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PREFACE.

Although the induction coil is onc of the oldest forms of
electrical apparatus, comparatively Jittle progress has been
made toward rendering its design an exact science. There
arc several reasons for this lack of progress, the most im
portant of which are the following: The limited field of
application, the method of rating by length of secondary
spark, erroneous assumptions in the mathematical trear-
ment of the theory, non-uniform performance of inter-
rupters, and lack of instruments suitable for experimental
study of the performance.

The field of application has within the past few
spread from the laboratory and lecture room to medicine,
radiolegy, wircless telegraphy, gas-engine ignition, cte., so
that to-day the induction coil is as much a commercial
machine as is the clectric motor.  The constantly grow-
ing commercial importance of this type of apparatus and
the lack of an exact and definite treatment of its theory
and performance, determined the writer to undertake the
translation of H. Armagnat’s most excellent work.

In this work the author has recognized the extreme im-
portance of the interrupter, and has devoted a generous
portion of the work to the treatment of the theory, con-
struction and operation of the various types now used.

It is well known that the design of induction coils is
almost entirely empirical, due to the lack of exact knowl-
edge upon which a practical working theory can be based.
H. Armagnat has done much toward clearing up the ob-
scure points, and his work marks a decided advance
toward the day when the induction coil will be caleulated
for a given service with the same assurance and accuracy
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iv PREFACE.

as we now calculate transformers. All of the author's
theoretical deductions are based upon and checked up with
actual results, and the book contains a selected collection
of oscillograms illustrating the points under discussion.

To the bibliography covering the period from the be-
ginning to 1904, the translator has added the most im-
portant articles which have appeared up to date.

New York, March 2, 1908.
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INDUCTION COILS.

CHAPTER 1.
INTRODUCTION.

1. Definitions.—For the sake of clearness in this study,
it is necessary, first of all, to define the special terms which
are hereafter used and hastily to review the principles of
the induction coil.

The induction coil contains two circuits which are elec-
trically insulated from each other, the primary, 1, (Fig. 1),

and the sccondary, 2, in which an e.m.{. is generated by the
varying flux set up by the varyving current in the primary.

In order to increase the inductive action of the circuits
the primary coil is wound upon a magnetic core, F, |

up either of a bundle of iron wire, or of thin iron sheets
called lamina

The path traced by the magnetic lines of foree is valled
the magnetic circwit.  These lines of force form closed curves
(Fig. 2 and 3) regardless of the form of the iron co
however, circ

ts in which the greater part of the paih hes

circuits: such is the

called open m
gnets or straight cores (Fig. 2). On the
1

case with bar




2 INDUCTION COILS.

other hand circuits in which the lines do not leave the
iron are called closed magnetic circuits (Fig. 3).

The sccondary circuit consists of a coil, which is generally
placed outside the primary coil and well insulated from it.
The winding of the sccondary coil comes into one of two
general classes according to the method of winding. These

Fie. 2, Fic. 3.

classes are the solenoid or cylindrical windings, and the
helical or disk windings. The first is made by winding con-
tinuous spirals upon a cylindrical mandril (Fig. 4), while
the sccond is composed of a number of elementary coils
separated from each other by insulating disks and connected
together (Fig. 5). No matter which sort of construction

Fic. 4

is used the ends of the winding are connected to the binding
posts or terminals, B B (Fig. 1).

In order to produce the fluctuations in the primary cur-
rent which are necessary in order to generate e.m.fs. in the
secondary, an interrupter, /, which periodically opens and
closes the primary circuit, is connected between the winding

4 INDUCTION COILS.

In order that the sparks may pass between two points,
it is necessary that there exist between the points a po-
tential difference, the value of which depends upon the
form of the electrodes, the distance between them and the
medium which separates them. The critical potential
difference is called the striking voltage and the correspond-
ing distance the striking distance. A spark can only be
produced by breaking down the dielectric which is inter-
posed between the electrodes; the striking voltage is
greater according as the dielectric strength is greater. Unless
specially stated, when we speak of striking voltage or strik-
ing distance, it is understood that the dielectric is air at
atmospheric pressure.

