scale, with which several combinations of wire could be
made by merely uniting the different projecting ends. Thus, if the
second end of the first wire be soldered to the first end of the second
wire, and so on through all the series, the whole will form a con-
 tinued coil of one long wire.
. “By soldering different ends the whole may be formed into a
double coil of half the length, or into a triple coil of one-third the
, length &c. The horse-shoe was suspended in a strong rectangular
wooden frame, 3 feet g inches high and 20 inches wide; an iron bar
! was fixed below the magnet, so as to act as a lever of the second order ;
the different weights supported were estimated by a sliding weight, in
“the same manner as with a common steel-yard (see sketch). In the
‘experiments immediately following (all weights being avoirdupois), a
Ysmall single battery was used, consisting of two concentric copper
cylinders with zinc between them ; the whole amount of zinc surface
Jexposed to the acid from both 51des of the zinc was two-fifths of a
‘square foot; the battery required only half a pint of dilute acid for
its submersion.

“ Experiment 8,—Each wire of the horse-shoe was soldered to the
battery in succession, one at a time; the magnetism developed by
leach was just sufficient to support the weight of the armature, weigh-
ing 7 Ib.

« Experiment 9.—Two wires, one on each side of the arch of the
horse-shoe, were attached ; the welght lifted was 145 Ib.

*  Experiment 10.—~With two wires, one from each extremity of the
legs, the weight lifted was 200 1b.
‘¢ Experiment 11.—With three wires, one from each extremity of

H
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the legs and one from the middle of the arch, the weight supported
was 300 lb,

“ Experiment 12.—With four wires, two from each extremity,
the weight lifted was 500 Ib. and the armature; when the acid was

HENRY’S ELECTROMAGNET.

This figure, copied from the Scéentific American, December 11, 1880, represents
Henry’s electromagnet, still preserved in Princeton College. The other apparatus
at the foot, including a current-reverser and the ribbon-coil used in the famous
experiments on secondary and tertiary currents, were mostly constructed by
Henry’s own hands,

removed from the zinc, the magnet continued to support for a few
minutes 130 1b.

“ Experiment 13.—With six wires the weight supported was
570 Ib,; in all these experiments the wires were soldered to the
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galvanic element; the connection in no case was formed with
mercury.

“ Experiment 14.—When all the wires (nine in number) were at-
tached, #ke maximum weight lifted was 650 /., and this astonishing
result, it must be remembered, was produced by a battery contain-
ing only two-fifths of a square foot of zinc surface, and requiring only
half a pint of dilute acid for its submersion.

“ Experiment 15.—A. small battery, formed with a plate of zinc
12 inches long and 6 inches wide, and surrounded by copper, was
substituted for the galvanic elements used in the last experiment ;
the weight lifted in this case was 750 1b.

“ Experiment 16.—In order to ascertain the effect of a very small
galvanic element on this large quantity of iron, a pair of plates,
exactly 1 inch square, was attached to all the wires; the weight
lifted was 85 1b.

“The following experiments were made with wires of different
lengths on the same horse-shoe :—

“ Experiment 17.—With sixwires, each 3o feet long, attached to
the galvanic element, the weight lifted was 375 Ib.

“ Experiment 18.—The same wires used in last experiment were
united so as to form three coils of 63 feet each ; the weight supported
was 200 1b, This result agrees nearly with that of Experiment 11,
though the same individual wires were not used. From this it
appears that six short wires are more powerful than three of double
the length.

“ Experiment 19.—The wires used in Experiment 10, but united
so as to form a single coil of 120 feet of wire, lifted 6o 1b. ; while in
Experiment 1o the weight lifted was 200 1b. This is a confirmation
of the result in the last experiment. . . .

“In these experiments a fact was observed which appears some-
what surprising ; when the large battery was attached, and the arma-
ture touching both poles of the magnet, it was capable of supporting
more than 700 lb., but when only one pole was in contact it did not
support more than 5 or 61b., and in this case we never succeeded
in making it lift the armature (weighing 7 1b). This fact may per-
haps be common to all large magnets, but we have never seen the
circumstance noticed of so great a difference between a single pole
and both. . . .

“A series of experiments was separately instituted by Dr. Ten
Eyck, in order to determine the maximum development of magnetism
in a small quantity of soft iron.
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“ Most of the results given in this paper wetre witnessed by
Dr. L. C. Beck, and to this gentleman we are indebted for several
suggestions, and particularly that of substituting cotton well waxed
for silk thread, which in these investigations became a very consider-
able item of expense. He also made a number of experiments with
iron bonnet-wires, which, being found in commerce already wound,
might possibly be substituted in-place of copper. The result was
that with very short wire the effect was nearly the same as with
copper, but in coils of long wire with a small galvanic element it was
not found to answer. Dr. Beck also constructed a horse-shoe of
round iron 1 inch in diameter, with four coils on the plan before
described. With one wire it lifted 30 Ib., with two wires 6o 1b.,
with three wires 85 Ib., and with four wires 112 lb. While we were
engaged in these investigations, the last number of the Edinburgh
Journal of Stience was received, containing Professor Moll's paper
on ‘ Electromagnetism.” Some of his results are in a degree similar
to those here described ; his object, howevet, was different, it being
only to induce strong magnetism on soft iron with a powerful galvanic
battery. The principal object in these experiments was to produce
the greatest magnetic force with the smallest quantity of galvanism.
The only effect Professor Moll’s paper has had over these in-
vestigations has been to hasten their publication ; the principle on
which they were instituted was known to us nearly two years since,
and at that time exhibited to the Albany Institute.”*

In the next number of Sillimarn’s Journal (April 1831),
Professor Henry gave “an account of a large electromagnet,
made for the laboratory of Yale College.” The core of the
magnet weighed 59} Ib.; it was forged under Henry’s own
direction, and wound by Dr. Ten Eyck. This magnet,
wound with twenty-six strands of copper bell-wire of total
length of 728 feet, and excited by two cells which exposed
nearly 4§ square feet of surface, readily supported on its
armature, which weighed 23 b, a load of 2063 lb.

Writing in 1857 of his earlier experiments, Henry speaks
thust of his ideas respecting the use of additional coils on the
magnet and the increase of battery power :—

* Scientific Writings of Joseph Henry, i, p. 49.

t Statement in Relation to the History of the Electromagnetic Telegraph (from
the Smithsonian Annual Report for 1857, p. 99); and Scientific Writings, iis
p- 435-
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“To test these principles on a larger scale, the experimental
magnet was constructed which is shown in Fig. 6. In this a
number of compound helices was placed on the same bar, their
ends left projecting, and so numbered that they
could all be united into one long helix, or Fic. 6.
variously combined in sets of lesser length.

“From a series of experiments with this and
other magnets, it was proved that, in order to
produce the greatest amount of magnetism from
a battery of a single cup, a number of helices
is required; but when a compound battery is
used, then one long wire must be employed,
making many turns around the iron, the length
of wire and consequently the number of turns &iﬁi‘;’sﬁ"“zgﬁ:&
being commensurate with the projectile power MAGNET.
of the battery.

“In describing the results of my experiments the terms
¢ intensity’ and ¢ quantity’ magnets were introduced to avoid circum-
locution, and were intended to be used merely in a technical sense.
By the intensity magnet I designated a piece of soft iron so
surrounded with wire that its magnetic power could be called into
operation by an intensity battery; and by a quantity magnet, a
piece of iron so surrounded by a number of separate coils that its
magnetism could be fully developed by a quantity battery.

“I was the first to point out this connexion of the two kinds
of the battery with the two forms of the magnet, in my paper in
Silliman's Journal, January, 1831, and clearly to state that when
magnetism was to be developed by means of a compound battery
one long coil must be employed, and when the maximum effect
was to be produced by a single battery a number of single strands
should be used. . . . Neither the electromagnet of Sturgeon nor
any electromagnet ever made previous to my investigations was
applicable to transmitting power to a distance. . . . The electro-
magnet made by Sturgeon, and copied by Dana, of New York,
was an imperfect quantity magnet,* the feeble power of which was
developed by a single battery.”

Finally, Henry sums up his own position as follows :—
“1. Previous to my investigations the means of developing

* This criticism is scarcely justified by the facts, since a low-resistance
battery is appropriate to a coil of low resistance on the magnet.

(o
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magnetism in soft iron were imperfectly understood, and the eleetro-
magnet which then existed was inapplicable to transmissions of
power to a distance.

“2. I was the first to prove by actual experiment that in order
to develop magnetic power at a distance, a galvanic battery of
“intensity’ must be employed to project the current through the
long conductor, and that a magnet surrounded by many turns of
one long wire must be used to receive this current.

¢3. I was the first to actually magnetize a piece of iron at a
distance, and to call attention to the fact of the applicability of my
experiments to the telegraph.

4. I was the first to actually sound a bell at a distance by
means of the electromagnet. 1 /

“ g, The principles I had developed were applied by Dr. Gale to
render Morse¢’s machine effective at a distance.”

Though Henry’s researches were published in 1831, they
were for some years almost unknown in Europe. Until
April, 1837, when Henry himself visited Wheatstone at his
laboratory at King’s College, the latter did not know how to
construct an electromagnet that could be worked through a
long wire circuit. Cooke, who became the coadjutor of
Wheatstone, had originally come to him to consult him,* in
February, 1837, about his telegraph and alarum, the electro-
magnets of which, though they worked well on short circuits
refused to work when placed in circuit with even a single mile
of wire. Wheatstone’s own accountt of the matter is ex-
tremely explicit :—“ Relying on my former experience, I at
once told Mr. Cooke that his plan would not and could not
act as a telegraph, because sufficient attractive power could
not be imparted to an electromagnet interposed in a long
circuit ; and to convince him of the truth of this assertion, I
invited him to King’s College to see the repetition of the
experiments on which my conclusion was founded. He .

* See Mr. Latimer Clark’s account of Cooke in vol. viii. of Journal of Society
of Telegraph Engineers, p. 374.

t W. F. Cooke, The Electric Telegraph : Was it invented by Professor Wheat-
stone? 1856-7, pt. ii. p. 87.
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came, and after seeing a variety of voltaic magnets, which
even with powerful batteries exhibited only slight adhesive
attraction, he expressed his disappointment.”

After Henry’s visit to Wheatstone, the latter altered his
tone. He had been using, faute de mieux, relay circuits to
work the electromagnets of his alarum in a short circuit with
a local battery. “These short circuits,” he writes, “ have lost
nearly all their importance and are scarcely worth contending
about since my discovery” (the italics are our own), “that
electromagnets may be so constructed as to produce the
required effects by means of the direct current, even in very
long circuits.” *

We pass on to the researches of the distinguished physicist
of Manchester, whose decease we have lately had to deplore,
Mr. James Prescott Joule. Sturgeon had removed, as men-
tioned above, in 1838, to Manchester, where his lectures on
electromagnetism excited the attention of many younger men.
Amongst them was Joule, who, fired by the work of Sturgeon,
made most valuable contributions to the subject. Most of
these were published either in Sturgeon’s Aunals of Electricity
or in the Proceedings of the Literary and Philosoplical Society of
Manchester, but their most accessible form is the republished
volume issued five years ago by the Physical Society of
London.

In his earliest investigations he was endeavouring to work
out the details of an electric motor. The following is an
extract from his own account (Reprint of Scientific Papers,

7

“In the further prosecution of my inquiries, I took six pieces of
round bar iron of different diameters and lengths, also a hollow
cylinder, f5th cf an inch thick in the metal. - These were bent in
the U-form, so that the shortest distance between the poles of each
was half an inch; each was then wound with 10 feet of covered
copper wire, Z;th of an inch in diameter. Their attractive powers
under like currents for a straight steel magnet, 1} inch long,

* Ibid., p. 95.
G 2
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suspended horizontally to the beam of a balance, were, at the
distance of half an inch, as follows :—

No. 1. | No. 2. | No. 3.| No. 4.| No. 5. No. 6. | No. 7.
Hollow.! Solid. | Solid. | Solid. | Solid. | Solid. | Solid.

Length round the bend, in inches | 6 5% | 2 52 | 23 | 5% | 2%

1| 1

L

Diameter, in inches .. .. .. 3 3 i 2

7°5 | 63|51 5041|4836
Weight lifted, inounces .. .. | 36 | 52 [ 92 | 36 | 52 | 20 | 28

Attraction for steel magnet, in}
grains SR PR S L S

‘“A steel magnet gave an attractive power of 23 grains, while its
lifting power was not greater than 6o ounces.

“ The above results will not appear surprising if we consider,
first, the 1esistance which iron presents to the induction of mag-
netism, and, second, how very much the induction is exalted by the
completion of the magnetic circuit.

“Nothing can be more striking than the difference between
the ratios of lifting to attractive power at a distance in the different
magnets. Whilst the steel magnet attracts with a force of 23 grains
and lifts 6o ounces, the electromagnet No. 3 attracts with a force
of only 5°1 grains, but lifts as much as 92 ounces.

“To make a good electromagnet for lifting purposes:—ist. Its
iron, if of considerable bulk, should be compound, of good quality,
and well annealed. 2znd. The bulk of the iron should bear a much
greater ratio to its length than is generally the case. 3rd. The
poles should be ground quite true, and fit flatly and accurately to
the armature. 4th. The armature should be equal in thickness to
the iron of the magnet.

“ In studying what jform of electromagnet is best for attraction from
a distance, two things must be considered, viz., the length of the iron
and its sectional area.

“Now I have always found it disadvantageous fto increase the
length beyond what is needful for the winding of the covered wire.”

These results were announced in March, 1839. In May
of the same year he propounded a law of the mutual attrac-
tion of two electromagnets, as follows :—< T/e attractive force
of two electromagnets for one another is directly proportional to
the square of the electric force to whick the iron is exposed ; or



Foule's Researches. 21

if E denote the electric current, W the length of wire, and M
the magnetic attraction, M = E* W2” The discrepancies
which he himself observed he rightly attributed to the iron
becoming saturated magnetically. In March, 1840, he ex-
tended this same law to the lifting power of the horse-shoe
electromagnet.

In August, 1840, he wrote to the Annals of Electricity,
on electromagnetic forces, dealing chiefly with some special
electromagnets for traction. One of these possessed the form
shown in Fig. 7. Both the magnet and the iron keeper were
furnished with eye-holes
for the purpose of suspen-
sion and measurement of
the force requisite to de-
tach the keeper. Joule
thus writes about the ex-
periments.*

Fi1G. 7.

“I proceed now to de-
scribe my electromagnets, JouLE’s ELECTROMAGNET.
which I constructed of very
different sizes in order to develop any curious circumstance which
might present itself. A piece of cylindrical wrought iron, 8 inches
long, had a hole one inch in diameter bored the whole length of its
axis; one side was planed until the hole was exposed sufficiently to
separate the thus-formed poles one-third of an inch. Another piece
of iron, also 8 inches long, was then planed, and being secured
with its face in contact with the other planed surface, the whole was
turned into a cylinder 8 inches long, 3% inches in exterior, and
1 inch interior diameter. The larger piece was then covered with
calico and wound with four copper wires covered with silk, each
23 feet long, and {th of an inch in diameter—a quantity just
sufficient to hide the exterior surface and to fill the interior opened
hole. . . . The above is designated No. 1; and the rest are
numbered in the order of their description.

“I made No. 2 of a bar of }-inch round iron 27 inches long.
It was bent into an almost semi-circular shape, and then covered
with 7 feet of insulated copper wire, o5th of an inch thick. The

* Scientific Papers, vol. 1. p. 30.
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poles are half an inch asunder; and the wire completely fills the
space between them.

“A third electromagnet was made of a piece of iron o°7 inch
long, o 37 inch broad, and o’ 15 inch thick. Its edges were reduced
to such an extent that the tranverse section was elliptical. It was
bent into a semicircular shape, and wound with 19 inches of silked
copper wire, gsth of an inch in diameter.

“To procure a still more extensive variety, I constructed what
might, from its extreme minuteness, be termed an elementary electro-
magnet. It is the smallest, I believe, ever made, consisting of a
bit of iron wire % of an inch long, and J;th of an inch in diameter.
It was bent into the shape of a sémi-circle, and was wound with
three turns of wninsulated copper wire Jsth of an inch in
thickness.”

