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PREFACE.

THE electrical problems of the present day lie largely in the

economical transmission of power and in the radical im-
provement of the means and methods of illumination. To many
workers and thinkers in the domain of electrical invention, the
apparatus and devices that are familiar, appear cumbrous and
wasteful, and subject to severe limitations. They believe that
the prineiples of current generation must be changed, the arca
of current supply be enlarged, and the appliances used by the
consumer be at once cheapened and simplified. The brilliant
successes of the past justify them in every expectancy of still
more generous fruition.

The present volume is a simple record of the pioneer work
done in such departments up to date, by Mr. Nikola Tesla, in
whom the world has already recognized one of the foremost of
modern electrical investigators and inventors. No attempt what-
ever has been made here to emphasize the importance of his
researches and discoveries. Great ideas and real inventions win
their own way, determining their own place by intrinsic merit.
But with the conviction that Mr. Tesla is blazing a path that
electrical development must follow for many years to come, the
compiler has endeavored to bring together all that bears the im-
press of Mr. Tesla’s genius, and is worthy of preservation. Aside
from its value as showing the scope of his inventions, this
volume may be of service as indicating the range of his thought.
There is intellectual profit in studying the push and play of a
vigorous and original mind.

Althqugh the lively interest of the public in Mr. Tesla’s work
is perhaps of recent growth, this volume covers the results of
full ten years. It includes his lectures, miscellaneous articles

547164



vi PREFACE.

and discussions, and makes note of all his inventions thus far
known, particularly those bearing on polyphase motors and the
effects obtained with currents of high potential and high fre-
quency. Tt will be seen that Mr. Tesla has ever pressed forward,
barely pausing for an instant to work out in detail the utilizations
that have at once been obvious to him of the new prineiples he
has elucidated. Wherever possible his own language has been
employed.

It may be added that this volume is issued with Mr. Tesla’s
sanction and approval, and that permission has been obtained for
the re-publication in it of such papers as have been read before
various technical societies of this country and Europe. Mr.
Tesla has kindly favored the author by looking over the proof
sheets of the sections embodying his latest researches. The
work has also enjoyed the careful revision of the author’s
friend and editorial associate, Mr. Joseph Wetzler, through
whose hands all the proofs have passed.

DrceMBER, 1893. RLLCER
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PART 1.

POLYPHASE CURRENTS.






CHAPTER 1.
BioerapuicaL axp INTRODUCTORY.

As AN introduction to the record contained in this velume
of Mr. Tesla’s investigations and discoveries, a few words of ‘a
biographical nature will, it is deemed, not be out of place, nor
other than welcome,

Nikola Tesla was born in 1857 at Smiljan, Lika, a borderland
region of Austro-Hungary, of the Serbian race, which has main-
tained against Turkey and all comers so unceasing a struggle for
freedom. His family is an old and representative one among
these Switzers of Eastern Europe, and his father was an eloquent
clergyman in the Greek Church. An unecle is to-day Metropoli-
tan in Bosnia. His mother was a woman of inherited ingenuity,
and delighted not only in skilful work of the ordinary household
character, but in the construction of such mechanical appliances
as looms and churns and other machinery required in a rural
community. Nikola was educated at Gospich in the public
school for four years, and then spent three years in the Real
Schule. He was then sent to Carstatt, Croatia, where he con-
tinned his studies for three years in the Iigher Real Schule.
There for the first time he saw a steamn locomotive. He gradu-
ated in 1873, and, surviving an attack of cholera, devoted him-
self to experimentation, especially in electricity and magnetism.
His father would bave had him maintain the family tradition by
«witering the Chureh, but native genins was too strong, and he
was allowed to enter the Polytechnic School at Gratz, to finish
his studies, and with the object of becoming a professor of math-
cmatics and physics. One of the machines there experimented
with was a Gramme dynamo, used as a motor. Despite his in-
structor’s perfect demonstration of the fact that it was impossible
to operate a dynamo without commutator or brushes, Mr. Tesla
could not be convineced that such accessories were necessary or
desirable. He had already seen with quick intuition that a way
could be fonnd to dispense with them ; and from that time he may



4 INVENTIONS OF NIKOLA TESLA.

be said to have begun work on the ideas that fructitied ultimately
in his rotating field motors.