When the interrupter closes the circuit, the current in the

primary «does not immediately reach its normal value, but
increases at a rate which deyends upon the self-induction
and the resistance of the primary circuit (Iig. 6). This
phase, A, is shown in the curve plotted between time and
primary current. The form of this part of the curve
depends upom the ratio of the coefficient of self induction,
L, of the primary circuit to its resistance, R; this ratio L + R
is called the time constant.  After the circuit has been
broken it remains open for a time, B, The sum, A + B of
these two times is called the pened, T, of the interrupter;
the reciprocal of the period is called the frequency of the
interrupter.  When in continuous operation the frequency
is equal to the number of breaks pier second.,

At the moment when the circuit is broken, electric

=
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and the source, P. Interrupters may be divided into two
classes, namely: Mechanical and electrolytic.

At the moment when the primary circuit is broken a
spark is produced at the point of rupture, and at the same
time a great deal larger discharge takes place across between
the secondary terminals. The former is due to the self-
induction of the primary circuit, which tends to maintain
the current even after the circuit is opened. The latter is
produced by the mutual induction between the primary
and the secondary.

To distinguish between the two one is called the primary
spark and the other the sccondary spark, or simply spark.

In order to reduce the primary spark and increase the
secondary spark, a condenser, K (Fig. 1), made of sheets of

Fic. 3

tin-foil, separated by sheets of insulation paper, mica, thin
glass etc., is shunted around the interrupter, L

The e.m.f. of the source causes the primary current to be
established and the rupture of this current, by the in-
terrupter. develops, in both circuits at the same time,
¢.m.fs. which are infinitely greater than that of the source;
these e.m.fs. produce potential difierences at the secondary
erminals, B B, and at the peint of rupture, which are
sufficiently large to cause the ¢ <. The e.m { developed
in the primary is called the e.m.{. of self-induction. the other
is called the secondary emf. The ratio between these
to the ratio of the num-
cuits. This ratio is called

two e.m.fs. is approximately eq
ber of turns in the respective «
the ratio of transformation.
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oscillations are set up in both circuits, Since it is possible
for these oscillations to have different periods, they are
designated as primary oscillations or secondary oscillations
according as they have their origin in the primary or
secondary, The frequency of these oscillations is always
defined as the reciprocal of their period and not by the
number of oscillations per second. In fact a discharge
can take place in a great many ways. The spark may be
silent, clear yellow and surrounded by a corona; in which
case it has a frequency very nearly equal to that of the
secondary current. It may be white, and give off a crack-
ling noise; in which case there are a great many discharges
of exceptionally short periods for each secondary oscilla-
tion; these are called high-frequency sparks. That which
is often called the frequency of the spark is nothing other
than the frequency of the interrupter, because the eye
perceives only one spark for each break of the circuit.

The value of the current in the primary may be taken as
the maximum reached just at the moment of rupture;
this is the most important value; and is called the initial
value.

A continuous-current ammeter connected in the primary
circuit will show simply the mean value: this value is useful
simply in determinming the current consumption; it does not
throw any light upon the efiect produced, since this de-
pends upon the form of the current curve and the length
of time, /3, that the circmit 1= open.  Sometimes alternating-
current ammeters are used to measure lhc [)l’i!llﬂf\' current |
these instruments give the effective current values, that is,
the square root of the mean value of current squared. a
quantity which has nothing to do with the phenomena.

At cach closing of the inierrupter a certain amount of
energy 1s stored in the primary, a part of this energy is
released by the discharge in the secondary. The storing
of this energy requires a time which is longer or shorter,
according to the power of the source; but at the discharge,
this quantity of energy is ased in a very shor: ume,
giving an excessive power of short duration,
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6 INDUCTION COILS.

This explains why with a very small amount energy
such powerful mechanical effects, such for instance, as
piercing blocks of glass, can be produced. If the total
number of discharges taking place during one second are
considered, the mean value of the power output, which is
much less than the instantaneous value, is obtained. The
energy transformation does not take place without losses;
the currents in the circuits cause heating; this consumes
energy according to Joules law: i.e., the copper loss. The
iron in the core is alternately magnetized and demag-
netized, and becomes heated by hysteresis. Because of
these losses the energy output is but a fraction of the energy
input; the efficiency is the ratio of these two, or it is the
ratio between the mean power output and the mean power
input. In this book no other use will be made of the
word efficiency.

8 INDUCTION COILS.

very small difference of potential in order to produce a
spark between two points which are at first infinitely close
together and are drawn apart; it is also assisted by the
particles of metal, which in many of the carly experiments
were torn loose at the points of rupturc. On the other
hand, the secondary spark having to break down a gap of
constant length, requires a much greater difference of
potential.  That which has long been called the Ruhmkorft
coil, is a device permitting the formation of secondary
sparks. To-day the name * induction coil ' is most gen-
erally employed in this sense.