With these magnets experiments were made with various
strengths of currents, the tractive forces.being measured by
an arrangement of levers. The results, briefly, are as
follows :—Electromagnet No. 1, the iron of which weighed
15 lb, required a weight of 2090 lb. to detach the
keeper. No. 2, the iron of which weighed 1057 grains,
required 49 lb. to detach its armature. No. 3, the iron of
which weighed 65°3 grains, supported a load of 121b, or
1286 times its own weight. No. 4, the weight of which was
only half a grain, carried in one instance 1417 grains, or
2834 times its own weight.

“Tt required much patience to work with an arrangement so
minute as this last; and it is probable that I might ultimately have
obtained a larger figure than the above, which, however, exhibits a
power proportioned to its weight far greater than any on record, and
is eleven times that of the celebrated steel magnet which belonged
to Sir Isaac Newton.

“It is well known that a steel magnet ought to have a much
greater length than breadth or thickness; and Mr. Scoresby has
found that when a large number of straight steel magnets are
bundled together, the power of each when separated and examined
is greatly deteriorated. All this is easily understood, and finds its
cause in the attempt of each part of the system to induce upon
the other part a contrary magnetism to its own. Still there is no
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reason why the principle should in all cases be extended from the
steel to the electromagnet, since in the latter case a great and com-
manding inductive power is brought into play to sustain what the
former has to support by its own unassisted retentive property.
All the preceding experiments support this position; and the
following Table gives proof of the obvious and necessary general
consequence, the maximum power of the clectromagnet is directly pro-
portional to its least transverse sectional area. The second column
of the Table contains the least sectional area in square inches of
the entire magnetic circuit. The maximum power in pounds avoir-
dupois is recorded in the third ; and this, reduced to an inch square
of sectional area, is given in the fourth column under the title of
specific power.

TABLE 1.
Least . a
510 f M. Specifi
Description. Scx:lt-;r.\al ;z;;r::m lg):jle:
INOKTE ol = con e 10 2090 209
INOU RN~ 0°196 49 250
My own electromagnets
INORGF o= s, s 0°0436 12 275
INox gl 50 =" s e 0°00I2 0°'202 162
Mr. J. C. Nesbit’s. Length round the curve,
ft. ; diameter of iron core, 2§ in.; sec-
3,. ; diameter o .lI'O - re, 2§ in. ; 4’ 1428 i3
tional area, §5°7 in.; ditto of armature,
4°§ in. ; weight of iron, about 30 lb.
Professor Henry’s. Length round the curve,
20 in. ; section, 2 in. square ; sharp edges} 3'94 750 190
rounded off ; weight, 2x1b. .. .. ..
Mr. Sturgeon’s original. Length round the
curve, about I ft. ; diameter of the round} 0°196 50 255
bar, % in.

“The above examples, are, I think, sufficient to prove the rule
I have advanced. No. 1 was probably not fully saturated; other-
wise I have no doubt that its power per square inch would have
approached 300. Also the specific power of No. 4 is small, because
of the difficulty of making a good experiment with it.”
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These experiments were followed by some to ascertain
the effect of the length of the iron of the magnet, which he
considered, at least in those cases where the degree of mag-
netization is considerably below the point of saturation, to offer
a directly proportional resistance to magnetization ; a view the
justice of which is now, after fifty years, amply confirmed.

In November of the same year further experiments* in
the same direction were published. A tube of iron, spirally
made and welded, was prepared, planed down as in the pre-
ceding case, and fitted to a similarly prepared armature.
The hollow cylinder thus formed, shown in Fig. 8, was 2
feet' in length, its external
diameter was 1-°42 inch, its in-
ternal being o°5 inch. The
least sectional area was 10}
square inches. The exciting
coil consisted of a single copper
rod, covered with tape, bent
into a sort of 8-shape. This
was later replaced by a coil of
twenty-one copper wires, each s inch in diameterand 32 feet
long, bound together by cotton tape. This magnet, excited
by a battery of sixteen of Sturgeon’s cast-iron cells, each
I foot square and 1} inch in interior widtp(arranged in a series
of four, gave a lifting power of 2775 Ib.

Joule’s work was well worthy of the master from whom he
had learned his first lesson in electromagnetism. He showed
his devotion not only by writing descriptions of them for
Sturgeon’s Awnnals, but by exhibiting two of his electro-
magnets at the Victoria Gallery of Practical Science, of which
Sturgeon was director. Others, stimulated into activity by
Joule’s example, proposed new forms, amongst them being
two Manchester gentlemen, Mr. Radford and Mr. Richard
Roberts, the latter being a well-known engineer and inventor.
Mr. Radford’s electromagnet consisted of a flat iron disk, with
deep spiral grooves cut in its face, in which were laid the

JouLE’s CYLINDRICAL ELECTRO-
MAGNET.

* Scientific Papers, p. 40, and Annals of Electricity, vol. v. p. 170.
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insulated copper wires. The armature consisted of a plain
iron disk of similar size. This form is described in vol. iv, of
Sturgeon’s Annals. Mr. Roberts’ form of electromagnet con-
sisted of a rectangular iron block, having straight parallel
grooves cut across its face, as in Fig, 9. This was described
in vol. vi. of Sturgeon’s Annals, p. 166. Its face was 6%
inches square, and its thickness 2% inches. It weighed, with
the conducting wire, 35 lb.; and the armature, of the same
size and 1} inch thick, weighed 23 lb. The load sustained
by this magnet was no less than 2950 Ib. Roberts inferred
that a magnet, if made of equal thickness, but 5 feet square,
would sustain 100 tons weight. Some of Roberts’ apparatus
is still preserved in the Museum of Peel Park, Manchester.

Fic. 9.

ROBERTS’ ELECTROMAGNET. JouLE’s Z16ZAG ELECTROMAGNET.

On p. 431 of the same volume of the Annals, Joule de-
scribed yet another form of electromagnet, the form of which
resembled in general Fig. 10; but which, in actual fact, was
built up of twenty-four separate flat pieces of iron bolted to a
circular brass ring. The armature was a similar structure, but
not wound with wire. The iron of the magnet weighed 7 1b,,
and that of the armature 455 Ib. The weight was 2710 Ib,,
when excited by sixteen of Sturgeon’s cast-iron cells.

In a subsequent paper on the calorific effects of magneto-
electricity,* published in 1843, Joule described another form

* Scientific Papers, vol.i. p. 123 ; and Pkil, Mag., ser. 3, vol. xxiii. p. 263, 1843.
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of electromagnet of horse-shoe shape, made from a piece of
boiler-plate. This was not intended to give great lifting
power, and was used as the field-magnet of a motor. In
1852, another powerful electromagnet of horse-shoe form,
somewhat similar to the preceding, was constructed by Joule
for experiment. He came to the conclusion* that, owing to
magnetic saturation setting in, it was improbable that any
force of electric current could give a magnetic attraction
greater than 200 lb. per square inch. “That is, the greatest
weight which could be lifted by an electromagnet formed of a
bar of iron 1 inch square, bent into a semi-circular shape,
would not exceed 400 1b.”

With the researches of Joule may be said to end the first
stage of development. The notion of the magnetic circuit,
which had thus guided Joule’s work did not commend itself
at that time to the professors of physical theories; and the
practical men, the telegraph engineers, were for the most part
content to work by purely empirical methods.  Between the
practical man and the theoretical man there was, at least on
this topic, a great gulf fixed. The theoretical man, arguing as
though magnetism consisted in a surface distribution of
polarity, and as though the laws of electromagnets were like
those of steel magnets, laid down rules not applicable to the
cases which occur in practice, and which hindered rather than
helped progress. The practical man, finding no help from
theory, threw it on one side as misleading and useless. It is
true that a few workers made careful observations and formu-
lated into rules the results of their investigations. Amongst
these, the principal were Ritchie, Robinson, Miiller, Dub, Vom
Kolke, and Du Moncel; but their work was little known
beyond the pages of the scientific journals wherein their
experiments were described.

Formule connecting together the dimensions of an
electromagnet, the strength of current circulating around it,
the number of turns in its coil, and the resulting amount of

* Scientific Papers, vol. 1, p. 362 ; and Phil, Mag., ser. 4, vol. iii. p. 32.
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magnetism excited, were proposed by wvarious physicists.
Lenz and Jacobi laid down the rule that the amount of
magnetism excited in a given electromagnet is proportional
to the current and to the number of turns; a rule that is
manifestly incorrect, as it fails to take into account the
tendency to magnetic saturation of the iron cores. Formul=z
which take saturation into account have been given by
Miiller, Von Waltenhofen, Lamont, Weber, and Frolich, but
ar¢ for the most part empirical, and only approximate.
Some account of these has been given by the Author else-
where.* The law of the electromagnet could not indeed be
accurately stated by any formula that was not based on the
principle of the magnetic circuit. Analogies between the flux
of electricity in an electrically-conducting circuit, and the
flux of magnetic lines of force through circuits possessing
magnetic conductivity are to be found, as was remarked in
the Preface to this work, abundantly in the literature of the
science.

The work of Rowland, Bosanquet, and others, there sum-
marized, paved the way for a sound method of treating calcu-
lations appertaining to magnetic circuits. In 1885 and 1886
Mr. G. Kapp discussed the calculation of the field-magnets of
dynamos from this point of view, and gave formule. In 1886
Drs. J. and E. Hopkinson communicated to the Royal
Societyt a very complete and elegant investigation of the
problem of the magnetic circuit; their chief point being the
@ priori determination of the characteristic curve of mag-
netization of the dynamo-machine from the ordinary laws
of magnetism, and the known properties of a given specimen
of iron. They also investigated experimentally the lateral
leakage of magnetic lines from a circuit. Ever since that
date calculations of the quantities involved in the magnetic
circuits of dynamo-machines have been matters of every day
practice. Inthe Cantor Lectures, delivered by the Author in
February, 1890, which form the basis of the present book, the

* 8. P. Thompson, Dynamo-electric. Machinery, 3rd ed., 1888, p. 303.
t Phil. Trans., 1886, pt. i. p. 331.
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attempt was made to extend this principle to the varied
phenomena of electromagnets in all their forms. In Chapter
IV. the method of calculating magnetic circuits is given.

NOTABLE ELECTROMAGNETS.

No historical account of the electromagnet would be com-
plete which did not refer, however briefly, to some electro-
magnets that are notable for their unusual dimensions.

Faraday's Electromagnet, still preserved at the Royal
Institution, with which so many of his researches and those
of Professor Tyndall were made, is depicted in Fig. 11. It is
thus described by Faraday.*

¢ Another magnet which I have had made has the horse-shoe form.
The bar of iron is 46 inches in length and 3°75 inches in diameter,
and is so bent that the extremities forming the poles are 6 inches
from each other; 522 feet of copper wire o°17 inch in diameter,
and covered with tape, are wound round the two straight parts of
the bar, forming two coils on these parts, each 16 inches in length,
and composed of three layers of wire ; the poles are, of course, 6 inches
apart, the ends are planed true, and against these move two short bars
of soft iron 7 inches long and 2% by 1 inch thick, which can be
adjusted by screws and held at any distance less than 6 inches from
each other.”

Pliicker's Electromagnet, constructed in 1847,1 was also of
horse-shoe form, but larger. The core was 132 centimetres
in length, 10°2 centimetres in diameter, and weighed 84 kilo-
grammes. The poles were 284 centimetres apart. The copper
wire, of 14°93 square millimetres sectional area, weighed 35
kilogrammes, and was wound in three layers.

Von Feilitzscl's and Holtz's Electromagnet—This was
constructed{ in 1880. It differs from all the preceding in
possessing a laminated core. Its shape is a horse-shoe, the

* Experimental Researches, vol. iii. p. 29.

t Pogg. Ann., Ixxii. p. 315, 1847 ; and Ixxiii. p. 549, 1848.

Y Mittheil. a, d. naturw. Verein v. New-Pommern u. Rigen, Nov, 1880,
Taf. iv.
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total length of core being about 285 centimetres, of circular
section 19*5 centimetres in thickness. The shortest distance
between the poles is 40°5 centimetres, and the extreme

F1c. 11.

— 37 luckes

m}r%/

FARADAY’S ELECTROMAGNET AT THE ROYAL INSTITUTION.

height from the outer side of the bend to the central point
between the flat polar surfaces is 125 centimetres. The core
is itself built up of twenty-eight strips of sheet iron 7 milli-
metres thick, of varying breadth, each separately bent in the
forge, lacquered, and put together without any metallic
clamping. The whole core weighs 628 kilogrammes. This
core, temporarily held together, was imbedded, with its poles
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upwards, in a bed of cement in a strong oak box on wheels, the
limbs projecting to a length of 96 centimetres. The coils are
multiple, being composed of fifteen layers of insulated copper
strip, and ten layers of wire of 2 millimetres diameter, covered
with cotton or wool and well varnished. Arrangements are
added for coupling the exciting circuits in several different
ways.

Becquerels Electromagnet.—In 1848 M. Edm. Becquerel con-
structed an electromagnet, having upright cores 11 cm. in diameter,
in total 1 metre in length. Each coil consisted of gro metres of a
copper wire, 2 mm. in diameter, wound in two separate windings,
weighing about 25 kilogrammes.

S. P. Thompson's Electromagnet.—In 1883 a large electromagnet
(Fig. 12) was constructed for the Author of this book by Mr. Akester,

FiG. 12.

S. P. THOMPSON’S ELECTROMAGNET.

of Glasgow. The ironwork consists of two cylindrical cores of care-
fully annealed iron of the softest Scotch brand, each 73 centimetres
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in diameter, and 53-8 centimetres high. These are shouldered and
inserted into a massive cross-yoke, also of wrought iron. The coils
are wound upon removable bobbins of brass, slit lengthways to pre-
vent eddy-currents, and weigh about 75 lb. each. Each coil consists
of about 1820 turns of a copper wire 2*67 mm. in diameter, covered
with a heavy insulation of indiarubber and tarred hemp braided. It
was with this electromagnet that the Author discovered the increase
of electric resistance of metals in a strong magnetic field, a discovery
announced independently about the same date by M. Righi.

These electromagnets have, however, been far surpassed in
recent years by those used as field-magnets in dynamo-
machines. The electromagnets thus used in the largest
Edison-Hopkinson dynamos, built by Messrs. Mather and
Platt, of Manchester, weigh no less than 17 tons, and have a
cross-section of §17 square inches of iron. Reckoning (with
Joule) the possible magnetic traction at 200 lb. to the square
inch, these magnets ought to be capable of sustaining a load
of 46 tons.

Two curious experiments carried out in the United States
deserve mention here. In 1887, Major W. R. King, of the
United States Navy, constructed an enormous electromagnet
out of two I15-inch cannons, which were placed side by side
and connected together magnetically by piling a number of
iron rails across the breech. Each gun was about 15 feet
long, and weighed 25 tons. The total cross-section of the
rails which served as a yoke was 60 sq. in, and preferably
should have been larger. Upon each gun were wound three
coils, each about 2 feet long, and having internal and external
diameters of about 26 and 40 in. respectively. The wire
employed was a stranded cable, having a core of twenty
No. 20 gauge copper wires, together with seven smaller wires
twisted together and covered with indiarubber and insulating
tape to a diameter of four-tenths of an inch. Its length was
eight miles, with a total resistance of 19°2 ohms. As an
armature, a bundle of fifteen iron plates, each % inch thick,
11 in. wide, and 7 feet long, was used. The current was
supplied from a dynamo-machine which usually operated
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twenty arc lamps. The whole arrangement is depicted in
Fig, 13, p. 32, and in Fig. 14 are given a small plan of the
guns, and a diagram of the muzzle of one of them in section,
showing the position of the coils, and indicating also the
curved paths of the magnetic lines.

Fic. 14.

N

MIDOLE LINE

; 307
} [

! Sa
2
S5z
af bdbrke
W ) "1!“;:
L34 ) i?‘@

w £ ~
,505

'»'..;‘.‘@"‘ #
o

DIAGRAM OF MAGNETIC LINES OF FORCE AT MOUTH OF CANNON.