In the second year of his Gratz course, Mr. Tesla gave up the
notion of becoming a teacher, and took up the engineering enr-
riculum. His studies ended, he returned home in time to see his
father die, and then went to Prague and Buda-Pesth to study
languages, with the object of qualifying himself broadly for the
practice of the engineering profession. For a short time he
served as an assistant in the Government Telegraph Engineer-
ing Department, and then became associated with M. Puskas, a
personal and family friend, and other exploiters of the telephone
in Hungary. He made a number of telephonic inventions, but
found his opportunities of benefiting by them limited in varions
ways. To gain a wider field” of action, he pushed on to Paris
and there secured employment as an electrical engineer with one
of the large companies in the new industry of electric lighting.

It was during this period, and as early as 1882, that he began
serious and continued efforts to embody the rotating field prin-
ciple in operative apparatus. He was enthusiastic about it; be-
lieved it to mark a new departure in the electrical arts, and conld
think of nothing else. In fact, but for the solicitations of a few
friends in commerecial circles who urged him to form a company
to exploit the invention, Mr. Tesla, then a youth of little worldly
experience, would have sought an immediate opportunity to pub-
lish his ideas, believing them to be worthy of note as a novel and
radical advance in electrical theory as well as destined to have
a profound influence on all dynamo electrie machinery.

At last he determined that it would be best to try his fortunes
in America. In France he had met many Americans, and in
contact with them learned the desirability of turning every new
idea in electricity to practical nse. He learned also of the ready
encouragement given in the United States to any inventor who
could attain some new and valuable result. The resolution w./
formed with characteristic quickness, and abandoning all his
prospects in Europe, he at once set his face westward.

Arrived in the United States, Mr. Tesla took off his coat the
day he arrived, in the Edison Works. That place had been a:
goal of his ambition, and one can readily imagine the benefit and
stimulus derived from association with Mr. Edison, for whom
Mr. Tesla has always had the strongest admiration. It was im-
possible, however, that, with -lis own ideas to carry out, and his

§
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POLYPHASE CURRENTS. 5

own inventions to develop, Mr. Tesla could long remain in even
the most delightful employ; and, his work now attracting atten-
tion, he left the Edison ranks to join a company intended to
make and sell an arc lighting system based on some of his inven-
tions in that branch of the art. With unceasing diligence he
brought the system to perfection, and saw it placed on the market.
But the thing which most occupied his time and thoughts, how-
ever, all through this period, was his old discovery of the rotating
field principle for alternating current work, and the application
of it in motors that have now become known the world over.

Strong as his convietions on the subject then were, it is a fact,
that he stood very much alone, for the alternating eurrent had
no well recognized place. Few electrical engineers had ever
used it, and the majority were entirely unfamiliar with its value;
or even its essential features. Even Mr. Tesla himself did not,
until after protracted effort and experimentation, learn how to
construct alternating current apparatus of fair efficiency. But
that he had accomplished his purpose was shown by the tests of
Prof. Anthony, made in the of winter 1887-8, when Tesla motors
in the hands of that distinguished expert gave an efficiency equal
to that of direct current motors. Nothing now stood in the way
of the commercial development and introduction of such motors,
except that they had to be construeted with a view to operating
on the circuits then existing, which in this country were all of
high frequency.

The first full publication of his work in this direction—outside
his patents—was a paper read before the American Institute of
Electrical Engineers in New York, in May, 1888 (read at the
suggestion of Prof. Anthony and the present writer), when he
exhibited motors that had been in operation long previous, and
with which his belief that brushes and commutators could be
dispensed with, was triumphantly proved to be correct. The
section of this volume devoted to Mr. Tesla’s inventions in the
utilization of polyphase ecurrents will show how thoroughly from
the outset he had mastered the fundamental idea and applied it
in the greatest variety of ways.