Induction having been discovered in 1831 by Faraday.
The year following, Professor Henry of Princeton (B. No. 1)
observed that a spark was produced by the rupture of a
circuit, the spark being greater the longer the circuit.
The fact attracted no notice; then in 1833 (B. No. 2) Dal
Negro called attention 1o it again. The spark at rupture
was due to the “ extra current ' at rupture, as was simul-
tancously found by Jenkins & Masson (B. No. 4).

During the following year 1835 (B. No. 3) Henry pub-
lished another article, in which he shows that the effect of
the rupture is increased when the wire is wound in spirals
and when iron is placed inside of the spirals (Henry made
his experiments with flat spirals). He notes the shock
produced by the * exira current " and he tells of the igni-
tion of explosive gas mixtures with the spark.  He explains
all these efiects by the induction of the spirals upon one
another.

In his memoir of 1837 (B, No. 4) Masson notes the same
facts as Henry. He uscs coils instead of spirals, and he
points out the influence of iron in the coils, and the use of
the toothed wheel for obtaining a succession of shocks.

In 1837 (B. No. 5) the name of Page appeared for the first
time in Europe. The article reproduced in Sturgeon's
" Annals of Electricity " is a letter dated from Salem,
Massachusetts, May 12, 1836, which purports to have been
published at this time in ** Sillimann's Journal.” In this
memoir, together with the reproduction of Henry's experi-

v
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HISTORY.

9. Historical résume—The question of priority” of dis-
coverv and construction of the induction coil, is indeed
dimu;h to determinc at the present day. The papers of
that period give very vague indications: expressions are
emploved in so many different ways that we are obliged
to fall back on later documents for accurate accounts.
Fve witnesses themselves vary in their accoun.ls. Du
Moncel, for instance, after having, in his * Notice sur
I'appareil d'induction de Ruhmkorfl,” a_uril')ulcd to
Rulmbkorff all the credit of the practical wahzalmn-o( the
induction coil, contradicts all this in his ";\pplira}xonf» de
I'électricité " 1873. The cause of this contradiction is a
pamphlet by Page, “ History  of lmhn‘ n' (B A\v.-.
16),* published in America in 1867 Thx? patmpljlm is
out of print and cananot be found to-day in the French
librarics.  This publ on., which appears o have been a
protest against the Volta prize awarded 10 Ruhmbkorfi, is

above all, a long culogy on Page, LY mmself.  Unior

tunately, there remain few documents which may bc'usc‘\
to prmvc the affirmations made by Page. except as mi‘:\_s
concerns induction coils, because in the papers of 1837,
ions with illustrations of coils intended for medicu!
which leave no doubt as to their

des
apyl

ations are give
ence at this time.

The ereatest difficulty in comparing the ditfferent memoirs,
is caused by the continual confusion between the spark
at rupture produced between the points \‘»’ht‘:'l‘ the rupture
o and the secondary spark, The first requires a

takes p

* B ilowed by a number refer< 1o the 1ibh

rph at the endd

of the book 5
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ment, two important points should be noted: Page points
out that the shock due to the " extra current " increases
when the rupture of the circuit is produced in a layer of
naptha covering the mercury. He observes also shocks
produced by touching the turns not traversed by the
primary current. Page produces periodical interruptions
by means of a copper star-wheel, which makes contact with
a mercury surface. Sturgeon tells us, in an explanatory
note, that the secondary current is obtained by placing two
coils side by side, their windings always having a point in
common.

In the same volume of Sturgeon’s ** Annals of Electricity’
are found several interesting memoirs, one by Callan
(BB, No. 6), p. 295, relating to the construction of electro-
magnets in which iron is used to increase the effect of the
Another note (B. No. 7), p. 477, refers to Henry's
experiments, and contains the description of a coil in-
tended for medical use.  This coil, constructed according
to specifications by Sturgeon, had two circuits: the primary,
made up of 79 meters of heavy wire; and the secondary,
395 meters of fine wire—the core was hollow to permit the
insertion of a bundle of iron wire. IFig. 125 in the same
volume, presents fur the first time to our knowledge, a
coil which resembles in form, the classical model; it is a
horizonial cylindrical coil above which is placed a walking
beam operated by a connecting rod or a cam. The op-
posite end of the walking beam being provided with a rod
which plunges in a cup of mercury. Fig. 127 in the same
volume shows a similar coil having an interrupter in the
form of a toothed wheel which rubs against a spring; this
model was brought out by Bachhofiner. In these two
illustrations the secondary is terminated by handles; these
cails do not appear to be intended for the production of
sparks.