With this gigantic electromagnet various experiments
were made* A pull of 5 tons at the middle of the armature
failed to detach it ; and from experiments made with leverage

* See Electrical World, xi., p. 27, Jan, 21, 1888.
D
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it appeared that a pull of 20,600 lb, or nearly 10 tons
would have been required. Four 15-inch shells of iron, each,
weighing 320 b, were hung in a magnetic chain from one
another from the muzzle of one of the guns. By holding in
the hand a spike or bit of iron wire, the pull of the magnetic
field was felt even 5 or 6 feet away from the poles, and by
this means the magnetic lines, given in Fig. 14, p. 33, were
marked on a sheet of paper. It was found that if a small
piece of iron was held in the axis of the bore, just within the
mouth of the cannon, it was repelled strongly outwards ; but
if held at a point in the same axis some distance away, it was
powerfully attracted. The neutral point at which there was
neither attraction or repulsion was found to be at a point
about 7% inches in front of the face of the muzzle. This fact
illustrates an important principle, of which notice is taken at
a later place in this book, that a small mass of iron tends
always to move from a place where a magnetic field is weak
toward a place where it is stronger. Owing to the hollow of
the bore, the magnetic field is weaker within the muzzie than
it is at the point 7% inches in front. At this neutral point the
field is nearly uniform, the magnetic lines up to this distance
converging, and then diverging beyond. Little iron projectiles
3 inches long and ; inch in diameter, placed on a smooth piece
of board in the ax1s of the gun, were thrown out about 2 feet
from the gun and then suddenly drawn back to it, attaching
themselves to the outside rim of the muzzle, and stlckmg on
endways like quills upon the porcupine.

In 1887, a still larger electromagnet was made by winding
some electric light cable around the steam-ship A#anta
belonging to the U.S. Navy ; the whole iron ship being then
magnetized by the current from two gramme dynamo-
machines. Lieut. Bradley A. Fiske,* who carried out these
arrangements, hoped thereby to be able to establish a mag-
netical means of signalling between ships at sea.

* See Electrical World, Sept. 24, 1887. Also Eletrician, vol. xix. , P- 461,
1887.
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CHAPTER II.

GENERALITIES CONCERNING ELECTROMAGNETS AND
ELECTROMAGNETISM: TYPICAL FORMS OF ELEC-
TROMAGNETS: MATERIALS OF CONSTRUCTION.

USES IN GENERAL.

REGARDED as a piece of mechanism, an electromagnet may
be described as an apparatus for producing a mechanical
action at a place distant from the operator who controls it ;
the means of communication from the operator to the distant
point where the electromagnet is being the electric wire. The
use of electromagnets may, however, be divided into two
main divisions. For certain purposes an electromagnet is
required merely for obtaining temporary adhesion or lifting
power. It attaches itself to an armadture, and cannot be.
detached so long as the exciting current is maintained, except
by the application of a superior opposing pull. The force
which an electromagnet thus exerts upon an armature of
iron with which it is in direct contact, is always consider-
ably greater than the force with which it can act on an
armature at some distance away, and the two cases must be
carefully distinguished. Z7action of an armature in contact,
and attractiorn of an armature at a distance, are two different
functions ; so different, indeed, that it is no exaggeration
to say that an electromagnet designed for the one purpose
is unfitted for the other. The question of designing electro-
magnets for either of these purposes will occupy a large
part of these pages. The action which an electromagnet
exercises on an armature in its neighbourhood may be of
several kinds. If the armature is of soft iron, placed nearly
D2
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parallel to the polar surfaces, the action is one simply of
attraction, producing a motion of simple translation, in which
it will make no difference which pole is a north pole and:
which is a south pole. If the armature lies oblique to the
line of the poles, there will be a tendency to turn it round
as well as to attract it; but, again, if the armature is of soft
iron the action will be independent of the polarity of the
magnet, that is to say, independent of the direction of the
exciting ‘current. If, however, the armature be itself a
magnet of steel permanently magnetized, then the direction
in which it tends to turn, and the amount and also the sign
of the force with which it is attracted, will depend on the
polarity of the electromagnet, that is to say, will depend on
the direction in which the exciting current circulates.
Hence there arises a difference between the operation of a
non-polarized and that of a polarized apparatus, the latter
term being applied to those forms in which there is
employed a portion—say an armature—to which an initial
fixed magnetization has been imparted. Non-polarized
apparatus is in all cases independent of the direction of the
current. Another class of uses served by electromagnets is
the production of rapid vibrations. These are employed in
the mechanism of electric trembling bells, in the automatic
breaks of induction coils, in electrically-driven tuning-
forks such as are employed for chronographic purposes, and
in the instruments used in harmonic telegraphy. Special
constructions of electromagnets are appropriate to special
purposes such as these. The adaptation of electromagnets
for the special end of responding to rapidly alternating
currents is a closely kindred matter. Lastly, there are
«certain applications of the electromagnet, notably in the con-
struction of some forms of arc lamp, for which it is specially
sought to obtain an equal or approximately equal pull over
a definite range of motion. This use necessitates special
designs. All these matters will be considered in due course.

In the mean time, we must enter upon some of the clementary
principles of electromagnetism.



Polar Properties.

POLARITY.

It is a familiar fact that the polarity of an electromagnet
depends upon the sense in which the current is flowing around
it. Various rules for remembering the relation of the electric
flow and the magnetic force
have been given. One of
them that is useful is that PN 3
when one is looking at the
north pole of an electro- @ @
magnet, the current will be
flowing around that pole in
the sense opposite to that in CIRCULATION OF CURRENT AROUND

A Two-POLE ELECTROMAGNET.
which the hands of a clock
are seen to revolve. This necessitates the connexion of the
bobbins of a two-pole electromagnet in such a way that the
currents shall circulate as indicated in the manner depicted
in Fig. 15 Another useful rule, suggested by Maxwell, is
illustrated by Fig. 16, namely, that the sense of the circula-

Fic. 15.

Fic. 16.
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DIAGRAM ILLUSTRATING RELATION OF MAGNETIZING CIRCUIT AND
RESULTING MAGNETIC FORCE.

tion of the current (whether right or left-handed), and the
positive direction of the resulting magnetic force, are related
together in the same way as the rotation and the travel of a
right-handed screw are associated together. Right-handed
rotation of the screw is agsociated with forward travel.



38 Te Electromagnet.

Right-handed circulation of a current is associated with a
magnetic force tending to produce north polarity at the for-
ward end of the core.

POLES AND POLAR SURFACES.

Magnetism, whether resident permanently in a piece of
lodestone or of hardened steel, or whether temporarily pro-
duced in a bar of softiron by means of an external circulation
of electric currents in a surrounding coil, is something which
exists internally in the piece of lodestone or steel or iron,
though it may also manifest itself externally. In the case of
ordinary lodestones and steel magnets, and in that of those
electromagnets that do not form closed magnetic circuits,
there are certain external manifestations, most of which are
well known. Small pieces of iron or steel will be attracted
by and adhere to certain parts of the surface of such magnets.
Compass needles brought into the neighbourhood of the
same parts are deflected by their influence. Those parts of
the surface of a lodestone, or steel magnet, or electromagnet,
to which iron filings adhere in tufts, and which act on compass
needles, are in common language called the polar surfaces, or
simply the poles, of the magnet. In former days magnetism
was regarded as a surface phenomenon, resident (as an invisible
fluid or fluids) upon these polar parts of the surface. It is,
however, possible to have a magnet, highly magnetized,
entirely destitute of poles. For example, it is possible to
magnetize a steel ring in such a way (compare Fig. 71, p. 162)
that the magnetization shall be entirely internal : the magnetic
lines flowing round wholly within the metal, and never coming
up to the surface. This is done by overwrapping the ring
all round with a magnetizing coil of insulated copper wire,
through which an electric current is passed. Of course such
a ring magnet is incapable of attracting iron filings, or of
perturbing a compass needle. The evidence that such a ring
is magnetized internally is two-fold. In the act of mag-
netizing the ring grows larger to a minute extent. If cut or
broken, such a ring forthwith exhibits polar properties at the
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cut surface. The pole or polar region of a magnet is simply
that part of the surface where the internal magnetic lines
emerge into the air. Only such parts exhibit any such
properties as those to which formerly the virtues of magnetic
fluids were attributed. In one sense, therefore, it is true that
the external phenomena of poles are accidental. Nevertheless,
it was precisely these external phenomena which first drew
attention to the subject of magnetism and were first investi-
gated. It is the consideration of them that originated the
terms in which magnetic facts are described. The very unit
of magnetism that has been adopted as a means of expressing
the relative strengths of magnets is based upon the repulsion
which two poles are found to exert upon one another when
separated by an air space: and the unit of intensity of
magnetic force is in turn based on the unit of polar magnetism.
It is too late to dream of changing these definitions, which
are now universally accepted. Every treatise on magnetism
deals copiously with them; it is enough for the present
purpose, therefore, to state them for reference.

MAGNETIC UNITS.

The international units, now adopted by all clectricians, are
based upon the .absolute system of weights and measures,
known as the “C.G.S. system.” In this system, which is
further explained in Appendix B, the cenzimetre is taken as the
unit of length, the gramme as the unit of mass, and the second
as the unit of time. From these three fundamental units are
derived all the other physical units. For example, the dyne
or unit of force in this system, is that force which, if it acts on
one gramme for one second, gives fo it a velocity of one
centimetre per second. The pull of the earth on a mass of one
pound (this pull being what is commonly called the pound’s
weight) is equal (at London) to 444,971 dynes. One dyne is
a pull (or push) equal to about ¢z of the weight (at London)
of one grain. Upon this abstract unit of force is founded the
magnetic unit.
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The unit quantity of magnetism, or unit magnetic pole, is
one of such a strength that, when placed at a distance of one
centimetre (in air) from a similar pole of equal strength, it
repels it with a force of one dyne. The distribution of apparent
magnetism at a polar surface is usually stated in terms of the
number of units of magnetism (defined as above) per square
centimetre, this number being sometimes called the surface-
density of the magnetization. It is found that this surface-
density cannot, even with the most enormous magnetizing
forces, be made to exceed a limiting amount. Ewing finds
that the softest iron, subjected temporarily to the highest
magnetizing force, will not exhibit more than 1700 units of
magnetism per square centimetre. Hard steel will not usually
retain permanently a higher magnetization than 500 units per
square centimetre of pole surface, or at the rate of 3225 units
- per square inch. This mode of expressing the facts in surface
units is antiquated. The modern mode of regarding the
matter is to think of the magnetic lines which flow around the
magnetic circuit, emerging from the metal at one polar surface,
and re-entering it at the other. Owing to the conventional
mode of regarding the matter, according to which one draws
one magnetic line per square centimetre to represent a force
of one dyne acting on a unit pole, we have to draw, or imagine
as drawn, as many lines per square centimetre .as there are
dynes of force on a unit pole. As a matter of fact, the
number of dynes of force that are exerted on a unit pole
placed between two surfaces of opposite polarity, close
together, is numerically equal to 4 = (i.e.= 12 566) times the
number of surface units of magnetism per square centimetre
on either of the surfaces. Hence arises the curious rule that
for every unit of magnetism at the surface one must suppose
4 = magnetic lines coming up through the surface. For
example, if at any polar surface there are 100 units of
magnetism, we must imagine 1257 lines emerging through that
surface.

In the case of a bar magnet, we conceive these lines as
flowing through the metal, emerging at one end (the north
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pole) and curving round to re-enter the metal at the other end
(the south pole). In Fig. 17, these lines are drawn both
internally and externally. Every one knows that if we dip
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LINES OF FORCE RUNNING THROUGH BAR MAGNET.

such a magnet into iron filings the small bits of iron stick on,
more especially at the ends, but not exclusively ; and if you
hold it under a piece of paper or cardboard, and sprinkle iron
filings on the paper, you obtain curves like those shown on the
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diagram. They attest the distribution of the magnetic forces
in the external space. The magnetism running internally
through the body of the iron begins to leak out sideways, and
finally all the rest streams out in a great tuft at the end.
These magnetic lines pass round to the other end, and there go
in again, and the place where the steel is internally most highly
magnetized is this place across the middle, where externally no
iron filings at all stick to it. Now, we have to think of mag-
netism from the inside and not the outside. This magnetism
extends in lines, coming up to the surface somewhere near the
ends of the bar, and the filings stick on wherever the magnetism
comes up to the surface. They do not stick on at the middle
part of the bar, where the metal is really most completely per-
meated through and through by the magnetism ; there are a
larger number of lines per square centimetre of cross-section in
the middle region where none come up to the surface.

The space outside the magnet where these magnetic lines
are passing -from pole to pole is called the wagnetic field of
the magnet. It is obviously more intense, or in other words
the lines in it are denser, near to the poles than at some
distance away. In this field the lines are so drawn, or
imagined, that at any point the direction of the lines at that
part of the field shows the direction of the resultant magnetic
force at that point. Also, the density of the lines indicates
the magnitude of the force. A single free magnet pole placed
at any point in the field would tend to move along the
magnetic lines, a north pole sailing one way, a south pole
sailing the other. If a small pivotted compass needle is set
down at any point in the field, it at once turns round and sets
itself along the magnetic line at that point. If a needle is set
down on a curved magnetic line, and is free not only to turn
round but to shift its whole position, it will be pulled sideways
and always toward the inner side of the curve. Small
unmagnetized needles, and filings of iron, if placed in the
magnetic field, are magnetized by the influence of the
magnet, and turn round and point along the lines. This
explains the familiar experiment of sprinkling iron filings on
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a sheet of paper or glass over a magnet. The filing-figure
thus obtained (Fig. 18) is useful for studying the manner in
which the magnetic lines are distributed in the surrounding
field.

F16. 18.

FILING-FIGURE OF THE BAR MAGNET.

Now in studying electromagnets by the light of the modern
principle of the magnetic circuit, we have to think of these
things as internal, not as mere superficial, phenomena. We
have to think of iron and steel as being good conductors
of magnetic lines ; we have to calculate what cross-section of
iron to allow for any desired number of magnetic lines to
permeate through it; and we have to calculate the mag-
netizing power that will be needful to apply in order to
force any given number of magnetic lines into the circuit.
Symbols and definitions are required in dealing with these
matters. In order to express the intensity of the magnetic
force at any point in a magnetic field, it is usual, as explained
previously, to describe it in terms of the number of magnetic
lines per square centimetre that are to be considered as
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traversing the air at the point in question; the intensity of
the force in the field (or intensity of field, as it is often called),
being denoted by the letter H. The term #4e magnetic flux
is often used for the whole number of magnetic lines that
flow around the circuit, and denoted by the symbol N. The
number of magnetic lines per square centimetre, in any
material, is called #he magnetic induction, or simply the
induction (also called the permeation, or the internal magneti-
zation), and for this the symbol B is used. As iron, steel
and other magnetic materials are more permeable for
magnetic lines than air is, it follows that the same application
of magnetizing power that would produce H lines per square
centimetre in air at any point in space will produce a greater
number of lines per square centimetre if the space in question
is occupied by iron instead of air. That is to say, the same
magnetizing power that would have produced H lines per
square centimetre in air will produce B lines per square
centimetre in-iron; where B is a number greater than H,
according to the permeability of the specimen. Of this more
will be said in Chapter III. on the Properties of Iron.

ELEMENTARY PROPOSITIONS IN ELECTROMAGNETICS.

Here it will be convenient to lay down a few elementary
propositions dealing with the relation between electric
currents and magnetic forces.