Having noted for years the many advantages obtainable with
alternating currents, Mr. Tesla was natnrally led on to experi-
ment with them at higher potentials and higher frequencies than
were common or approved of. Ever pressing forward to deter-
mine in even the slightest degree the outlines of the unknown, he
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was rewarded very quickly in this field with results of the most
surprising nature. A slight acquaintance with some of these
experiments led the compiler of this volume to urge Mr. Tesla
to repeat them before the American Institute of Electrical En-
gineers. This was done in May, 1891, in a lecture that marked,
beyond question, a distinet departure in electrical theory and
practice, and all the results of which have not yet made them-
selves fully apparent. The New York lecture, and its sue-
cessors, two in number, are also included in this volume, with a
few supplementary notes.

Mr. Tesla’s work ranges far beyond the vast departments of
polyphase currents and high potential lighting. The “ Miscella-
neous” section of this volume includes a great many other in-
ventions in are lighting, transformers, pyro-magnetic generators,
thermo-magnetic motors, third-brush regulation, improvements
in dynamos, new forms of incandescent lamps, electrical meters,
condensers, unipolar dynamos, the conversion of alternating into
direct currents, ete. It is needless to say that at this moment
Mr. Tesla is engaged on a number of interesting ideas and inven-
tions, to be made public in due course. The present volume
deals simply with his work accomplished to date.



CHAPTER II.

A New System orF ArLteErNaTiNG CURRENT MOTORS AND
TRANSFORMERS.

TrE present section of this volune deals with polyphase cur-
rents, and the inventions by Mr. Tesla, made known thus far, in
whieh he has embodied one feature or another of the broad
principle of rotating field poles or resultant attraction exerted on
the armature. It is needless to remind electricians of the great
interest aronsed by the first enunciation of the rotating field
principle, or to dwell upon the importance of the advance from
a single alternating current, to methods and apparatus which deal
with more than one. Simply prefacing the consideration here
attempted of the subject, with the remark that in nowise is the
object of this volume of a polemic or controversial nature, it
may be pointed out that Mr. Tesla’s work has not at all been
fully understood or realized up to date. To many readers, it is
believed, the analysis of what he has done in this department
will be a revelation, while it will at the same time illustrate the
beautiful flexibility and range of the principles involved. It
will be seen that, as just suggested, Mr. Tesla did not stop short
at a mere rotating field, but dealt broadly with the shifting of
the resultant attraction of the magnets. It will be seen that he
went on to evolve the “multiphase” system with many ramifica-
tions and turns; that he showed the broad idea of motors em-
ploying cuarrents of differing phase in the armature with direct
currents in the field ; that he first described and worked out the
idea of an armature with a body of iron and ecoils closed upon
themselves ; that he worked out both synchronizing and torque
motors; that he explained and illustrated how machines of ordi-
nary construction might be adapted to his system; that he em-
ployed condensers in field and armature circuits, and went to the
bottom of the fundamental principles, testing, approving or reject-
ing, it would appear, every detail that inventive ingenuity could
hit upon.
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Now that opinion is turning so emphatically in favor of lower
frequencies, it deserves special note that Mr. Tesla early re-
cognized the importance of the low frequency feature in motor
work. In fact his first motors exhibited publicly—and which, as
Prof. Anthony showed in his tests in the winter of 1887-8, were
the equal of direct current motors in efficiency, output and start-
ing torque—were of the low frequency type. The necessity
arising, however, to utilize these motors in connection with the
existing high frequency circuits, our survey reveals in an inter-
esting manner Mr. Tesla’s fertility of resource in this direction.
But that, after exhausting all the possibilities of this field, Mr.
Tesla returns to low frequencies, and insists on the snperiority of
his polyphase system in alternating current distribution, need not
at all surprise us, in view of the strength of his convictions, so
often expressed, on this snbject. This is, indeed, significant, and
may he regarded as indicative of the probable development next
to be witnessed. :

Incidental reference has been made to the efficiency of rotating
field motors, a matter of much importance, though it is not the
intention to dwell upon it here. Prof. Anthony in his remarks
before the American Institute of Electrical Engineers, in May,
1888, on the two small Tesla motors then shown, which he had
tested, stated that one gave an efficiency of about 50 per cent.
and the other a little over sixty per cent. In 1889, some tests
were reported from Pittsburgh, made by Mr. Tesla and Mr.
Albert Schmid, on motors up to 10 n. ». and weighing about
850 pounds. These machines showed an efficiency of nearly 90
per cent. With some larger motors it was then found practic-
able to obtain an efficiency, with the three wire system, up to as
high as 94 and 95 per cent. These interesting figures, which, of
course, might be supplemented by others more elaborate and of
later date, are cited to show that the efficiency of the system has
not had to wait until the present late day for any demonstration
of its commercial usefulness. An invention is none the less beauti-
ful because it may lack utility, but it must be a pleasure to any
inventor to know that the ideas he is advancing are fraught with
substantial benefits to the public.