In 1840 there appeared a new memoir by Henry (B No
S). where he reviews his former experiments. He studies
the discharge of a Leyden jar in the primary, and observes
the cffects produced in the secondary.
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In all the preceding memoirs, there was never a question
of secondary sparks, and scarcely a word said of the
luminous effect obtained by the rupture. In the memoir
by Masson and Bréguet in 1841 (B. No. 9), for the first time
reference is made to spark discharge. The interrupter
employed by these physicians was composed of five brass
toothed wheels; the notches between the teeth were filled
with blocks of wood (Masson wheel), one of the wheels pro-
duced the rupture, and the other collected the current.
The coil, which was 23 cm. long and 22 em. in di

HISTORY. "

interrupter known by the name of '_ Neef,"” was Que Am
Professor MacGauley of Duhlinf(l‘sx;). and that it was
g v Wagner, a friend of Neef. ]
pm;{cl::dd:)d) Ruhfnkorﬂ commence to work on the iflducﬂort
coil, and when did he construct the ﬁrs‘l one? A blogmp}l;)
of Ruhmkorff (B. No. 85), published in 1903, says that he
commenced his work in 1843, and that a t:ful l?cgunl in
1848 was not yet finished in 1851, Dumas ‘l.n his :mf:Ie
for the Volta prize (B. No. 15), 1864, says: > From 1851,
Ruhmkorff devoted himself to the construction and per-

contained two equal wires, each 650 meters long ; it charged
a condenser clectroscope, and obtained sparks from 2

“mm. to 20 mm, long in the electric egg. Masson and

Breguet note that, when the spark discharge occurs in
the secondary, an indication may be given by an ordinary
galvanometer connected in the circuit.

We come now to the period of practical realization, and
are obliged, in order to respect all the rights, to give two
versions: that of Page (B. No. 16), and that of Rulimkorft
(B. No. 19.)

We know the works of Page only through Du Moncel,
who was familiar with the pamphlet ** The History of In-
duction;” our description must, therefore, follow that of
Du Moncel.  In 1838, Page had constructed a coil having
an iron core in the form of a horseshoe, and a mercury
interrupter operated by a hammer attracted by the iron
core itsell; the mercury was covered with alcohol. The
secondary current of this coil was of sufficient value to
charge a Leyden jar,  The secondary spark is said to have
attained 1.57 millimeter () of an inch). From 1842-50,
Page tells us that coils giving long sparks were constructed
in Americ. e constructed before 1846 had fine wires
several miles long (1600 meters), and giving from 2.5 to
12.5-millimeter sparks.

Finally, in 1850, Page constructed
a large coil giving 20-cm. sparks with a sudden rupture of
the pnmary. This result scems indeed extraordinary,
inasmuch as the use of the condenser was as yet unknown
The pamphlet by Page also makes a statement that the
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clementary coil is a flat spiral, having for its thickness the a

diameter of the wire itself; a great number of these sections
is necessary to form a complete ccil.

Another method of insulating these secondary turns was
given in 1858 by an amateur, Jean (B. No. 14), who
succeeded in constructing a coil giving 20-cm. sparks, by
simply separating the layers of wires from each other by
sheets of blotting paper. The coil was dried in an oven,
then placed in a glass vase which was filled with rosin after
vacuum had removed all traces of moisture. According
to Du Moncel, the coil constructed by Jean appears to have
astonished all those who saw it; it should be noted here that
there was great variance in the publications of the epoch
as to the length of sparks obtained.