1. Magnetomotive Force, or Total Magnetizing Power
of Electric Current circulating in a Coil—It is found that
when a current flows along in a copper wire that is
coiled in several turns around a core, and is thus made
to circulate around an interior magnetic circuit, the mag-
netizing power or tendency of this circulation of electricity
is proportional both to the strength of the current so circula-
ting and to the number of turns in the coil. If other things
are equal, the total magnetizing power depends on nothing
else but these two matters ; being independent of the size or



Some Elementary Propositions. 45

material of the wire, and of its shape, and is the same whether
the spirals are close together or wide apart. If S stands for
the number of spirals in the coil, and z be the number of
amperes of current that are
flowing, then S multiplied
by Z will be the number of
ampere-turns of circulation
of current. It is ex-
perimentally proved that
twenty amperes circulating
around five turns exert
precisely the same mag-
netizing power as one
ampere circulating one
hundred times, or as one
hundred amperes circula-
ting once around the core.
In each of these cases the circulation of current is one
hundred ampere-turns. To calculate from this the value, in
absolute C.G.S. units, of the magnetomotive force, it is re-
quisite to multiply the ampere-turns by % =, or by 1°257.
Or, in symbols,

MAGNETIZING COIL WOUND AROUND
A MAGNETIC CIRCUIT.

Magnetomotive force = 1°257 x Sz

It will be shown in Appendix C that it is possible to
avoid the use of this multiplier by taking the ampere-turns
themselves as the magnetomotive force.

Some writers call the magnetomotive force the “line-
integral of the magnetic forces.”

2. Intensity of Magnetic Force at any point in a long
Magnetizing Coil—The. preceding expression for the total
magnetizing power of a coil does not give any information
about the variation of the magnetic force at different parts.
If in Fig. 19, a closed curve be drawn (the dotted curve)
passing through all the spirals, and the question be asked
“ What is the intensity of the magnetic force at various points
on this curve?” it must be replied that the intensity of the



46 The Electromagnet.

force will vary greatly from point to point, being greatest at
the middle of that part of the curve which lies within the
spirals. If a uniformly-wound coil were constructed of very
great length (say at least one hundred times its own diameter),
the intensity of the magnetic force would be very nearly
uniformly great all along its axis, until quite close to the ends
of the coil, where it rapidly falls off. The expression for the
value of H at any point along the axis (save near the ends)
of such a long coil is found by considering the magnetomotive
force as distributed uniformly along its length ; or, in symbols,
where / stands for the length of the coil, in centimetres.

4Sz

1’257 times the ampere-turns per centimetre
10

of length.

Or, if the length is given in inches:
H = 0° 495 times the ampere-turns per inch.

Or, if it is desired to express the intensity of the magnetic
force in lines per square inck instead of per square centimetre,
we shall have :— :

H, = 3°193 x the ampere-turns per inch.

In the case where a wire is wound in an annular coil upon
an iron ring, so that there are no ends to the coil, H is uniform
at all points along the closed curve drawn within the coil, and
is calculated as above, taking the mean length along the body
of the ring as Z It is obvious that when H is uniform,
H X / gives the total magnetizing power or magnetomotive
force.

3. Intensity of Magnetic Force at centre of a single Ring.—
At the centre of a single ring or circular loop of wire carrying
current of 7 amperes, and of radius 7 centimetres, the intensity
of the magnetic force is calculated by the formula

2 amperes
B B RE S al i BpOLeS
10 7 radius
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This is the case of a tangent-galvanometric ring; the
number needing to be multiplied by S, if there are S turns in
the ring.

4. Force on Conductor (carrying current) iz a Magnetic
Field—Suppose a magnetic field is furnished by a permanent
magnet (Fig. 20), and that a con-
ducting wire carrying an electric
current is brought into the mag-
netic field, it is observed to ex-
perience a mechanical force in a
direction at right angles to its own
length, and at right angles to the
magnetic lines of the field. In the
figure the direction of the flux of
magnetic lines is horizontal from
right to left between the limbs of
the magnet; the direction of the , . - Maioxeric Fieip
current is horizontal from front on CoNDpucTOR CARRYING
to back; and the resulting me- b
chanical force will urge the conductor vertically upwards, as
shown by the arrow. Reversing the current would, of course,
result in a downward force.

The magnitude of this force can be calculated as follows :—
Assume the field to be of uniform intensity H, and that the
length (centimetres) of conductor lying squarely across the
field is / Then if 7 is the number of amperes of current, the
force (in dynes) will be given by the rule

f=Hiizx-10=H,!" i+ 25°4,

or in grains’ weight

Fic. 20.

f=H,I"i{+161
5. Work done by Conductor (carrying current) iz moving
across Magnetic Field—1f the conductor moves across a breadth
6 (centimetres) of the magnetic field, the work done will be
expressed (in ergs) as follows :—
w=fb=06HIi+ 10
But & / is the area of field swept out; and this area multi-
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plied by the number of magnetic lines per square centimetre
(H) gives the whole number N of magnetic lines cut in the
operation: whence

w = N7 <+ 10.

Proof.—This matter may be independently deduced as follows :—
By definition of electric potential, the work done in moving Q units
of electricity through difference of potential V, -V, is

w = Q (V,=V,).

But in cutting N lines of magnetic field in a time of # seconds
there is generated an electromotive force = N =~ # and this constitutes
the difference of electric potential V;~V, and may be substituted
for it.

Further, if the current 7 is expressed in amperes, the quantity Q
of electricity expressed in absolute
C.G.S. units conveyed through the
circuitin #seconds, will be = ¢ # = 10.

Substituting the latter value for Q
and the former for V,—V, one at
once obtains the result—

FiG. 21.

w = N7 < 10, as before.

6. Rotation  of  Conductor
(carrying current) around a
Magnetic Pole—If a portion of
an electric circuit be arranged
with movable connexions so that
it can slide around a magnet pole,
rotation will ensue, the angular
force (or torque) being calculated
as follows :—

In Fig. 21, a bar magnet stands
vertically with an annular mercury

ROTATION OF CONDUCTOR X 5
oF CURRENT AROUND cup around its middle. Into

o e this cup dips a wire suspended

by a flexible joint or swivel, and conducts a current
of i amperes. If the pole-strength of the magnet is » units
of magnetism, the whole number of magnetic lines radiating
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out from that pole will be 4 7 # ; and if the annular cup is
close enough to the magnet, the whole of these, practically,
will be cut by the conductor in one rotation. Hence, by the
preceding article the work done in one revolution will be—

W= 4mwmi-—10= 1257 X M i

Hence, dividing by the angle 2 #, the torque or turning
moment y will be :—
¥y=2mi==10=0"2 X #1i.

It follows that the pole tends to rotate around the con-
ductor in the reverse sense with an equal torque.

7. Every electric civcuit tends so to alter its configuration as
to make the magnetic flux through it @ maximum.—This rule,
which in different words was given by Maxwell, is extremely
useful to assist one in seeing in what way conductors that are
parts of electric circuits will tend to move when situated in
any way in a magnetic field. For example, the case pre-
sented by Fig. 20, p. 47, can be argued out as follows :—The
current in the circuit, as viewed in the cut, is shown by the
arrows to be circulating right-handedly. This circulation of
current, according to the rule laid down in p. 37, would
produce a magnetic flux through the circuit from above to
below. But, because of the north pole below it, there is
already a magnetic flux of lines through the circuit in the
contrary sense, from below upwards. The circuit will there-
fore tend to move in such a way as to diminish this contrary
flux, virtually increasing its own thereby. Another example
is afforded by De la Rive’s familiar experiment with a floating
coil and battery, which is attracted by one pole of a bar
magnet, and repelled by the other.

8. Two electric circuits (or conductors carrying currents)
are urged by mutual forces to change their configurations so that
their mutual magnetic flux may become a maximum.~—This is
a generalized statement of the rules often given about the
attractions and repulsions of parallel currents and angular
currents. One current does not attract or repel another except
by virtue of the magnetic fields which they set up in the

E
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surrounding space. When two currents run parallel and in
the same direction, each produces a magnetic field around
itself, and each tends to move laterally across the other’s
magnetic field. In the case of two parallel coils like tangent
galvanometer coils of equal diameters, lying near together,
the mutual force varies inversely as the axial distance between
them, and directly as the product of their respective ampere-
turns,

TypricAL FORMS OF ELECTROMAGNETS.

We will now consider the classification of forms of electro-
magnets. I do not pretend to have found a complete classifi-
cation. There is a very singular book written by Mons,
Nicklés, in which he classifies under thirty-seven different
heads all conceivable kinds of magnets, bidromic, tridromic,
monocnemic, multidromic, and I do not know how many
more ; but the classification is both unmeaning and un-
manageable. It is sufficient for the present purpose simply
to pick out those which come under four or five heads, and
deal separately with others that do not quite fit under any
of these categories.

1. Bar Electromagnet—This consists of a single straight
core (whether solid, tubular, or laminated), surrounded by a
coil. ~Fig. 3 (p. 4) de-
picted Sturgeon’s earliest
example. Fig. 22 shows
a straight magnet with
cylindrical core.

2. Horse-shoe Electro-
magnet. — There are two
sub-types included in this
name. The original elec-

BAR ELECTROMAGNET. tromagnet of Sturgeon
; (Fig. 1, p. 3) really re-
sembled a horse-shoe in form, being constructed of a
single piece of round wrought iron, about half an inch
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in diameter and nearly a foot long, bent into an arch.
In recent years the other sub-type has prevailed, con-
sisting, as shown in Fig. 23,
of two separate iron cores,
usually cut from circular rod,
screwed or riveted into a third
piece of wrought iron, the yoke.
Joule’s special form of horse-
shoe is shown in Fig. 7, p. 21.

3. Club-foot Electromagnet.—
Occasionally the preceding form
is modified by being furnished  TYPICAL Irepr sy
with one coil only, the other :
core being left uncovered. This form is known in France
as the aimant boitenx, which may be rendered into English
as the club-footed electromagnet. The German name is
linkender Magnet. Concerning this form, Fig. 24, more

F1G. 23.

FiG. 25.

CLUB-FOOT ELECTROMAGNET. I ORSE-SHOE ELECTROMAGNET
WITH ONE CoOIL ON YOKE.

will be said hereafter. Fig. 25 may be regarded as a kindred
variety, being a horse-shoe magnet with one coil upon the
yoke, the two limbs being left uncovered.

4. Iron-clad Electromagnet—This fmm the
simple bar magnet in having an iron, Alolt omcasmcr exterh

e I o v 2 v D A
". 8 vV ) Es ¥
\ OX * /
\\U‘ f o a% ' L
NN B l?? Pl

N Y &Y Mt /

1



&% The Electromagnet.

to the coils and attached to the core at one end. Such a
magnet presents, as depicted in Fig. 26, a central pole at one
end surrounded by an outer annular pole of the opposite
polarity. The appropriate armature for electromagnets of
this type is a circular disk or lid of iron. It is curious how
often the use of a tubular jacket
Fic. 26. to an electromagnet has been re-
invented. Itdates back to about
1850, and has been variously
claimed for Romershausen, for
Guillemin, and for Fabre* It
is described in Davis's Mag-
netism, published in Boston in
1855." About sixteen years ago
Mr. Faulkner, of Manchester, re-
vived it, under the name of the
Altandae electromagnet. A dis-
cussion upon jacketed electro-
magnets took place in 1876, at the
Society of Telegraph Engineers ;
Iron-crap ELectrRomacner.  and in the same year, Professor
: Graham Bell used the same
form of electromagnet in the receiver of the telephone which
he exhibited at the Centennial Exhibition. There are some
kindred forms of electromagnet in which the return circuit of
the iron comes back outside the coil, either from one end or
the other, or from both ends, sometimes in the form of two or
more parallel return yokes. All such magnets I propose to
call—following the fashion that has been adopted for dynamos
—iron-clad electromagnets. There is one used by Mr. Crom-
well Varley, in which a straight magnet is placed between a
couple of iron caps, which fit over the ends, and virtually
bring the poles down close together ; the circular rim of one
cap being the north pole, and that of the other cap being the

* According to Nickles (see Comples Rendus, xlv. 1857, p. 253) it was
invented by Fabre when working some years previously in Nickles’s laboratory
in Paris. . >
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south pole, the two rims being close together. That plan of
course produces a great tendency to leak across from one rim
to the other all round.

A recent variety of the iron-clad type is depicted in
Fig. 27, which has the merit of great simplicity of construc-
tion and great holding power. It is used in electromagnetic
clutches and brakes.

Fic. 27.

[ 1T

e

ANNULAR IRON-CLAD ELECTROMAGNET.

Ruhmbkorff’s Electromagnet.—This form, used for experi-
ments on diamagnetism and on the magnetic rotation of light,
was designed in 1846.* Verdet gives the following description
of that used by him (Fig. 28) in his researches on magneto-
optic rotation. The electromagnet cores are two cylinders of
soft iron A B, A' B, each 20 cm. long, and 7-5 cm. diameter,
pierced longitudinally to admit a ray of light. They are
clamped by soft iron yokes P P' to a soft iron bed-plate R S.
For the optical experiments a very nearly uniform magnetic
field is procured by screwing on the cores the cylindrical pole-
pieces F F', each 14 cm. in diameter and 5 cm. broad. The
coils consist each of about 250 metres of copper wire 2°5 mm.
in diameter. In another research, Verdet used a vertical
horse-shoe electromagnet resembling Fig, 23, p. 51, provided

* Ruhmkorff. See Comptes Rendus, xxiii. 417 and 538, 1846 ; and Ann. de
Chim. et de Phys. (3) xviil. 318, 1846.
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with perforated pole-pieces, as Faraday had previously
done.

Fic. 28.

Iz

RUHMKORFF'S ELECTROMAGNET.

5. Coil-and-Plunger—A detached iron core is attracted
into a hollow coil, or solenoid, of copper wire, when a current
of electricity flows round the latter. This is a'special form,
and will receive extended consideration in Chapter VIII. It
will be sufficient here to mention that whereas ordinary
electromagnets with fixed cores exert powerful forces on
armatures near them, their range of action is usually ex-
tremely small ; on the other hand, the pull of the coil on the
plunger is in general a feebler pull, but one of extended range
of action.

6. Stopped Coil-and-Plunger.—A whole group of forms
have been devised intermediate between the coil-and-plunger
form and the ordinary forms with fixed cores. If a coil is
arranged with a short fixed core extending part of the way
through it, and with a second movable core to be sucked
into the coil and finally attracted into close proximity with
the fixed core, the action will be of a nature intermediate
between the weak long-range pull of the coil-and-plunger and
the powerful short-range pull of the ordinary electromagnet.
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Sometimes these forms are also iron-clad with an external
jacket to better the magnetic circuit.

7. Electromagnets with Consequent Poles—Electromag-
nets wound with such windings or so connected that the
currents circulate in opposite directions over different parts
of the core, are peculiar in the fact that they possess “ conse-
quent poles.” This term is applied to poles that are produced

Fi1G. 29. FiG. 30.
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COIL-AND-PLUNGER. StoPPED COIL-AND-PLUNGER
(Bonelli’s Electromagnet).

between two poles of opposite kind. If, for example, a steel
bar is so magnetized as to have a north pole at each end and
a south pole at the middle, that middle pole is called a conse-
. quent pole ; and is regarded as being the magnetic equivalent
of two south poles put end to end. Electromagnets with
consequent poles are not frequent, except in certain forms of
dynamos and of electric motors, wherein they occur some-
times in special forms of field-magnets, sometimes in arma-
tures. An example occurs in the ease of the well-known
Gramme ring. Suppose a ring core of iron (Fig. 31) is
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entirely overwound with a copper coil (right-handedly
wound in this figure) which is closed on itself. If then a
current is introduced into the coil at one side and drawn off
at the other, it will have two paths of flow ; and half the ring
will be subjected to a right-handed circulation of current,
while the other half is subjected to a left-handed circulation.
The result will be that each half
will act like a magnet having (in
this instance) a south pole where
the current enters, and a north
pole where the current leaves
the coil. There will be, there-
fore, two consequent poles, one
double-north pole at the top,
one double-south pole at the
bottom. The position of these
poles is movable ; the pole will
shift round the ring to any point
if the point of connexion be-
tween the annular coil and the
circuit is shifted: This is in-
RinG Erecrromacyer wipg  G€€d the most important feature
CONSEQUENT POLES. of this peculiar electromagnetic
¢ device.