CHAPTER IIIL

Tur Trsta Roramine Maenermc Fiwnp.—Morors wrtn CLosED
Coxpucrors.—Sy~curoNiziNg  Motors.—Roratine  Frerp
TRANSFORMERS. :

Tue best deseription that can be given of what he attempted,
and succeeded in doing, with the rotating magnetic field, is to be
found in Mr. Tesla’s brief paper explanatory of his rotary cur-
rent, polyphase system, read before the American Institute of
Electrical Engineers, in New York, in May, 1888, under the
title “ A New System of Alternate Current Motors and Trans-
formers.” As a matter of fact, which a perusal of the paper
will establish, Mr. Tesla made no attempt in that paper to de-
seribe all his work. It dealt in reality with the few topics enu-
merated in the caption of this chapter. Mr. Tesla’s reticence
was no doubt dne largely to the fact that his action was gov-
erned by the wishes of others with whom lLe was associated, but
it may be worth mention that the compiler of this volume—who
had seen the motors running, and who was then chairman of the
Institute Committee on Papers and Meetings—had great diffi-
culty in inducing Mr. Tesla to give the Institute any paper at all.
Mr. Tesla was overworked and ill, and manifested the greatest
reluctance to an exhibition of his motors, but his objections were
at last overcome. The paper was written the night previous to
the meeting, in pencil, very hastily, and under the pressure
just mentioned.

In this paper casual reference was made to two special forms
of motors not within the group to be considered. These two
* forms were: 1. A motor with one of its circuits in series with a
transformer, and the other in the secondary of the transformer.
2. A motor having its armature circnit connected to the gener-
ator, and the field eoils closed upon themselves. The paper in
its essence is as follows, dealing with a few leading features of
the Tesla system, namely, the rotating magnetic field, motors
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with closed conductors, synchronizing motors, and rotating field
transformers :— .

The subject which I now have the pleasure of bringing to
your notice is a novel system of electric distribution and trans-
mission of power by means of alternate currents, affording pecu-
liar advantages, particularly in the way of motors, which I am
confident will at once establish the superior adaptability of these
currents to the transmission of power and will show that many
results heretofore unattainable can be reached by their use ; re-
sults which are very much desired in the practical operation of
such systems, and which cannot be accomplished by means of
continuous currents.

Before going into a detailed description of this system, I think
it necessary to make a few remarks with reference to certain con-
ditions existing in continuous current generators and motors,
which, although generally known, are frequently disregarded.

In our dynamo machines, it is well known, we generate alter-
nate currents which we direct by means of a commutator, a com-
plicated device and, it may be justly said, the source of most of
the troubles experienced in the operation of the machines. Now,
the currents so directed cannot be utilized in the motor, but
they must—again by means of a similar unreliable device—
be reconverted into their original state of alternate currents.,
The function of the commutator is entirely external, and in no
way does it affect the internal working of the machines. In
reality, therefore, all machines are alternate current machines,
the currents appearing as continuous only in the external circuit
during their transit from generator to motor. In view simply of
this fact, alternate currents would commend themselves as a more
direct application of clectrical energy, and the employment of
continuous currents would only be justified if we had dynamos
which would primarily generate, and motors which would be
directly actuated by, such currents.

But the operation of the commutator on a motor is twofold ;
first, it reverses the currents through the motor, and secondly,
it effects antomatically, a progressive shifting of the poles of one -
of its magnetic constituents. Assuming, therefore, that both of
the useless operations in the systems, that is to say, the directing
of the alternate currents on the generator and reversing the direct
currents on the motor, be eliminated, it would still be necessary,
in order to canse a rotation of the motor, to produce a progressive
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shifting of the poles of one of its elements, and the question
presented itself—How to perform this operation by the direct
action of alternate currents! I will now proceed to show how
this result was accomplished.