Foucault, in 1856 (B. No. 12), undertakes to connect
several coils together, so as to increase the sparks which he
says scarcely exceeded from 8 to 10 millimeters at that time.
By connecting four coils, the primaries in series and the
secondaries likewise, he attained from 3 to 4-cm. sparks;
then he states that three months later he obtained 7 to
S-em. sparks.  The following year, 1857, (B. No. 13),
describing a double mercury interrupter, Foucault said that
the coils give sparks up to 20 cm. long. The German
article already referred to (B. No. 5), says that Rhumkorff
exhibited in 1855, in Paris, a coil giving 40-cm. sparks,
Furthermore, it was not until 1859 that an American coil
was seen in Europe (B. No. 17, p. 33). this was constructed
by Ritchie, and gave sparks 35 em. long. All these con-
tradictions render it difficult to grasp the réle played by
cach of the early constructors,

Poggendorfl said, in a memoir in 1855 (B. No. 11), that
an interrupter operated in rarefied air does not require the
usc of the condenser, the interruptions being more sudden,
but the contact surface changes very rapidly.

In 1856 and 1857, Foucault constructed a mercury in-
terrupter (B. No, 1)

From 1860 to 1886, 1he induction coil remained a labora-
tory instrument, having no great practical interest; how-

fection of this apparatus.”” Finally, Ruh‘mkorﬂ. hlmslcl.l.
(B. No. 19) says: * In 1851 ! constructed an l.nducuon coil.
From 1850 to 1860 was a period of great u:npro\'cmenls.
In i853 (B. No. 10), Fizeau made a greal improvement:
1he use of the condenser between the interrupter conml:t
points; it was an improvement based upon an c:%:!\.l.
knowledge of the problem to be solved. H:s_ memvau'l is
written in a very clear style, a remarkable l}u!lg for t u‘s
epoch. Sinsteden having charged Leyden jars ! \m..;
secondary current before this, some authors have altrll)l{ltx
to him the discovery of the use of mn-lcnscr§ connected
across the primary spark-gap. Thisisa <‘nn(uslfm: the use
of condensers in the primary and secondary bcm:,: for en
tirely different purposes. The improvement by Fizeau in-
creased the spark in {ree air to about 0.02 em. (B. No. 17),

P

.-;q soon as the secondary e.m.f. was increased, the insu-
lation had to be improved, and in 1552, I?u Moncel sa
(B. No. 20) p. 214, that Edw. and Ch:m.» Bright c.()n\'lruct J
a coil in short sections separated by disks, This improve-
ment is mare generally attributed to I’ngend.orﬂ. who de-
- clearly in 1854 (B. No. 11).  We should add
that the Eng attributed the sectionalizing of ron.!s f"‘
Siemens and Ha Berlin, who exhibited at the .A\lm,::xr
tion in London, 1851, a coil cunslnlrt‘ml according to this
system (B. No. 29), p. 99, and (B. No. 3.“" p.odL ;
" The sectionalizing is carried to excess in the system of
Ritchie, in Boston, 1857 (B. No. 20), p. 242, where cach

scribed it ver
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ever, we see the dawn of one of the great ficlds of applica-
tion when, in 1860, Lenoir utilized the spark from an in-
duction coil for igniting his gas motor. This period saw
the construction of some large coils, which marked the
progress in construction.. In 1872 Ritchie constructed
a coil for Professor Morton (B. No. 18), giving sparks up
to 60 cm. long. This coil weighed 112 kg., and the secondary
contained 71 kilometers of wire 0.18 millimeters in di-
ameter, and made up of about 145,000 turns.

In 1886, the English builder Apps (B. No. 22 and 23),
constructed a coil known by the name of its owner, Spottis-
woode. This coil (Fig. 7) gave sparks up to 1.05 meters

Fio. 7.

long, contains 450 kg. of wire, forming a total of .‘NI..\‘.?U
turns. The wire used was 0.3S millimeters in diameter in
the end sections, and 0.24 millimeters in diameter in the
middle. Two primaries were constructed; one which gave
sparks 1.05 meters long, weighed 41 kg., and contained 1344
turns of wire,

Since this epoch, coils have rarely been constructed which
give such long sparks; nevertheless, at the Exposition of
1900 several were shown. The constructor who appears
to have best succeeded in this direction is Klingelfuss of
Bale. whose large coils stand service well. These large
coils remain objects of curiosity, without great practical
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interest; in ordinary usage, sparks rarely exceed G0 cm. in
length.

The discovery of Rontgen in 1896, gave an unawaited
impetus to the construction of induction coils, and has pro-
duced very important modifications in the details, trans-
forming the old laboratory apparatus into an almost com-
mercial instrument. Wireless telegraphy came afterward,
extending the field of application; and finally the develop-
ment of the automobile has brought forward the construc-
tion of a considerable number of small coils for the ignition
of motors. The steps of progress during the last period
will be given as we proceed.