8. Circular Electromagnets—This name is given to a
peculiar class of electromagnets, originally devised by
Wilhelm Weber, having cylindrical or pulley-like cores, and
coils wound (as in Fig. 159) in grooves around their peripheries.
If a simple iron pulley is wound with a magnetizing coil of
insulated copper wire, and excited by a current, the whole of
one rim will be a north polar surface, and the other rim will
be a south polar surface. Such a magnet will attach itself
to jron at any part of its periphery. In Fig. 32 a double
circular magnet is shown, with a consequent north pole in an
intermediate rim, the two outer rims being south poles. It
has been proposed to use such electromagnets as a form of
driving gear instead of toothed wheels, the requisite adherence
of surface being attained magnetically. In another variety,




57

due to Nicklés, called paracircular electromagnets, the coil,

Typical Forms.
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CIRCULAR ELECTROMAGNET.

mnumer-

llaneous Forms.—Of these there are an
able variety, many of which are noticed chiefly in the latter

Misce

.

part of this book. Two examples may be given here. Fig. 33

Fic. 33.

FAGGOT OF ELECTROMAGNETS.

illustrates a faggot of bar electromagnets, each wound with a

separate coil of copper wire, and arranged with alternate
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polarities. This form was intended to provide a powerful
electromagnet for the purpose of adherence to an iron slab.
As a matter of fact a more powerful effect would have been
obtained from the same quantity of iron and copper had a
different disposition been adopted, and a simplified magnetic
circuit been arranged: for example, it would have been
better to have carried all the copper windings in one coil
around the eight cores which form the two middle layers,
leaving the top and bottom layers of cores without any
winding around them, to serve (in the fashion of iron-clad
.electromagnets) as a return-path for the magnetic lines.

F1G. 34.

SPIRAL ELECTROMAGNET.

Fig. 34 depicts a spiral electromagnet, in which the iron
core, greatly elongated, is wound in a spiral around a straight
conductor of copper, thus reversing the usual arrangement.
There is not the slightest advantage in such a modification.
On the contrary, there are the serious disadvantages that,
owing to the relatively considerable magnetic permeability of
air, the magnetism created in any one of the turns of the
spiral will leak across and short-circuit itself to a considerable
degree, instead of going on through the iron to emerge at the
pole; and further, an enormous current will be required to
energize the magnet, owing to there being but one single
conductor in the electric circuit instead of the usual numerous
convolutions.

In addition to these forms there are many others, some
multipolar, used only in the field-magnets of dynamo machines
and of electric motors. For further information about these
the reader is referred to treatises on the subject of dynamo-
electric machinery, and also to Chapter XII,, p. 350.
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MATERIALS OF CONSTRUCTION.

Three classes of materials enter into the construction of
electromagnets :—Magnetic materials for cores ; electric con-
ducting materials for coils ; insulating materials for prevent-
ing leakage of electric current.

I. Magnetic Materials for Cores—Iron and steel are the
only materials that need be discussed, though nickel, cobalt,
and lodestone (magnetic oxide of iron), also belong to the
class of magnetic materials. The magnetic properties of iron
and steel are so all-important that Chapter III. is specially
devoted to their consideration. Their mechanical properties
are so well known as to need no notice here.

II. Electric Conducting Materials for Coilss—One ma-
terial only need here be discussed—namely copper, being
the metal universally employed. Other metals have been”
tried in place of copper wires: for example, iron, German-
silver, and silver. Iron was suggested with the idea that,
being also a magnetic substance, it would act in double
capacity, carrying electricity and permeated simultaneously
by the magnetic lines. This application is, however, to be
condemned : firstly, because iron wires offer much more
electrical resistance than copper wires of the same size, and
heat more, and are wasteful of electrical power; secondly,
because the iron wires, being wound transversely with insu-
lating material between them, are badly situated for carrying
the longitudinal magnetic lines. Silver has been suggested
instead of copper, as being a better electrical conductor. In
recent years, however, ways have been found of refining
copper, notably by electro-metallurgical processes, and pro-
ducing it of a quality that rivals silver, and in some cases
surpasses it in electric conducting power. “High conduc-
tivity ” copper is now an established commercial article; and
none should be tolerated in the construction of electromagnets
that has a lower conductivity than 98 per cent. of that of pure
copper. German silver is unfitted for electromagnet coils by
reason of its poor conductivity, being. only about 8 per
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cent. of that of pure copper; the only circumstance in its
favour being its constancy at all temperatures in this low
conducting power. Rules about the winding of copper wire
coils, guiding the constructor in the gauge and quantity
required, will be given in due course in Chapter VI. 1In the
mean time it may be pointed out that the constructor is not
limited to the use of simple round wires, though these are
usually employed in the coils of all small electromagnets.
For larger coils requiring thicker conductors for carrying
many amperes of current, a large sectional area of conductor
is needed. Round wires of large sectional area become
inadvisable in such cases for two reasons—they are difficult to
bend, and they leave great intersticial spaces in the winding.
In such cases it is better to employ stranded wires made up
of seven smaller wires twisted together and overspun with
suitable insulating material, or else to use wire of retangular
section either drawn through rectangular dies or built up of
narrow copper ribbons bound together by a serving of tape.
All the manufacturers of copper wire for electrical purposes
now regularly supply both stranded wires and wires built up:
of strips to any required gauge, these having become things
required every day in the construction of dynamos and other
electrical machines.

II1. ZInsulating Materials for preventing Leakage of Elec-
tric Current—Insulating materials are required to prevent
the electric current from leaking from one part of the coil to
another, and also to prevent it from leaking from the coil into
the core. The coil also requires to be held together mechani-
cally ; this is usually accomplished by winding it on a bobbin
or former. If the bobbin is of wood, ebonite, or other non-
metallic substance, it itself. aids as an insulator in lessening
the chance of leakage from coil to core. If the bobbin is of
metal, then care must be taken to prevent the electric current
from leaking from the coil into the metal of the bobbin.
Theoretically, any one point of leakage from coil to core or
from coil to bobbin will not matter, as the current will not
flow, even along a leakage path, from the coil into the
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neighbouring metal unless it can find also a way out back
into the circuit. But the very fact that such a possible
leakage path exists increases the probability of another leak
being established at some other point, resulting in a break-
down. Complete insulation of the coil is therefore most
desirable in itself.

The tendency for a leak or short-circuit to occur between
any two conductors depends on the difference of their electric
pressures. The greater their difference in electric pressure,
the more likely is the insulating material between them to
break down and establish a leak. There is generally very
little difference in electric pressure between one turn of wire
and the turn that lies next to it in the same layer, but there
may be a considerable difference in electric pressure between
the wire in one layer and the wire that lies over it in the /
next layer. Hence, it is more important to insulate well /
between layer and layer, than between wire and wire in the
same layer. For the very same reasons it is still more
important to insulate well between coil and bobbin, becausé .~
the wire of all the layers comes close up to the cheeks of the
bobbin. A numerical example will help here. Suppose an
electromagnet is to be used across a pair of electric mains
which are supplied with current from a dynamo at a pressure
of 100 volts ; that is to say, there is a difference of pressure of
100 volts between the mains. Suppose this electromagnet to
possess a coil of wire consisting of twenty layers with fifty turns
in each layer. The layers are supposed to be wound in the
usual way, beginning at one end and returning back, so that
the second layer ends just over the spot where the first layer
began. Then if there is 100 volts difference of pressure
applied to the coil to drive the current through the convo-
lutions of its coil, there will be between a point at the
beginning of one layer and a point at the end of the next
{(which lies on the top of it) just one-tenth of all the coil, and
therefore one-tenth of all the pressure—iz. ¢, 10 volts. But
between these two points in the windings there will be 100
turns of wire ; hence the difference of pressure between wire
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and wire will be only {; volt. Yet, since the pressure between
one end of the coil and the other end is 100 volts, and
as both ends come close to the bobbin, the tendency to
spring a leak into the metal of the bobbin will be far greater
than the tendency to leak from layer to layer. It may be
approximately taken that the electric tension on the insulating
material—or tendency to pierce it with a spark—is pro-
portional to the square of the volts of electric pressure.
Hence, in the case given, the insulating material between coil
and bobbin has to stand a tension one hundred times as great
as that between layer and layer, and one million times as
great as that between wire and wire.

Wire Insulation.—For large electromagnets, to be used on
ordinary circuits with pressures not exceeding 500 volts, it is
sufficient to use as wire insulation a double covering of
cotton, which is afterwards well soaked with shellac varnish
and dried for some hours at steam-heat. For small electro-
magnets, such as are used in telegraphic and telephonic work
and in the best electric-bell work, silk-covered wires are
preferable, the coils being afterwards baked and immersed in
a bath of melted paraffin wax, Coatings of gutta-percha or
indiarubber, or of tarred hemp or ozokerited tape, are not
recommended for the wires that are to be wound on the
coils of electromagnets. Stranded wires of large size and
rectangular conductors made of strip should be taped with a
strong cotton tape, and served with shellac varnish after being
wound on the bobbins or magnets.

Layer Insulation.—The insulation between layer and layer,
particularly between the first turn of one layer and the last of
the next, must be good. In small electromagnets no particular
precautions are needed beyond care in winding ; but, in the
case of larger electromagnets, if wound with many turns of
fine wire to be used on high-pressure circuits, it is well to lay
between the layers a wrapping of thin Willesden paper or of
thin vulcanized fibre, or even of thin canvas or cotton cloth
varnished with shellac varnish.

Core and Bobbin Insulation—In those cases where coils
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are to be wound direct on the cores without any bobbin
between, the core should be itself well insulated by being
painted with some good tough and non-conducting paint,
such as bath-japan or Aspinall’s enamel, or covered with
varnished canvas, or with a well-fitting tube of vulcanized fibre,
or with several thicknesses of well-varnished paper of tough
quality. Metal bobbins should be served in the same way.
The faces of the cheeks of bobbins should be most thoroughly
and carefully protected. In cases where coils are wound
direct on cores, metal cheeks or ‘“magnet heads” are often
used to hold up the coils at the ends. Such cheeks, whether
attached to the core or to a separate bobbin, ought in all large
electromagnets to be separated from the coils by the inter-
position of a sheet of vulcanized fibre or of dermatine or
Willesden paper, or, failing.these, of oil-cloth or tough paper,
varnished or enamelled. Only by such precautions can
break-downs be avoided. Trouble often arises from the end
of the wire which comes up from the innermost layer of the
coil to the outside. This leading-out end often breaks off in
a most annoying way, necessitating rewinding; or if not
actually broken it works loose and endangers the insulating
layers between itself and other parts of coil or bobbin, It is
well in many cases, before winding the coil, to provide as a
leading-out end a specially strong wire, or piece of stranded
cable, or strip of copper ; and such should always be extra
well insulated.

Fireproof Insulation.—In certain cases of rare occurrence
it is needful to provide insulation that will not break down
even if the coils become red hot. Asbestos, though itself a
poor insulator and bulky, is then the only possible material
for covering wires; asbestos sheet and mica may both be
used for layer-insulation. An insulating paint containing
asbestos is also to be had. A naked copper wire with a
rather thicker theead of spun asbestos laid between may
serve as coil, with asbestos cloth between successive layers.
Stoneware washers and bushes may be inserted for bringing
out the leading-out wires.
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High-pressure Insulation—When electromagnets are to be
constructed for use on extra high-pressure circuits exceeding
1,000 volts, it is absolutely essential to secure the most perfect
insulation between layers and between coil and bobbin.
Varnished paper, canvas, and vulcanized fibre all break down.
Layers of thin mica secured in position, and sheets of good
ebonite, are almost the only materials of any avail. Some
constructors, instead of winding the coils in layers, wind them
between cloisons of ebonite fixed at intervals along an
ebonite tube surrounding the core—the construction habitu-
ally used in the building of induction coils. Ozokerited paper
in several successive layers, consolidated by pressure while
hot (as in the Ferranti mains) seems to be the only other
material worth naming in this regard.
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CHAPTER IIL

THE PROPERTIES OF IRON.

A KNOWLEDGE of the magnetic properties of irou of different
kinds is absolutely fundamental to the theory and design of
electromagnets. No excuse is therefore necessary for treating
this matter with some fulness. In all modern treatises of
magnetism the usual terms are defined and explained, and
some of them have been explained in Chapter II. Magnetism,
which was formerly treated of as though it were something
distributed over the end surfaces of magnets, is now known to
be a phenomenon of internal structure; and the appropriate
mode of considering it is to treat the magnetic materials—iron
and the like—as being capable of actingas good conductors of
the magnetic lines; in other words, as possessing magnetic
permeability. The precise notion now attached to this word
is that of a numerical co-efficient. Suppose a magnetic force
—due, let us say, to the circulation of an electric current in a
surrounding coil—were to act on a space occupied by air,
there would result a certain number of magnetic lines in that
space. In fact, the intensity of the magnetic force, symbolized
by the letter H, is often expressed by saying that it would
produce H magnetic lines per square centimetre in air. Now,
owing to the superior magnetic power of iron, if the space
subjected to this magnetic force were filled with iron instead
of air, there would be produced a larger number of magnetic
lines per square centimetre. This larger number in the iron
expresses the degree of magnetization in the iron; it is

F
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symbolized* by the letter B. The ratio of B to H expresses
the permeability of the material. The usual symbol for per-
meability is the Greek letter u. So we may say that B is
equal to p times H. For example, a certain specimen of
iron, when subjected to a magnetic force capable of creating,
in air, 50 magnetic lines to the square centimetre, was found
to be permeated by no fewer than 16,062 magnetic lines per
square centimetre. Dividing the latter figure by the former,
gives as the value of the permeability at this stage of the
magnetization 321, or the permeability of the iron is 321 times
that of air. The permeability of such non-magnetic materials
as silk, cotton, and other insulators, also of brass, copper, and
all the non-magnetic metals, is taken as 1, being practically
the same as that of the air. '

This mode of expressing the facts is, however, complicated
by the fact of the tendency in all kinds of iron to magnetic
saturation. In all kinds of iron the magnetizability of the
material becomes diminished as the actual magnetization is
pushed further. In other words, when a piece of iron has
been magnetized up to a certain degree, it becomes, from that
degree onward, less permeable to further magnetization, and
though actual saturation is never reached, there is a practical
limit beyond which the magnetization cannot well be pushed.
Joule was one of the first to establish this tendency toward
magnetic saturation. Modern researches have shown numeri-

* The following are the various ways of expressing the three definitions :—

B—The internal magnetization.

The magnetic induction.

The induction.

The intensity of the induction.

The permeation.

The number of lines per square centimetre in the material.
H—The magnetizing force at a point.

The magnetic force at a point.

The intensity of the magnetic force.

The number of lines per square centimetre that there would be in air.

pu—The magnetic permeability.

The permeability.

The specific conductivity for magnetic lines.

The magnetic multiplying power of the material.
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cally how the permeability diminishes as the magnetization is
pushed to higher stages. The practical limit of the magneti-
zation, B, in good wrought iron is about 20,000 magnetic
lines to the square centimetre, or about 125,000 lines to the
square inch ; and, in cast iron the practical saturation limit is
nearly 12,000 lines per square centimetre, or about 70,000
lines per square inch.

In designing electromagnets, before calculations can be
made as to the size of a piece of iron required for the core of
a magnet for any particular purpose, it is necessary to know
the magnetic properties of that piece of iron ; for it is obvious
that if the iron be of inferior magnetic permeability, a larger
piece of it will be required in order to produce the same
magnetic effect as might be produced with a smaller piece of
higher permeability. Or again, the piece having inferior per-
meability will require to have more copper wire wound on it ;
for in order to bring up its magnetization to the required
point, it must be subjected to higher magnetizing forces than
would be necessary if a piece of higher permeability had been
selected.