In the first experiment a drum-armature was provided with
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two coils at right angles to each other, and the ends of these coils
were connected to two pairs of insulated contaect-rings as usual.
A ring was then made of thin insnlated plates of sheet-iron and
wound with four coils, each two opposite coils being connected
together so as to produce free poles on diametrically opposite
sides of the ring. The remaining free ends of the coils were then
connected to the contact-rings of the generator armature so as
to form two independent circuits, as indicated in Fig. 9. Tt
may now be seen what resnlts were secured in this combination,
and with this view I would refer to the diagrams, Figs. 1 to 8a.
The field of the generator being independently excited, the rota-
tion of the armature sets up currents in the coils ¢ ¢,, varying in

Fre. 2. ¥ie. 2a.

strength and direction in the well-known manner. In the posi-
tion shown in Fig. 1, the current in coil c is nil, while coil ¢, is
traversed by its maximum current, and the connections may be
such that the ring is magnetized by the coils ¢, ¢;, as indicated by
the letters ~ s in Fig. 1a, the magnetizing effect of the coils
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¢ ¢ being nil, since these coils are included in the cireuit of
coil c. . -
In Fig. 2, the armature coils are shown in a more advanced
position, one-eighth of one revolution being completed. Fig.
2¢ illustrates the corresponding magnetic condition of the ring.
At this moment the coil ¢, generates a current of the same di-

Fia. 3.

rection as previously, but weaker, producing the poles 7, s, upon
the ring; the coil ¢ also generates a current of the same direc-
tion, and the connections may be such that the coils ¢ e produce
the poles n s, as shown in Fig. 24. The resulting polarity is
indicated by the letters x s, and it will be observed that the
poles of the ring have been shifted one-eighth of the periphery
of the same.

In Fig. 3 the armature has completed one quarter of oune
revolution. In this phase the current in coil ¢ is 2 maximum, and
of such direction as to produce the poles N s in Fig. 3@, whereas
the current in coil ¢, is nil, this coil being at its neutral position.

Fic. 4. Fie. 4a.

The poles x s in Fig. 3a are thus shifted one quarter of the
circumference of the ring.

Fig. 4 shows the coils ¢ ¢ in a still more advanced position,
the armature having completed three-eighths of one revolution.
At that moment the coil ¢ still generates a current of the same
direction as before, but of less strength, producing the compar-
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atively weaker poles n s« in Fig. 4¢. The current in the coil ¢,
is of the same strength, but opposite direction. Its effect is,
therefore, to produce upon the ring the poles 7, s as indicated,
and a polarity, N s, results, the poles now being shifted three.
eighths of the periphery of the ring.

In Fig. 5 one half of one revolntion of the armature is com-

Frec. 5. Fie. ja.

pleted, and the resulting magnetic condition of the ring is indi-
cated in Fig. 52. Now the current in coil ¢ is nil, while the eoil
¢, yields its maximum current, which is of the same direction as
previously ; the magnetizing effect is, therefore, due to the coils,
¢, ¢; alone, and, referring to Fig. 5@, it will be observed that
the poles ~ s are shifted one half of the circumference of the
ring. During the next half revolution the operations are repeated,
as represented in the Figs. 6 to 8a.

A reference to the diagrams will make it clear that during one

Fie. 6a.

revolution of the armature the poles of the ring are shifted once
around its periphery, and, each revolution producing like effects,
a rapid whirling of the poles in harmony with the rotation of the
armature is the result. If the connections of either one of the
circuits in the ring are reversed, the shifting of the poles is made
to progress in the opposite direction, but the operation is identi-
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cally the same. Instead of using four wires, with like result,
three wires may be used, one forming a common return for both
circuits.