The last point to cite here is the discovery of the electro-
Iytic interrupter by Wehnelt in 1899 (B. No. 44); this in-
strument rests on a principle entirely different from those
used up to that time.

From the theoretical point of view, the first rational
study of the induction coil was made by Mouton {B. No. 21),
1876, then follows the interesting mathematical work of
Colley (B. No. 25). The later works will be found in the
theoretical part and in the bibliography.

16 INDUCTION COILS.

the variation of the current. In the calculations which
follow, the effect of the iron will be neglected, except in
some special cases, and the coefficients of self-induction
will be taken as constants.

A division in the theory is caused by the different
phenomena produced by the employment of the mechanical
interrupter and electrolytic interrupter. The mechanical
interrupters will be considered first.

In developing the theory the schematic coil shown in
‘Fig. 8 will be considered. The primary is connected to a
source of e.m.f., E. Let the total resistance of the primary
circuit. be R, and its coefficient of self-induction be L; and
let a condenser of capacity C be connected in parallel
with the interrupter, K. Let the secondary circuit have
a resistance, 7, a coefficient of self-induction, /, and a

¢ I‘J—L
capacity, ¢. The capacity is shown by the condenser con-
nected across the terminals. 1 and 2, and represents the
capacity of the secondary windings or of a condenser con-
nected in the circuit.  Since the sparks which form at the
terminals, 1 and 2, and at the interrupter, K, cannot be
taken into account, they are neglected in the caiculation.

The fundamental equations of the schematic coil shown
above are:

# le

Fic &

. dl dq
l\lll.-l“h\!’“ (1)
wherein [ is the primary current (amperes)
T secondary  * ( ‘ )
Q “ % charge of the condenser (coulombs)
Py dl g
L T ST, S 2
r:+1dl M ‘“-{ > 0. 2)

CHAPTER III.
THEORY-—MECHANICAL INTERRUPTERS,

3. Mechanical interrupters.—Any variation in the value
of the current in one circuit causes the generation of an
em.f. in the same circuit and also in the adjacent circuit,
the value of which is proportional to the rate of varia-

tion, 3—: and a coefficient, the value of which depends upon

the character of the circuit.

The induction of the circuit upon itself is called self-
induction; the e.m.f., e,, produced is proportional to the
coeficient of self-induction, L:

di
e =L -
. dit

The induction of the circuit upon the adjacent circuit 13
called mutual induction: the e.mf., e, produced is pro-
portional to the coefficient of mutual induction, M:

dl
ey = =M v
The e.m.fs. produced are such that the currents set up
by them tend to oppose the vanation of the primary cur-
rent; they obey Lenz's law, which is nothing but a corollary
of the law of the conservation of energy
The coeflicients of induction, M and L, are constants
only when the coils contain no iron or other magnetic
material, If there is iron present, these coeflicients vary
with the flux density and the induced e.m.fs are propor-

i dd
tional to the vanation of flux, 77 instead of simply to
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Equation (1) is for the primary and equation (2) is for
the secondary. The complete integration of these equa-
tions has never been accomplished, but a certain number
of special cases have been studied; and we shall now ex-
amine the results of these.

Experience shows that the e.m.f. produced by closing the
circuit is very different from that produced by opening the
circuit; these two phases must be studied separately.

4. Closing the circuit.—The phenomena produced during
this phase are often negligible, at least with mechanical
interrupters, and in any case the rigorous mathematical
treatment offers but little which is of interest.  Neverthe-
less, in order to give an idea of the magnitude of the effects
produced, we will take a simple case, one in which the

secondary action, M —Z--:- is negligible; the equation (1)
then becomes:
dl
RI+L ar~ E (3)
since, at the moment of closing. the condenser is short cir-

cuited, which corresponds to an infinite capacity.  From
this equation the value of / in terms of time may be de-

duced
E -
I = f( 1-¢ ). )
R

wherein ¢ is the base of the Naperan logarithms. The
curves, /.. I, and I, of Fig. 9, represent the current as a
function of the time for dificrent values of self-induction in

»

£

“|

the circunt
The current, I, does not immediately follow Ohm’s

law, = [—not until the curve has bucome asymptotic

7

E
to a straight line whose ordinate 15 equal o K Other
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cuits by the variation of /
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things being equal, the establishment of this state requires
a longer time according as the time constant, ll(;.ol the
circuit is greater. The name time constant is given to this
factor because its dimension in the c.g.s. svstem of units
is that of time; it is also possible to give a physical meaning
to this expression: it is the time at the end of which the
current has attained 0.633 of the value at which it follows
Ohm’s law.

i i
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By neglecting the action of the secondary, it is always
pan s, produ

m the two eir-

my the period of establish

ment of the current. We have seen that the value of these

e.hnfs. is represented by -1 ';:

i/
and —I.:TI: therefore, in

the secondary

L (5)
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then the phenomena continues, but with a greatly reduced
amplitude and it is often complicated by perturbations
caused by the spark itself.