A convenient mode of studying the magnetic facts respect-
ing any particular brand of iron is to plot on a diagram the
curve of magnetization—i.e. the curve in which the values,
plotted horizontally, represent the magnetic force, H, and the
values plotted vertically those that correspond to the respec-
tive magnetization, B. In Fig. 35, which is modified from
the researches of Professor Ewing,* are given five curves,
relating to soft iron, hardened iron, annealed steel, hard-drawn
steel, and glass-hard steel. It will be noticed that all these
curves have the same general form. For small values of H
the values of B are small, and as H is increased B increases
also. Further, the curve rises very suddenly, at least with all
the softer sorts of iron, and then bends over and becomes
nearly horizontal. When the magnetization is in the stage
below the bend of the curve, the iron is said to be far from the
state of saturation. But when the magnetization has been

* Phil. Trans., 1885.
B2
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pushed beyond the bend of the curve, the iron is said to be in
the stage approaching saturation; because at this stage of
magnetization it requires a large increase in the magnetizing
force to produce even a very small increase in the magnetiza-
tion. It will be noted that for soft wrought iron the stage of
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approaching saturation sets in when B has attained the value
of about 16,000 lines per square centimetre, or when H has
been raised to the value of about 50. As we shall seg, it is
not economical to push B beyond this limit; or, in other
words, it does not pay to use stronger magnetic forces than
those of about H = 50.

METHODS OF MEASURING PERMEABILITY.

There are four sorts of experimental methods of measuring
permeability.

1. Magnetometric Methods—These are due to Miiller, and
consist in surrounding a bar of the iron in question by a
magnetizing coil, and observing the deflexion its magnetiza-
tion produces in a magnetometer.

2. Balance Methods.—These methods are a variety of the
preceding, a compensating magnet being employed to balance
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the effect produced by the magnetized iron on the magneto-
metric needle. Von Felitzsch used this method, and it has
received a more definite application in the magnetic balance
of Professor Hughes. The author has had a large number of
observations made by students of the Technical College, by
its means, upon sundry samples of iron and steel. None of
these methods are, however, to be compared with those that
follow.

3. Inductive Methods.—There are several varieties of these,
but all depend on the generation of a transient induction-
current in an exploring coil which surrounds the specimen of
iron, the integral current being proportional to the number of
magnetic lines introduced into, or withdrawn from, the circuit
of the exploring coil. Three varieties may be mentioned.

(A.) Ring Method—In this method, due to Kirchhoff, the
iron under examination is made up into a ring, which is wound
with a primary or exciting coil, and with a secondary or
exploring coil. Determinations on this plan have been made
by Stowletow, Rowland, Bosanquet, and Ewing; also by
Hopkinson. Rowland’s arrangement of the experiment is

F1G. 36.

RING METHOD OF MEASURING PERMEABILITY,
(Rowland’s Arrangement.)

shown in Fig. 36, in which B is the exciting battery, S the
switch for turning on or reversing the current, R an adjust-
able resistance, A an amperemeter, and B G the ballistic
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galvanometer, the first' swing of which measures the integral
induced current. R C is an earth-inductor or reversing coil
wherewith to calibrate the readings of the galvanometer ; and
above is an arrangement of a coil and a magnet to assist in
bringing the swinging needle to rest between the observations.
The exciting coil and the exploring coil are both wound upon
the ring; the former is distinguished by being drawn with a
thicker line. The usual mode of procedure is to begin with a
feeble exciting current, which is suddenly reversed, and then
reversed back. The current is then increased, reversed, and
re-reversed ; and so on, until the strongest available points
are reached. The values of the magnetizing force H are
calculated from the observed value of the current by the
following rule :—If the strength .of the current, as measured by
the amperemeter, be 7, the number of spires of the exciting
coil S, and the length in centimetres of the coil (i.e. the
mean circumference of the ring) be / then H is given by the
formula—
4m St Si
H=—Xx—=1'2566 x —.
TOMEN 7 /

Bosanquet, applying this method to a number of iron rings,
obtained some important results. In Fig. 37 are plotted out
the values of H and B for seven rings. One of these, marked
J, was of cast steel, and was examined both when soft and
afterwards when hardened. Another, marked I, was of the
best Lowmoor iron. Five were of crown iron, of different
sizes. They were marked for distinction with the letters G,
E, F, H, K. In the accompanying Table II. are set down
the values of B at different stages of the magnetization.

I have the means here of illustrating the induction method
of measuring permeability. Here is an iron ring, having a
cross section of almost exactly one square centimetre. It is
wound with an exciting coil supplied with current by two
accumulator cells ; over it is also wound an exploring coil of
100 turns connected in circuit (as in Rowland’s arrangement)
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TABLE IL.—VALUES OF B IN FIVE CROWN IRON Rincs.

Name. VG E. F. . H. K.
Mean Diam. 21°5 cm. 10°035 cm. 22°1 cm. 10'735 Cm. | 22°725 cm.
Bar thickness. 2°535 1°298 1°292 0°7137 0°7544

Magnetizing Force.

02 126 73 62 82 25
o's 377 270 224 208 214
X 1,449 1,293 840 675 885
2 4,564 3,952 3,533 2,771 2,417
5 9,900 9,147 8,293 8,479 8,884
L (oI 13,023 13,357 12,540 11,376 11,388
20 14,911 14,653 14,710 14,066 13,273
50 16,217 15,704 16,062 15,174 13,890
100 17,148 16,677 17,900 16,134 14,837

with a ballistic galvanometer which reflects a spot of light
upon yonder screen. In the circuit of the galvanometer is
also included a reversing earth-coil. As a matter of fact this
earth-coil is of such a size, and wound with so many con-
volutions of wire, that when it is turned over, the amount of
cutting of magnetic lines is equal to 840,000, or is the same as
if 840,000 magnetic linés had been cut once. By adjusting
the resistance of the galvanometer circuit, it is arranged that,
the first swing due to the induced current, when I suddenly.
turn over the earth-coil, is 84 scale divisions. Then, seeing
that our exploring coil has 100 turns, it follows that
when in our subsequent experiment with the ring we get
an induced current from it, each division of the scale over
which the spot swings will mean 1000 lines in the iron. I
turn on my exciting current. See: it swings about 11 °
divisions. On breaking the circuit it swings nearly 11 divi-
sions the other way. That means that the magnetizing force
carries the magnetization of the iron up to 11,000 lines; or,
as the cross section is about 1 sq. cm., B - 11,000, Now, how
much is H? The exciting. coil has 180 windings, and the.
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exciting current through the amperemeter is just 1 ampere.
The total excitation is just 180 “ampere-turns.” We must,
according to our rule given above, multiply this by 12566
and divide by the mean circumferential length of the coil,

Fi1c. 37.

BoSANQUET’S DATA OF MAGNETIC PROPERTIES OF IRON AND STEEL RINGS.

which is about 32 cm. This makesH = 7. So if B = 11,000
and H = 7, the permeability (which is the ratio of them) is
about 1570. It is a rough and hasty experiment, but it
illustrates the method.

Bosanquet’s experiments settle the debated question
whether the outer layers of an iron core shield the inner
layers from the influence of magnetizing forces. Were this
the case, the rings made from thin bar iron should exhibit
higher values of B than do the thicker rings. This is not so;
for the thickest ring, G, shows throughout the highest mag-
netizations.

(B.) Bar Method—This method consists in employing a
long bar of iron instead of a ring. It is covered from end to
end with the exciting coil, but the exploring coil consists of
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but a few turns of wire situated just over the middle part of
the bar. Rowland, Bosanquet, and Ewing have all employed
this variety of method ; and Ewing specially used bars the
length of which was more than 100 times their diameter, in
order to get rid of errors arising from end effects.

(C.) Divided Bar Method.—This method, due to Dr.
Hopkinson,* is illustrated by Fig. 38.

FiG. 38.
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HoPKINSON’S DIVIDED BAR METHOD OF MEASURING MAGNETIC
PERMEABILITY.

The apparatus consists of a block of annealed wrought
iron about 18 inches long, 6} wide, and 2 deep, out of the
middle of which is cut a rectangular space to receive the
magnetizing coils.

The test samples of iron consist of two rods, each
12°65 mm. in diameter, turned carefully true, and slide in
through holes bored in the ends of the iron blocks. These
two rods meet in the middle, their ends being faced true so as
to make a good contact. One of them is secured firmly, and
" the other has a handle fixed to it, by means of which it can
be withdrawn. The two large magnetizing coils do not meet,
a space being left between them. Into this space is intro-
duced the little exploring coil, wound upon an ivory bobbin,

¥ Phil. Trans., 1885, p. 456.
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through the eye of which passes the end of the movable rod.
The exploring coil is connected to the ballistic galvanometer,
B G, and is attached to an india-rubber spring (not shown in
the figure), which, when the rod is suddedly pulled back, causes
it to leap entirely out of the magnetic field.- The exploring
coil had 350 turns of fine wire; the two magnetizing coils
had 2008 effective turns. | The magnetizing current, generated
by a battery, B, of eight Grove cells, was regulated by a
variable liquid resistance, R, and by a shunt resistance. A
reversing switch and an amperemeter, A, were included in the
magnetizing circuit. By means of this apparatus the sample
rods to be experimented upon could be submitted to any
magnetizing forces, small or large, and the actual magnetic
condition could be examined at'any time by breaking the
circuit and simultaneously withdrawing the movable rod.
This apparatus, therefore, permitted the observation separately
of a series of increasing (or decreasing) magnetizations with-
out any intermediate reversals of the entire current. Thirty-
five samples of various irons of known chemical composition
were examined by Hopkinson, the two most important for
present purposes being an annealed wrought iron and a grey
cast iron, such as are used by Messrs. Mather and Platt in
the construction of dynamo machines. Hopkinson embodied
his results in curves, from which it is possible to construct, for
purposes of reference, numerical tables of sufficient accuracy
to serve for future calculations. The curves of these two
samples of iron are reproduced in Fig. 39, but with one simple
modification. British engineers who, unfortunately, are con-
demned by local circumstances to use inch measures instead
of the international metric system, prefer to have the magnetic
facts also stated in terms of square inch units instead of
square cm. units. This change has been made in Fig. 39,
and the symbols B, and H, are chosen to indicate the
numbers of magnetic lines to the square inch in iron and in
air respectively. The permeability, or multiplying power of
the iron is the same, of course, in either measure. In
Table IIL are given the corresponding data in square inch



Curves of Magnetization. 75

measure ; and in Table IV, the data in square cm. measure
for the same specimens of iron.

It will be noted that Hopkinson’s curves are double, there
being one curve for the ascending magnetizations, and a
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separate one; a little above the former, for descending
magnetizations. This is a point of a little importance in
designing electromagnets. Iron, and particularly hard sorts
of iron, and steel, after having been subjected to a high
degree of magnetizing force, and subsequently to a lesser
magnetizing force, are found to retain a higher degree of mag-
netization than if the lower magnetizing force had been simply
applied. For example, reference to Fig. 37 shows that the
wrought iron, where subjected to a magnetizing force gradu-
ally rising from zero to H, = 200, exhibits a magnetization of
B, = 95,000; but after H, has been carried up to over 1000,
and then reduced again to 200, B, does not come down again
to 95,000, but only to g8,000. Any sample of iron which
showed great retentive qualities, or in which the descending
curve differs widely from the ascending curve, would be
unsuitable for constructing electromagnets, for it is important
that there should be as little residual magnetism as possible
in the cores. It will be noted that the curves for cast iron
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TABLE III.—SQUARE INCH UNITs.

Annealed Wrought Iron. Grey Cast Iron,

Bu m Ha Bu ® Ha
30,000 2,926 10°2 25,000 833 30
40,000 2,857 14 30,000 445 53°5
50,000 2,392 20°'9 40,000 245 163
60,000 2,166 - 277 50,000 112 447
70,000 1,750 40 60,000 64 940
80,000 1,368 63 70,000 40 1750
90,000 856, 105 - —_ —
100,000 407 245 - - —
110,000 161 686 — - —-
120,000 64 1850 — — —
130,000 28 4500 — -— —
140,000 18 7630 — e —_

TABLE IV,—SQUARE CENTIMETRE UNITS.,
Annealed Wrought Iron. Grey Cast Iron.
B " H B m H
5,000 ° 3,000 1'66 4,000 800 5
9,000 2,250 4 5,000 500 10
10,000 2,000 5 6,000 279 21°%
11,000 1,692 6°3 7,000 133 42
12,000 1,412 85 8,000 100 8o
13,000 1,083 12 9,000 71 127
14,000 823 17 10,000 53 188
15,000 526 285 11,000 37 292
16,000 320 50 — — —
17,000 161 105 —_ -— —
18,000 90 200 — — —_—
19,000 54 350 = = =3
20,000 30 666 — — —_
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show more of this residual effect than do those for wrought
iron. The numerical data in Tables III. and IV. are averages
of the ascending and descending values. :

As an example of the use of the Tables, we may take the
following :—How strong must the magnetizing force be in
order to produce in wrought iron a magnetization of 110,000
lines to the square inch? Reference to Table IIIL, or to
Fig. 39, shows that a magnetizing field of 664 will be
required, and that at this stage of the magnetization the
permeability of the iron is only 166. As there are 6°45
square cm. to the square inch, 110,000 lines to the square inch
corresponds very nearly to 17,000 lines to the square cm., and
H, = 664 corresponds very nearly to H = 100.

A very useful alternative mode of studying the results
obtained by experiment is to construct curves, such as those
of Fig. 41, in which the values of the permeability are plotted
out vertically in correspondence with the values of B plotted

Fic. 41.
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CURVES OF PERMEABILITY. 3
horizontally. Two of these relate respectively to Hopkin-
son’s data for cast iron and for wrought iron, as given in
Table IV. The third curve corresponds to Bidwell’s data,
Table V. It will be noticed that in the case of Hopkinson’s
specimen of annealed wrought iron, between the points where
B = 7000 and B = 16,000, the mean values of u lie almost
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on a straight line, and might be approximately calculated
from the equation :—

= (17,000 - B) + 3'5.

The data given in Table IV. are plotted out to a larger
scale in Fig. 40 to facilitate the calculation of values of x and
of H from any given value of B. For example, if it is desired
to know how great the permeability (for iron of this kind)
when B is forced upto 12,000 lines to the square cm., reference
to the curve of B and p shows that at that stage of magnetiza-
tion p will be about 1400.

To facilitate the operation of making observations on new
brands of iron, Mr. J. Swinburne has recently* devised a
method of experimenting which obviates the use of a ballistic
galvanometer. The reader is referred to the original paper for
further details.

4. Traction Methods. — Another group of methods of
measuring permeability is based upon the law of magnetic
traction. Of these there are several varieties.

(D.) Divided Ring Method—Mr. Shelford Bidwell has
kindly lent me the apparatus with which he carried out this
method. It consists of a ring of very soft charcoal iron rod
6°4 mm. in thickness, the external diameter being 8 cm,
sawn into two half rings, and then each half carefully wound
over with an exciting coil of insulated copper wire of 1929
convolutions in total. The two halves fit neatly tqgether :
and in this position it constitutes practically a continuous ring.
When an exciting current is passed round the coils, both
halves become magnetized and attract one another; ‘the
force required to pull them asunder is then measured.
According to the law of traction, which will occupy us in the
second lecture, the tractive force (over a given area of contact)
is proportional to the square of the number of magnetic lines
that pass from one surface to the other through the contact
joint. Hence the force of traction may be used to determine
B; and on calculating H as before, we can determine the

* See The Electrician, vol. xxv. p. 648, October 10, 18g0.
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permeability. The following Table V. gives a summary of
Mr. Bidwell’s results :—

TABLE V.—SQUARE CENTIMETRE MEASURE,

Soft Charcoal Iron.
EAgs " H

75390 1899°1 39
11,550 1121°4 103
15,460 3864 40
17,330 150°7 115
18,470 88-8 208
19,330 45°3 427
19,820 339 585

(E.) Divided Rod Method.—In this method, also used by
Mr. Bidwell, an iron rod, hooked at both ends, was divided
across the middle, and placed within a vertical surrounding
magnetizing coil. One hook was hung up to an overhead
support ; to the lower hook was hung a scale-pan. Currents
of gradually-increasing strength were sent around the
magnetizing coil from a battery of cells, and note was taken
of the greatest weight which could in each case be placed
in the scale-pan without tearing asunder the ends of
the rods.