This rotation or whirling of the poles manifests itself in a series
of curious phenomena. If a delicately pivoted disc of steel or
other magnetic metal is approached to the ring it is set in rapid
rotation, the direction of rotation varying with the position of

the dise. For instance, noting the direction outside of the ring
it will be found that inside the ring it turns in an opposite direc-
tion, while it is unaffected if placed in a position symmetrical to
the ring.  This is easily explained. Each time that a pole ap-
proaches, it induces an opposite pole in the nearest point on the
dise, and an attraction is produced upon that point; owing to this,
as the pole is shifted further away from the disc a tangential pull
is exerted npon the same, and the action being constantly repeat-
ed, a more or less rapid rotation of the dise is the result. Asthe
pull is exerted mainly npon that part which is nearest to the
ring, the rotation outside and inside, or right and left, respectively,
is in opposite directions, Iig. 9. When placed syminetrically
to the ring, the pull on the opposite sides of the dise being equal,
no rotation results. The action is based on the magnetic inertia
of iron; for this reason a disc of hard steel is much more af-
fected than a dise of soft iron, the latter being capable of very
rapid variations of magnetism. Such a dise has proved to be a
very useful instrument in all these investigations, as it has en-
abled me to detect any irregularity in the action. A curious ef-
feet is also produced upon iron tilings. By placing some upon a
paper and holding them externally quite close to the ring, they
are setin a vibrating motion, remaining in the same place, although
the paper may be moved back and forth ; but in lifting the paper
to a certain height which seems to be dependent on the intensity
of the poles and the speed of rotation, they are thrown away in
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a direction always opposite to the supposed movement of the
poles. If a paper with filings'is put flat upon the ring and the
current turned on suddenly, the existence of a magnetic whirl
may easily be observed.

To demonstrate the complete analogy between the ring and a
revolving magnet, a strongly energized electro-magnet was rota-
ted by mechanical power, and phenomena identical in every par-
ticular to those mentioned above were observed.

Obviously, the rotation of the poles prodnces corresponding
inductive effects and may be utilized to generate currents in a
closed conduetor placed within the influence of the poles. For
this purpose it is convenient to wind a ring with two sets of
superimposed coils forming respectively the primary and second-
ary cireuits, as shown in Fig. 10, In order to secure the most
cconomical results the magnetic circuit should be completely
closed, and with this object in view the construction may be
modified at will.

The inductive effect exerted upon the secondary coils will be
mainly due to the shifting or mmovement of the magnetic action ;
but there may also be currents set up in the eireuits in conse-
quence of the variations in the intensity of the poles. However,
by properly designing the generator and determining the magneti-
zing effect of the primary coils, the latter element may be made
to disappear. The intensity of the poles being maintained con-

stant, the action of the apparatus will be perfect, and the same
result will be secured as though the shifting were effected by
means of a commutator with an infinite number of bars. In such
case the theoretical relation between the energizing effect of each
set of primary coils and their resultant magnetizing effect may
he expressed by the equation of a circle having its centre coin-
ciding with that of an orthogonal system of axes, and in which
the radins represents the resultant and the co-ordinates both



16 INVENTIONS OF NIKOLA TESLA.

of its components. These are then respectively the. sine and
cosine of the angle a between ' the radius and one of the axes
(0 X). Referring to Fig. 11, we have ” = #* + 4*; where
2 =r cos a, and y =7 sin a. [
Assuming the magnetizing effect of each set of coils in the
transformer to be proportional to the current—which may be
admitted for weak degrees of maguetization—then » = A ¢ and
y= K ¢}, where A is a constant and ¢ and ¢' the current in both
sets of coils respectively. Supposing, further, the field of the
generator to be uniform, we have for constant speed ¢! = A'sin a

and ¢ = A'sin (90° 4+ @) = K cos ¢, where A" is a constant.
See Fig. 12.
Therefore, r= Ke¢= K K" cos a
y= K¢ = K K'sin a; and
A=
A
lle i Smeflabee
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That is, for a uniform field the disposition of the two coils at
right angles will secure the theoretical result, and the intensity
of the shifting poles will be constant. But from 2 = 2?4 37 it
follows that for ¥y = 0, » = &; it follows that the joint magnet-
izing effect of both sets of coils should be equal to the effect of
one set when at its maximum action. In transformers and in a
certain class of motors the fluctuation of the poles is not of great
importance, bnt in another class of these motors it is desirable to
obtain the theoretical result. !