The first important theoretical essay was written by

Fic. 1

Prof. R. Colley and published in 1891 (B. No. 25). The
formulas given by Colley are too complex to be used in
practice, but we will draw interesting conclusions from them
as we proceed. Let it suffice for the moment to say that

AN A

[+

Fie. 12,

Colley treats the primary circuit alone; the same circuit
with a condenser (Fig. 10); the secondary on short-circuit
and the secondary closed through a condenser (Figs. 11,
12 and 13). Expressed graphically these equations give
the curves of the primary current, /. and the secondary

—

el st
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and in the primary:
Rt
6 =—Rlgeee™ 7 (6)

These e.m.fs. are maxima for ¢ = o}

e, =--TE @
S SR SES ®

They then decrease in value and become zero when
Ohm'’s law comes into force, that is, when the current is
completely established; the form of the curves,e’,, ¢”, and
e’’,, shown in Fig. 9, illustrate this.

5. Opening the Circuit.—The opening of the circuit is
the most important phase for all coils xpenments
show, and calculations prove. that this phase is muchshorter
at of closing; therefore the variation in value of
h highere.m.fs

than t
the current, [, being much more rapid, mu
are produced and sparks will jump across between the
fary terminals or between the points where the break

secor

is mad
We can only calculate that which takes place when the
i mnals 13

ween the

difference of potential,
: secondary, is t
ent when the s
undergoes a very rapid char

to produce

k stnikes across.

there is a rele
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current, {1, shown herewith. The equations themselves are
given in the bibliography (B. No. 25).

Three years later the author published a theorctical
essay (B. No. 28), which was greatly simplified by totally
neglecting the reaction of the secondary upon the primary,
that is, by solving equation (1) after eliminating the

1actor.M:;. and considering the secondary e.m.f. as re-

l

duced to —Md The solution of this cquation (1) thus

dt

Fic. 13,

reduced. leads to a differential equation of the second order,
which has three solutions, according to the value of the
resistance, R, in the circuit; namely when,
> L
2 2
R4
Assuming the values of R. L and C, which generally occur
in practice

L
R'<4L:..
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and the current is expressed thus:

I = lpg, et (msﬂt —;-sin ,-”H). ()

which was found by Colley. The current is oscillatory and
damped (Fig. 10); its period of oscillation, T, is:

—; (10)

N ein
the damping coefficient is equal to a.

If the real known values of the coefficients, R, L and C.
are substituted in equation (9), it is seen that the value of
a is so small that it may ve neglected for the first oscilla-
tion. and g reduces to

1
Bm —res,
£ vV LC

The equation (9) then becomes that of a simple alter-
nating current having a period

VLG, (an

and the current may be represented by

t
1 = ] py cOs —
T,

If. during the first oscillation, the current has the value
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turns by u, and a coefficient which depends upon the di
mensions of the coil by A. Then:

L=An2 a7
l=An? (13)‘
M = Angn, 19

When the magnetic circuit is open, and the two windings
are superposed instead of being interlaced, there will be
magnetic leakage and a part of the flux set up by one cir-
cuit will not thread the other. In this case values must
be given to the coeflicient, A, which differ from those used
in equations (17). (18), (19); as first approximation we will
assume that these formulas are exact and we have,

M=vTT (20

This value substituted in (13) gives the formula developed
by Walter (B. No.-:

~ !y 4
ey N T Imaz- (21

From equation (13) the following conclusions may be
drawn:

1. The secondary e.m.f. is proportional to the primary
current value at the moment of rupture

2. The secondary c.m.f. is inversely proportional to the
square root of the primary capacity

The ratio of the primary and secondary e.m fs., ¢,” and

"

e, is,

",

aln
N

N
that is,

3. The ratio of the e.m fs. is equal to the ratio of trans-
formation of the coil

This last conclusion will make it clear later, when the
practical values of the transformation ratio of coils are
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given by equation (12), the generated e.m.fs. will be pro-
portional to:

B0 ) .
dat ™" VILC

T £ s . =
In the time, ! = T they will attain their maximum

values,
1

luse ===

v'LC

it can then be said that these e.m.fs., ¢/, and ¢’,, which are
produced by breaking the circuit, approach the limits

(13)

(1

which are in inverse ratio to the periods of oscillations,
and may also be written,

(16)

In the case of a coil with a closed magnetic cireuit, where

the primary and secondary circuits are at equal distances

from the core and so placed that all the flux set up in one
will thread the other; the coefficients of self-induction may
be represented in the following manner—representing the

number of primary turns by », and the number of secondary
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known, why it is necessary to take such great precautions
in insulating the primary circuit and the condenser.

G. The Complete Period.—In comparing the equations,
(7) and (8) with (13) and (14), we <ce that at the closing
of the circuit, ¢,’ cannot be greater than E,* while at the
opening of the circuit, ¢,", may have a very high value

It is known that in practice R? is negligible in comparison

» o
%, have very large

with fé. therefore the ratios,
values.

This comparison of e,” and e,” explains the well known
fact that a galvanometer, connected in the secondary cir-
cuit of an induction coil, indicates a unidirectional current
as soon as a spark of sufficient length strikes across the
secondary terminals. but rests at zero as long as the second
ary is on short-circuit.  In the first casc the e.m.f. at clc
15 not sufficiently high to force a 5
the spark produced by opening
which strikes ss.  In the secor

s the only one

vt
ase the two currents,

*The observation of the current due to seif-induction #t the
moment of closing the circuit is rendered extremely difficult by
the fact that its poten
In order to be : etect it a vol
resistance, r. which i< great in comy
must be used: or a non

an never exceed that of the sumce
pile having
10 the ¢~ resis

ance can be conneeted in

the circuit, under these conditions the potential differen t the
coil terminals, measured with a vol . % equal 1o E at the
v g, and falls diately to
R
E =

Rsr'
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produced respectively by opening and closing the circuit,
can exist in the circu The value of the current, ¢, pro-
duced in the sccondary is

’
( -m4 ‘_/‘1‘

the quantity of electricity, which corresponds to the cur-
rent variation from 0 to 7 or from / to 0, is

I !
1% -M >
g Joire S F o

when the time interval, ¢, is long enough so that 7, = 1, =
0; this quantity is constant no maztter what the wave-form
of the current may be, providing the resistance, r, is a con-
stant; this however can only be true when the secondary
is entirely closcd through metallic resistances, and there are
no sparks or equivalent phenomena. The quantities of
electricity produced by opening and closing of the circuit
respectively arc then equal in value and opposite in sign,
and when the current interruptions take place in rapid
succession their resultant action upon the galvanometer is
zero. Therefore the complete period of an induction coil,
which produces oscillatory discharges, is made up of the
period of closed primary circuit, during which the gen-

crated e.m.fs. cannot exceed £ and %1: and the period of

open primary circuit. The rupture takes time, but gen-
erally it represents only a fraction of the time lost.

The value of the e.m.fs. produced by the rupture of the
current depends upon the value of the current, I,, at the
moment of rupture; according to the length of the time the
circuit is closed, I, approaches more or less the limiting
value
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In cases where the closed-circuit period is too short to
allow the current to attain its maximum value, I, must be
substituted for I,.,, in equations (9), (12), (13), (14) and
(2.

When a spark strikes across the secondary terminals,
the quantity of electricity produced by closing the circuit
can be sero, because at this moment the resistance, r,
may be considered infinite. This, however, is not true with
cathode tubes, the difference between the currents pro-
duced respectively by closing and opening the circuit is

1
cartact | epen \contact |

|
!
T T il i
1
1
'
P

. -
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still very great, but nevertheless, in some cases it is
necessary to take measures to guard against the effect of
the current produced by closing the circuit

7. Induction coil without condenser, secondary closed
through non-inductive resistance.—This case very nearly
corresponds to that of coils used in electrotherapeutics.
The period during which the current is established is
esactly like that discussed above in 6. At the moment of
rupture no calculation can be made. because the phenome-
non depends upon numerous actions which as yet are but
little understood. As soon as the primary circuit is