(£.) Permeameter Method.—This is a method which the
author has himself devised for the purpose of testing speci-
mens of iron. It is essentially a workshop method, as dis-
tinguished from a laboratory method. It requires mo ballistic
galvanometer, and the iron does not need to be forged into a
ring or wound with a coil. For carrying it out a simple
instrument is needed, which he ventures to denominate as a
permeameter. Qutwardly, it has a general resemblance to
Dr. Hopkinson’s apparatus, and consists (Fig. 42) of a rectan-
gular piece of soft wrought iron, slotted out to receive a mag-
netizing coil, down the axis of which passes a brass tube.
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The block is 12 in. long, 6% in. wide, and 3 in. in thick-
ness. At one end the block is bored to receive the sample
of iron that is to be tested. This consists simply of a thin
rod about a foot long, one o
end of which must be care- Fi1G. 42.
fully surfaced up. When it
is placed inside the magnet-
izing coil, and the exciting
current is turned on, the rod
sticks tightly at its lower
end to the surface of the
iron block ; and the force
required to detach it (or,
rather, the square root of
that force) is a measure of
the permeation of the mag- -
netic lines through its end  wires that
face. In the first permea- gromrumont
meter which I constructed
the magnetizing coil is 13°64
cm. in length, and has 371
turns of wire. One ampere
of exciting current conse-
quently produces a magnet- THE PERMEAMETER.
izing force of H = 34. The
wire is thick enough to carry 30 amperes, so that it is easy to
reach a magnetizing force of 1000. The current I now turn
on is 25 amperes. The two rods here are of “ charcoal iron”
and “ best iron ” respectively ; they are of quarter-inch square
stuff. Here is a spring balance, graduated carefully and
provided with an automatic catch so that its index stops at
the highest reading. The tractive force of the charcoal iron
is about 12} lb., while that of the “best” iron is only 73} Ib.
B is about 19,000 in the charcoal iron, and H being 850, p is
about 22 3.

The law of traction which is used in calculating B will
occupy us much in the next chapter, but meantime I content

G

Spring balance

~_—Big block
of lron

H—"~Coil
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myself in stating it here for use with the permeameter. The
formula for calculating B when the core is thus detached by a
pull of P pounds (the coil being left behind), the area of
contact being A square inches, is as follows :—

B=1317 x/P+-A+

LiMITS OF MAGNETIZATION AND PERMEABILITY.

In reviewing the results obtained, it will be noted that
the curves of magnetization all possess the same general
features, all tending toward a practical maximum, which,
however, is different for different ‘materials. Joule expressed
the opinion that zo force of current could give an attraction
equal to 200 [b. per sq. in., the greatest he actually attained
being only 175 Ib. per sq. in. Rowland was of opinion that
the limit was about 177 lb. per sq. in. for an ordinary good
quality of iron, even with infinitely great exciting power.
This would correspond roughly to a limiting value of B of
about 17,500 lines to the sq. cm. This value has, however,
been often surpassed. Bidwell obtained 19,820, or possibly a
trifle more, as in Bidwell’s calculation the value of H has
been needlessly discounted. Hopkinson gives 18,250 for
wrought iron, and 19,840 for mild Whitworth steel. Kapp
gives 16,740 for wrought iron, 20,460 for charcoal iron in
sheet, and 23,250 for charcoal iron in wire. Bosanquet found
the highest value in the middle bit of a long bar to run up in
one specimen to 21,428, in another to 29,388, in a third to
27,688. Ewing, working with extraordinary magnetic power,
forced up the value of B in Lowmoor iron to 31,560 (when
p came down to 3), and subsequently to 45,350. This last
figure corresponds to a traction exceeding 1000 lb. to the
square inch. .

In the following table are given some of Ewing’s figures
relating to the magnetization of Swedish iron in very strong
magnetic fields :—
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TABLE VL—SWEDISH IRON (Square Centimetre Measure).

H B ! ; ®
1,490 22,650 15°20
3,600 24,650 685
6,070 27,130 4°47
8,600 30,270 352

18,310 38,960 2°13
19,450 40,820 2°10
19,880 41,140 2-07

Cast iron falls far below these figures. Hopkinson, using
a magnetizing force of 240, found the values of B to be
10,783 in grey cast iron, 12,408 in malleable cast iron, and
10,546 in mottled cast iron. Ewing, with a magnetizing
force nearly fifty times as great, forced up the value of B in
cast iron to 31,760. Mitis metal, which is a sort of cast
wrought iron, being a wrought iron rendered fluid by addition
of a small percentage of aluminium, is, as I have found, more
magnetizable than cast iron, and not far inferior to wrought
iron. It should form an excellent material for the cores of
electromagnets for many purposes where a cheap manufacture
is wanted.

It was at one time supposed that the values of B would
show a limiting value at about 20,000, for example, in
wrought iron. Ewing’s figures, obtained with enormous
magnetizing forces, show that this is not so; but, on the other
hand, they show that B — H does tend to a limit. In other
words, that part of B which is directly due to the presence of
the iron, does tend to a true saturation limit. This maximum
appears to be about 21,360 in wrought iron, and 15,580 in
cast iron.

EFFECT OF AIR-GAP IN MAGNETIC CIRCUIT.

All the preceding results refer exclusively to that which
goes on in the iron itself, the curves of magnetization
G 2



84 The Electromagnet.

referring to the magnetic materials only. They tell us (in
terms of H) the magnetic force required to drive B lines of
magnetization through a single cubic cm. of the material. If
we are to deal with an actual piece of iron that is more than
I sq. cm. in cross section, and more than 1 cm. in length, all
that is necessary to represent the facts (so long as we are
dealing with magnetization that is entirely internal to the
iron) is to change the scale of the curves. For example,
suppose we are dealing with an iron ring made of a piece of
square bar annealed wrought iron (of the same brand as
Hopkinson used), the size of the iron being 2 cm. in the side,
and its (mean) length 8o cm.; we shall now have to plot out
(instead of B and H) N, the whole flux of magnetic lines
within the section of the iron, and H /, the line-integral of the
magnetizing force around the length of the iron circuit.
Taking the curve of B and H in Fig. 40, the scales will
then have to be changed as follows:—Since the area is
4 sq. cm., N at any stage of the magnetization will be equal
to four times B at that stage. Hence the point on the
horizontal scale called B = 16,000, will now have to be
called N = 64,000. And since /, the length of the bar, is
80 cm., the same point that now stands for H = 50 on the
vertical scale (on the right side), which is the corresponding
value of the magnetic force, will have to be called H /7 = 4000.
With these changes of scales the curve will then serve to
represent the magnetic behaviour of the whole ring ; it will
tell us how much integral magnetizing force we must exert
(by means of a current in a coil) in order to drive up N, the
total flux of magnetic lines, to any desired amount. If we
know H / it is easy to calculate the requisite ampere-turns,
because (as shown on p. 46) the ampere-turns multiplied by
I'257 are equal to the line-integral of the magnetizing force.
But if there is an air-gap in the magnetic circuit, or if
there is a gap filled with any non-magnetic material, seeing
that all these things possess a permeability that is equal to
that of air (¢.e. = 1), it is evident that to force the same
number of magnetic lines across a layer of such inferior
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permeability will necessitate an increase in the amount of
magnetizing power that must be applied.
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This is made plainer by reference to Fig. 43, in which
the curve O ¢ C represents the relation between the number
of magnetic lines in an iron bar and the number of ampere-
turns of excitation (H / =~ 1:257) needed to force these
magnetic lines through the iron. For example, to reach the
height ¢, the excitation has to be of the value represented by
the length Ox;. On the same diagram the line O 4 B
represents the relation between the fux of magnetic lines
across the air-gap and the ampere-turns required to force
these lines across. If the gap were I sq. cm. in section, and
I cm. long, 0°795 ampere-turns of current would produce
field H = B = 1. In this case the gap is supposed to be of
larger area and shorter than 1 cm.,, the line sloping up at such
a slope that the length O, represents the ampere-turns
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requisite to bring up the magnetic flux to &, which is at the
same height on the scale as @. It is then easy to put the two
things together, for the total amount of excitation required to
force these magnetic lines through air and iron will (neglect-
ing leakage) be the sum of the separate amounts. The
point #; is chosen so that Oz, is equal to the sum of Oz,
and O x,, or that the distance of point » from the vertical axis
is equal to the sum of the respective distances of ¢ and 4.
If the same thing is done for a large number of correspond-
ing points, the resultant curve O» R may be constructed
from the two separate curves. It will be seen then that, in
general, the presence of a gap in the magnetic circuit has the
effect of causing the magnetic curve to rake over, the initial
slope being determined by the air-gap.

The student should compare some interesting experi-
ments made in Paris by M. Leduc,* who, however, falls into
an error respecting tubular cores.

EFrECT OF STRAIGHT CORES OF VARIOUS LENGTHS.

From the foregoing remarks it must be evident that when
a short iron core is placed in a magnetizing coil, since the
only return path for its magnetic lines is through air, an
external magnetizing force of much greater intensity must be
applied to it than to a long piece, or to a ring, to bring ﬁp its
magnetization to an equal degree. Fig. 44, which is taken
from the researches of Prof. Ewing,t relates to an annealed soft
iron wire, the length of which, at first equal to 200 times its
own diameter, was reduced to 100 and then to 5o times its
own diameter. The curves drawn with continuous lines
relate to observations made with increasing magnetic forces ;
those in dotted lines to observations made with forces
decreasing back to zero. The three sloping lines, OA, OB,

¥ La Lumidre Electrigue, xxviii. p. 520, 1888.
t The Electrician, xxiv. p. 591, Apr. 18, 18g0.
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OC, may be taken to show that part of the applied magnetic
force which was used in driving the magnetic lines through
air. For example, taking the case of the wire 50 diameters
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long. To raise B in it to gooo required a magnetizing force
of H = 14. But of this force of 14, 13 parts were really
required to drive these lines through the air return path, as
shown by the crossing of the line OC across the level of
B = 9ooo at the point where H = 13; so that really only
H = 1 was needed to produce B = 9000 in this wire.

EFFECT OF JOINTS.

Being now in a position to calculate the additional
magnetizing power required for forcing magnetic lines across
an air-gap, we are prepared to discuss a matter that has been
so far neglected, namely, the effect on the reluctance of the
magnetic circuit of joints in the'iron. Horse-shoe electro-
magnets are not always made of one piece of iron bent round.
They are often made, like Fig. 23 (p. 51), of two straight
cores shouldered and screwed, or riveted into a yoke.

It is a matter purely for experiment to determine how far
a transverse plane of section across the iron obstructs the flow
of magnetic lines. Armatures, when in contact with the cores,
are never in perfect contact, otherwise they would cohere
without the application of any magnetizing force ; they are
only in imperfect contact, and the joint offers a considerable
magnetic reluctance. This matter has been examined by
Professor J. J. Thomson and Mr. Newall, in the Cambridge
Philosophical Society’s Proceedings, in 1887 ; and recently
more fully by Professor Ewing, whose researches are pub-
lished in the Plilosophical Magazine for September, 1888.
Ewing not only tried the effect of cutting and of facing up
with true plane surfaces, but used different magnetizing forces,
and also applied various external pressures to the joint. For
our present purpose we need not enter into the questions of
external pressures, but will summarize in Table VIL the
results which Ewing found when his bar of wrought iron was
cut across by section planes, first into two pieces, then into
four, then into eight. The apparent permeability of the bar
was reduced at every cut.
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TABLE VIL—EFFECT OF JOINTS IN WROUGHT-IRON BAR (not compressed).

Mean thickness of | Thickness of iron|
B equivalent air-space of equivalent re-|
for one cut. luctance per cut.

gl Cut in l . } Centi- Centis
Solid. Two. lIn Four. | In Eight. B iy Inches. Sty Inches.

7's | 8,500 | 6,900 ! 4,809 | 2,600 | 070036 | 00014 | 4 1°57
15 13,400 | 11,550 | 8,900 | 5,550 | 00030 | 00012 | 2°53 | I
30 15,350 | 14,550 | 12,940 | 9,800 | 0°c020 | 00008 | 1°10 0433
50 16,400 | 15,950 | 15,000 | 13,300 | 00013 | 0'0005 | 0°43 | 0169
70 17,100 | 16,840 | 16,120 | 15,200 | 0°0009 | 0°0004 | 0°22 | 0°087

Suppose we are working with the magnetization of our
iron pushed to about 16,000 lines to the sq. cm. (7. e. about
150 lb. per square inch) traction, requiring a magnetizing
force of about H = 50; then, referring to Table VII, we see
that each joint across the iron offers as much reluctance as
would an air-gap 0:0005 of an inch in thickness, or adds as
much reluctance as if an additional layer of iron about }th
of an inch thick had been added. With small magnetizing
forces the effect of having a cut across the iron with a good
surface on it is about the same as though you had introduced
a layer of air g}sth of an inch thick, or as though you had
added to the iron circuit about I inch of extra length. With
large magnetizing forces, however, this disappears, probably
because of the attraction of the two surfaces across that cut.
The stress in the magnetic circuit, with high magnetic forces
running up to 15,000 or 20,000 lines to the sq. cm., will of
itself put on a pressure of 130 to 230 lbs. to the square inch,
and so these resistances are considerably reduced ; they come
down in fact to about Jsth of their initial value. When
Ewing especially applied compressing forces, which were as
large as 3200 lb. to the sq. in., which would of themselves
ordinarily, in a continuous piece of iron, have diminished the
magnetizability, he found the diminution of the magnetiza-
bility of iron itself was nearly compensated for by the better
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conduction of the cut surface. The old surface, cut and com-
pressed in that way, closes up as it were magnetically—does
not act like a cut at all ; but at the same time you lose just
as much as you gain, because the iron itself becomes less
magnetizable.
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The above results of Ewing’s are further represented by
the curves of magnetization drawn in Fig.45. When the faces
of a cut were carefully surfaced up to true planes, the disad-
vantageous effect of the cut was reduced considerably, and
under the application of a heavy external pressure almost
vanished.

The influence of compression was notable. When a com-
pression of 3210 lb. per sq. in. (= 226 kilogrammes per
sq. cm.) was applied to the iron bar, the joint showed, under
magnetic forces, a reluctance which decreased as the mag-
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netic force was increased. The following table gives the
values of H and of B in the solid bar and the bar after being
cut, together with the mean thickness of the equivalent air-
space. ,

TABLE VIIL—EFFECT OF COMPRESSION ON JOINTS.

der compression of .

[h8) B Prossi Thickness of

H { 3210 Ib. per sq. inch. mean equivalent
air-space.

Solid bar. Bar cut in eight. (Millimetres.)
7°5 7,500 3,600 0°020
10 10,000 4,900 0°0I19
20 13,900 8,300 o-o18
30 15,200 10,700 o-o17
50 16,300 13,750 0°0II
70 17,200 15,700 0°007

When various loads were tried, the effect of increasing the
load, in a weak magnetic field, was practically to close up
well-faced joints, as the following table shows :—

TapLE IX.—EFFECT OF VARIOUS LOADS ON JOINTS.

: B (when H =3). Thickness of
kili’::.dp;:r equivalent air-
sq. centimetre. : After cuttin, SPSCE.
bepsoucing. and facing. % (Millimetres.)
o 5,600 4,700 0°022
565 5,400 4,670 0'020
131 4,700 4,200 o'o17
169°5 4,050 3,800 0°010
226 3,650 3,650 o

EFFECTS OF STRESS.

A piece of iron when placed under stress is somewhat
changed in its magnetic properties. If a longitudinal pull is
applied to iron whilst it is being magnetized, it is found at first
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to increase its permeability, whilst a longitudinal push, tend-
ing to compress- it, decreases its permeability. This is very
well shown by the figures given in the second column of the
_last table, wherein it appears that a compression of 226 kilos.
per sq. cm., or nearly 1} ton per sq. in, brought down the
value of B in a wrought-iron bar from 5600 to 3650; or
diminished the permeability from 1120 to 730. Stress also
impairs the softness of iron. A piece of annealed iron wire
hardened by previous stretching, behaves more like a piece of
steel, as may be seen by reference to Ewing’s curves, Fig. 35,
p. 70. Twisting stresses also affect the magnetic quality.
The reader should consult Ewing’s papers on magnetism.