In applying this prineiple to the construction of motors, two
typical forms of motor have been developed. First, a form hav-
ing a comparatively small rotary effort at the start but maifitaining
a perfectly uniform speed at all loads, which motor has been
termed synchronouns. Second, a form possessing a great rotary
effort at the start, the speed being dependent on the load.
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These motors may be operated in three different ways: 1. By
the alternate currents of the sonrce only. 2. By a combined ac-
tion of these and of induced currents. 3. By the joint action of
alternate and continuous currents.

The simplest form of a synchronous motor is obtained by wind-
ing a laminated ring provided with pole projections with four
coils, and connecting the same in the manner before indicated.
An iron dise having a segment cut away on each side may be nsed

Fis 10.

as an armature. Such a motor is shown in Fig. 9. The dise
being arranged to rotate freely within the ring in close proximity
to the projections, it is evident that as the poles are shifted it
will, owing to its tendency to place itself in such a position as to
embrace the greatest number of the lines of foree, closely follow
the movement of the poles, and its motion will be synchronous
with that of the armature of the generator; that is, in the peculiar
disposition shown in Fig. 9, in which the armature produces by
one revelution two current impulses in each of the circuits. It
is evident that if, by one revolution of the armature, a greater
number of impulses is produced, the speed of the motor will be
correspondingly increased. Considering that the attraction ex-
erted upon the dise is greatest when the same is in close proximity
to the poles, it follows that such a motor will maintain exactly
the same speed at all loads within the limits of its capacity.

To facilitate the starting, the dise may be provided with a coil
closed upon itself. The advantage secured by such a coil is evi-
dent. On the start the currents set up in the coil strongly ener-
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gize the dise and increase the attraction exerted upon the same by
the ring, and currents being generated in the coil as long as the
speed of the armature is inferior to that of the poles, consider-
able work may be performed by such a motor even if the speed
be below normal. The intensity of the poles being constant, no
currents will be generated in the coil when the motor is turning
at its normal speed.

Instead of closing the coil upon itself, its ends may be conneeted
to two insulated sliding rings, and a continuous current supplied
to these from a suitable generator. The proper way to start such
a motor is to close the coil upon itself until the normal speed is
reached, or unearly so, and then turn on the continuous cur-
rent. If the dise be very strongly energized by a continuous
current the motor may not be able to start, but if it be weakly
energized, or generally so that the magnetizing effect of the ring

Fie. 11. Fra. 12.

is preponderating, it will start and reach the normal speed. Such
a motor will maintain absolutely the samne speed at all loads. It
has also been found that if the motive power of the generator is
not excessive, by checking the motor the speed of the generator is
diminished in synchronism with that of the motor. It is charae-
teristic of this form of motor that it cannot be reversed by revers-
ing the continuous current throngh the coil.

The synchronism of these motors may be demonstrated experi-
mentally in a variety of ways. For this purpose it is best to
employ a motor eonsisting of a stationary field magnet and an
armature arranged to rotate within the same, as indicated in
Fig. 18. In this case the shifting of the poles of the armature
produces a rotation of the latter in the opposite direction. Tt
results therefrom that when the normal speed is reached, the
poles of the armature assume fixed positions relatively to the
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field magnet, and the same is magnetized by induction, exhibiting
a distinet pole on each of the pole-pieces. If a piece of soft iron
is approached to the field magnet, it will at the start be attracted
with a rapid vibrating motion produced by the reversals of polar-
ity of the magnet, but as the speed of the armature increases, the
vibrations become less and less frequent and finally entirely cease.
Then the iron is weakly but permanently attracted, showing that
synchronism is reached and the field magnet energized by in-
duetion.

The disc may also be used for the experiment. If held quite
close to the armature it will turn as long as the speed of rotation
of the poles exceeds that of the armature; but when the normal

Fre. 13.

speed is reached, or very nearly so, it ceases to rotate and is per-
manently attracted.