Another important matter is that all such actions as
hammering, rolling, twisting, and the like, impair the magnetic
quality of annealed soft iron. Pieces of annealed wrought iron
which have never been touched by a tool, provided they do not
constitute actually closed magnetic circuits, show hardly any
trace of residual magnetization, even after the application of
magnetic forces. But the touch of the file will at once spoil it.
Sturgeon pointed out the great importance of this point. Inthe
specification for tenders for instruments for the British Postal
Telegraphs, it is laid down as a condition to be observed by
the constructor, that the cores must not be filed after being
annealed. The continual hammering of the armature of an
electromagnet against the poles may in time produce a
similar effect.

EFFECTS OF VIBRATION.

The effects of vibration on magnetism are to diminish all
residual actions, and to cause the specimen more rapidly
to assume the mean state corresponding to the magnetic
force present. If a specimen of soft iron is examined
while under rapid vibration, it is found that in it there is
scarcely any difference between the ascending and descend-
ing curves of magnetization. A single tap on a wire of soft
iron will at once destroy any residual magnetism in it.
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EFFECTS OF HEAT.

When iron is warmed, its magnetic properties undergo
singular changes. Rise of temperature produces different
effects at different stages of the magnetization, and the effects
differ in different materials. In soft iron, in weak magnetic
fields, the effect of raising the temperature is to produce an
increase of permeability, which goes on until the specimen is
at a full red heat, about 760° C., when it reaches the enormous
value of 10,000, after which point it suddenly falls, and when
the temperature of 780° C. (about) is reached, the iron ceases
to be a magnetic body, its permeability at that temperature,
and at all higher temperatures, not differing sensibly from that
of air or vacuum. But if placed in a very strong magnetic
field, the action of raising the temperature produces a diminu-
tion of permeability, at first slight, then more rapid until the
temperature of 780° C. is reached, when again all magnetism
disappears. In steel, the effect is curiously different. In
both soft and hard steels, the effect, in a very weak magnetic
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field of about H = o0°2, of raising the temperature is to
increase the permeability, until it is heated to a point close up
to 700° C., when it suddenly drops to zero. In a field of
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about H = 2, its magnetization at the lower temperatures is
greater, and the final drop sets in at a temperature consider-
ably below.700°. In astrong field of H = 40, the permeability
drops steadily as the temperature rises. At high temperatures,
too, all residual effects are smaller.

Fig. 46, shows the effects of temperature in modifying the
magnetic curve of steel, the three curves given relating re-
spectively to temperatures of 12° (C.), 620° and 715°. Fig. 47,
which, like Fig. 46, is taken from Hopkinson’s researches,
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shows how in hard steel, under a weak magnetizing force, the
magnetization increases as the temperature rises, until a
certain point when a sudden drop occurs, to the critical
temperature at which the magnetization entirely vanishes.

RESIDUAL MAGNETISM.

It is well known that several kinds of magnetic materials
—lodestone, steel, particularly hardened steel, and hard sorts of
iron—exhibit residual magnetism after having been subjected
to magnetic forces. It is also known that closed circuits of
soft iron—even of the very softest—will exhibit a consider-
able amount of residual magnetism so long as the circuit
which they constitute is unbroken. A very simple illustration
of this is afforded by any electromagnet possessing in its core
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and well-fitting armature a compact magnetic circuit. If it is
excited by passing a current, which is then quietly turned off,
the armature usually does not drop off, and may even require
considerable force to detach it; but when once so detached
will not again adhere, the residual magnetization not being
permanent In like manner a steel horse-shoe magnet, if
magnetized powerfully while its keeper is across its poles,
may become “ supersaturated ”; thatis to say, magnetized to
a higher degree of magnetization than it can retain in per-
manence, a portion of this residual magnetization disappearing
the first time the keeper is removed. All these residual
phenomena are part of a wide subject of magnetic after-
effects. Owing to causes presently to be discussed, magnetic
forces, if sufficiently powerful, produce effects on the mole-
cules of a magnetizable body which remain after the cause
has passed away, with the result that if the causes change in
a continuous manner the effects also change in a continuous
manner, but suffer a retardation in phase, the cause lagging
after the effect. This must not be confused with an alleged
time-lag of magnetism to which many things have been
supposed to be due which were really due to quite other
things. The present considerations relate to retardations in
phase rather than in time, and occur no matter whether the
operations themselves are conducted quickly or slowly.
Reference to Fig. 39, p. 74 will show that when the magne-
tizing force H is gradually increased from zero to a high value,
“and is then gradually decreased to zero, the resulting internal
magnetization B first increases to a maximum, and then
decreases, but does not come back to zero. The curve
descending from the maximum does not coincide with the
ascending curve. In fact, when the magnetizing force has
_been entirely removed there remained (in this specimen) a
residual magnetization of about 47,000 lines to the sq. in., or
about 7300 lines per sq. cm. It has been proposed to give
the name of the remanence to the number of lines per sq. cm.
that thus remain as the residual value of B. To remove this
remanence, a negative magnetizing force must be applied.
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Suppose enough magnetizing force has been used, the curve
will descend and cut the horizontal axis at a point to the left
of the origin; and with greater negative magnetizing forces,
the specimen will begin to be magnetized with magnetic lines
running through it in the reversed direction. The particular
value of the negative magnetizing force which is needed to
bring the remanent magnetization to zero has been termed by
Hopkinson the coercive jforce. In the specimen of wrought
iron in question the coercive force (in C.G.S. measure) is about
2, or in sq. in. measure about 13. The force thus required to
deprive any specimen of its remanent magnetization may be
taken as a measure of the tendency of iron of this particular
quality to retain permanent magnetism. Hard kinds of iron
and steel always show more coercive force than soft kinds of
iron. For example, whilst that of soft wrought iron is about
2, that of hard steel may be as much as 50. Some further
data about hard steels are given in Chapter XVI,, on Perma-
nent Magnets.

HYSTERESIS.

Professor Ewing, who has particularly studied the residual
effects exhibited by various qualities of iron and steel, has
given the name of /ysteresis to this tendency of the effects to
lag, in phase, behind the causes that produce them. The
appropriate mode of studying hysteresis is to subject the
specimen to a complete cycle (or to a number of successive
cycles) of magnetizing forces. For example, let the mag-
netizing force begin at zero, and increase to a high value (say
to H = 200) and then decrease back to zero, then reverse and
increase to a high negative value, and‘ finally return to zero.
Such a cycle is given in Fig. 48, which is taken from Ewing’s
researches, and relates to a series of experiments made with a
piece of annealed steel pianoforte wire.  The curve begins in
the centre of the diagram, and as H is increased positively,
the curve rises at first concavely to the right, then turns over,
and when H = go, B has risen to a little over 14,000. When
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H is then reduced back to zero the curve turns back on itself]
but does not fall as fast as it previously rose, for when H is
reduced to 20, B has gone down only to 12,000, and when
H = o the remanence is about 10,500. If at this point H
had been again increased to 9o, B would have run up again to
14,000, as shown by the thin line. If, however, the mag-
netizing force is reversed, the curve descends to the left, and
cuts the horizontal axis at — 24, which is therefore the value
of the coercive force. On increasing the reversed magnetizing
force to H = — 9o, the reversed magnetization increases to
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the value B = — 14,000, or a little more. Then when these
reversed magnetizing forces are reduced to zero, the curve
returns towards the right, crossing the vertical axis at
B = — 10,500 (the negative remanence); and on re-reversing
the magnetizing force it is found that when H = 4 24, the
magnetization is once more zero. After this point increasing

H
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H causes the magnetization to run up very rapidly, not quite
following its former track, but coming up as before to the
apex, when H is raised to the same maximum of go.

CYCLES OF MAGNETIZATION.

Such cycles of magnetization as that which has just been
described, if carried out on any specimen of iron or steel,
always yield curves that exhibit, like Fig. 48, an enclosed
area. This fact has been shown by Warburg* and by Ewingt
to possess a special significance, for the area inclosed is a
measure of the work wasted in carrying the iron through a
complete cycle of magnetizations. Just as the area traced out
on the indicator-card of a steam engine is a measure of the
heat transformed into useful work in the cycle of operations
petformed by the engine, so in this magnetic cycle the area
enclosed by the curve is a measure of the work transformed
into (useless) heat.

To study more closely the meaning of an area on a
diagram in which the two quantities plotted out are mag-
netizing force and magnetization, we must glance for a
moment at the principle of the indicator diagram. In the
indicator diagram the pressure (the cause) is recorded verti-
cally and the volume swept out by the piston (the effect) is
traced horizontally. If when the pressure has the average
value g, the elementary change of volume is dv, the element
of work thereby performed is equal to the product of the two ;
or, in symbols, dw = pdv. Hence the entire area enclosed,
which is simply the sum of such a set of products represents
the sum of all the elements of work done in the cycle; or in

symbols,
w =f p av.

In the same way there are in the magnetic cycle the two
variables, the magnetizing force H (the cause), and the mag-

* Wied. Ann., xiii. 1881, p. 141.

t Proc. Roy. Soc., xxxi. 1881, p. 22; xxxiv. 1884, p. 39; and xxxv. 1885,
p. 1; and Pril. Trans., 1885, pt. ii.,, 523.



|
‘.
|
i
|

Cycles of Magnetization. 99

netization B (the effect). If while the magnetizing force has
the average value H the magnetization increases by an amount
d B, the elementary work done is proportional to the product
of the two; or, in a whole cycle, the area enclosed (which is
the sum of the elementary areas corresponding to such pro-
ducts) is proportional to the whole work so done; or, in

symbols
w =f H 4B.

In Fig. 49, which relates to the specimen of annealed
wrought iron examined by Hopkinson (see Figs. 39 and 40),
the values of H, are plotted vertically, and those of B,
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horizontally, this position being chosen to correspond to the
2 and v of the indicator diagram. The curve that starts from
H 2
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O represents the set of observations made with magnetic
forces, gradually increasing to about H, = 170, when the
resulting number of magnetic lines per square inch in the iron
is about 100,000. The second curve represents the result of
then decreasing the magnetizing forces back to zero, when
there remains behind a residual magnetization of no fewer
than 47,000 lines per square inch.

Applying the principle of the indicator diagram to these
curves, it will be seen that the area below the first of these
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curves, down to the zero line, and bounded on the right by
the ordinate of the point P, represents the integral product of
magnetic force into magnetization, and is consequently pro-
portional to the work done (per cubic inch of the iron) in
bringing about the magnetic state of things implied by the
position on the diagram of point P. Similarly, the area under
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the descending curve represents the work restored in the
demagnetizing of the specimen down to the state of things
represented by the point R, when the magnetizing force has
been removed. The narrow area enclosed between the curves
represents the work not so restored, and for the expenditure
of which the residual magnetism is all that there is to show.
If the magnetizing forces are carried through a complete cycle
of alternations from + H, to — H, and back, the resulting
magnetization goes through a corresponding cycle, with the
result that a narrow closed area is completed between the
curves in the diagram (Fig. 50). This figure relates to the
wrought iron specimen, and should be compared with that
given for soft steel (Fig. 48) in which, however, the plotting is
given in C.G.S. measure and with B vertically.

For the sake of comparison, a curve for wrought iron and
one for steel are given side by side in Fig. 51. In all these
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cases the closed area represents the work which has been
wasted or dissipated in subjecting the iron to these alternate
magnetizing forces. In very soft iron, where the ascending
and descending curves are close together, the enclosed area is
small ; and as a matter of fact, very little energy is dissipated
in a cycle of magnetic operations. On the other hand, with
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hard iron, and particularly with steel, there is a great width
between the curves, and there is great waste of energy.
Hysteresis may be regarded as a sort of internal or molecular
magnetic friction, by reason of which alternate magnetizations
cause the iron to grow hot. Hence the importance of under-
standing this curious effect, in view of the construction of
electromagnets that are to be used with rapidly alternating
currents. The following figures of Table X. give the number
of watts (I watt = 715 of a horse-power) wasted by hysteresis
in well-laminated soft wrought iron when subjected to a suc-
cession of rapid cycles of magnetization.

TABLE X.—WASTE oF POWER BY HYSTERESIS.

Watts wasted | Watts wasted per
B B. per cubic foot at | cubic foot at 100
10 cycles per cycles per
second. second.
4,000 25,800 40 400
5,000 32,250 47°5 575
6,000 38,700 75 750
7,000 45,150 92°5 925
8,000 51,600 II1 1,710
10,000 64,500 156 ' 1,560
12,000 77,400 206 2,060
14,000 90, 300 202 2,620
16,000 103,200 324 3,240
17,000 109,650 394 3,940
18,000 116, 100 487 4,870

It will be noted that the waste of energy increases as the
magnetization is pushed higher and higher in a dispropor-

* The proofs of these matters are as follows. In a magnetic field of -strength
H it will require H units of work to move a unit of magnetism along a length of
I centimetre against the magnetizing forces. Hence, since there are 4 = magnetic
lines to each unit of magnetism, the work done in one complete cycle on a single

cubic centimetre of the iron will be equal to 2l f H #B. If H and B are in
4T
C.G.S. units, the work will be given in ergs per cubic centimetre. Hence if this

number is multiplied by the number of cycles per second and dxv1ded by 107, the
result will express the number of watts of power wasted.
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tionate degree, the waste when B is 18,000 being six times
that when B is 6,000. There is some experimental evidence
to show that in very rapid cycles of magnetization the loss
by hysteresis is less than in slow cycles.

Hopkinson has made the remark that the area | H @B is

approximately equal to a rectangle, the height of which is
double the remanence, and the breadth of which is double the
coercive force.

Ewing has given the following values of the energy wasted
in a magnetic cycle of strong magnetization on various brands
of iron and steel :—

TABLE XI.—WASTE OF ENERGY BY HYSTERESIS.

Brand experimented upon. ﬁ:ﬁﬁ;: ‘i:l:)lgl;fentgl::l;giz
of magnetization.
Very soft annealed iron .. .. .. .. .. . 9,300
Less soft oy = SRR Y rts (s % 3 16,300
Hard drawn iron wire MRt by, | S 60,000
Annealed steel wire .. .. .. .. o . . 0,500
Glass haydiStEE]WITE 1280 Bt e s e o ks 4 Lo 76,000
Pianoforte steel wire (ordinary state) il L 116,000
5 st (angealed)R g r ot Ta s o 94,000
o o 1 onai alglasshard st & Aa%i i 558 v 117,000

These figures are surpassed by some of the brands ex-
amined by Hopkinson, who found that oil-hardened tungsten
steel, the sort chosen for making permanent magnets because
of its great coercive force, wasted no. less than 216,864 ergs
per cubic centimetre per cycle.

Cycle of Operations in the Stroke of an Electromagnet.—
Passing from the properties of the material to those of a
definite electro-magnetic apparatus, the cycle of relations
between magnetizing force and magnetism may be still traced
out by means of diagrams. Fig. 52 relates to a certain horse-
shoe electromagnet. The curve O P represents the ascending
curve of the electromagnet, when its armature was about
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of an inch away. Under these circumstances, owing to the
reluctance to magnetization of the air-gaps, a given mag-
netizing power (ampere-turns of circulation of current) will
produce less magnetization than if the magnetic circuit were
closed. The second curve Q R is the descending curve of the
same electromagnet when the armature is close up to the core,
closing the magnetic circuit. Now, suppose such an electro-
magnet to be used to do the work of drawing up its armature.
We may consider the successive operations of producing a
complete stroke, exactly as the engineer discusses the cycle

’
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of operations in the stroke of the piston in the cylinder.
Starting at O, with the armature away from the core, the
magnetizing current is turned on, and the magnetization is
carried to the point corresponding to P. Suppose, now, the
armature is allowed to move up to the core. The mag-
netization is increased, because of the more perfect condition
of the magnetic circuit. During the movement of the arma-
ture mechanical work is performed, and as the magnetizing
power is kept all the time at a constant value, the line P Q
represents (mechanically) this operation. If, now, the mag-
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netizing current is cut off, the magnetization follows the right-
hand descending curve to R. During this operation a certain
amount of energy is restored magnetically. If, now, the
armature is permitted to fly back to its initial position, thus
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