A crude but illustrative experiment is made with an incandes-
cent lamp.  Placing the lamp in ecircuit with the continnous eur-
rent generator and in series with the magnet coil, rapid fluctua-
tions are observed in the light in consequence of the induced cur-
rents set up in the coil at the start; the speed increasing, the
flnctuations occur at longer intervals, until they entirely disap-
pear, showing that the motor has attained its normal speed. A
telephone receiver affords a most sensitive instrument; when
connected to any circuit in the motor the synchronism may be
easily detected on the disappearance of the induced currents.

In motors of the synchronons type it is desirable to maintain
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the quantity of the shifting magnetism constant, especially if the
magnets are not properly subdivided. ;

To obtain a rotary effort in these motors was the subject of
long thought. In order to secure this result it was necessary to
make such a disposition that while the poles of one element of
the motor are shifted by the alternate currents of the souree, the
poles produced upon the other elements should always be main-
tained in the proper relation to the former, irrespective of the
speed of the motor. Such a condition exists in a continnous
current motor ; but in a synchronous motor, such as described,
this condition is fulfilled only when the speed is normal.

The object has been attained by placing within the ring a prop-
erly subdivided eylindrical iron core wound with several indepen-
dent coils closed upon themselves. Two coils at right angles as

Fre. 14.

in Fig. 14, are sufficient, but a greater number may be advan-
tageously employed. It results from this disposition that when
the poles of the ring are shifted, currents are generated in the
closed armature coils. These currents are the most intense at or
near the points of the greatest density of the lines of force, and
their effect is to produce poles upon the armature at right angles
to those of the ring, at least theoretically so; and since this action
is entirely independent of the speed—that is, as far as the location
of the poles is concerned—a continuous pull is exerted upon the
periphery of the armature. In many respects these motors are
similar to the continuous current motors. If load is put on, the
speed, and also the resistance of the motor, is diminished .and
more current is made to pass through the energizing coils, thus
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increasing the effort. Upon the load being taken eoff, the
counter-electromotive force increases and less current passes
through the primary or energizing coils. Without any load the
speed is very nearly equal to that of the shifting poles of the
field maguet.

It will be found that the rotary effort in these motors fully

equals that of the continuous current motors. The effort seems
to be greatest when both armature and field magnet are without
any projections; but as in such dispositions the field cannot be
concentrated, probably the best results will be obtained by leav-
ing pole projections on one of the elements only. Generally, it
may be stated the projections diminish the torque and produce a
tendeney to synchronism.

A characteristic feature of motors of this kind is their property
of being very rapidly reversed. This follows from the peculiar
action of the motor. Suppose the armature to be rotating and
the direction of rotation of the poles to be reversed. The appa-
ratus then represents a dynamo machine, the power to drive this
machine being the momentum stored up in the armature and its
speed being the sum of the speeds of the armature and the
poles.

If we now consider that the power to drive such a dynamo
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would be very mearly proportional to the third power of the
speed, for that reason alone the armature should be quickly re-
versed. But simultaneously with the reversal another element is
brought into action, namely, as the movement of the poles with
respect to the armature is reversed, the motor acts like a trans-
former in which the resistance of the secondary circuit would be
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abnormally diminished by producing in this circuit an additional
electromotive force. Owing to these causes the reversal is in-
stantaneous.

If it is desirable to secure a constant speed, and at the same
time a certain effort at the start, this result may be easily attained
in a variety of ways. Forinstance, two armatures, one for torque
and the other for synchronism, may be fastened on the same shaft
and any desired preponderance may be given to either one, or an
armature may be wound for rotary effort, but a more or less pro-
nounced tendency to synchronism may be given to it by properly
constructing the iron core; and in many other ways.

As a means of obtaining the required phase of the currents in
both the cireuits, the disposition of the two coils at right angles
is the simplest, securing the most uniform action ; but the phase
may be obtained in many other ways, varying with the machine
employed. Any of the dynamos at present in use may be easily
adapted for this purpose by making connections to proper points
of the generating coils. In closed circuit armatures, such as used
in the continuous current systems, it is best to make four deriva-
tions from equi-distant points or bars of the commutator, and to
connect the same to four insulated sliding rings on the shaft. In
this case each of the motor circuits is connected to two diametri-
cally opposite bars of the commutator. In such a disposition the
motor may also be operated at half the potential and on the three-
wire plan, by connecting the motor circuits in the proper order to
three of the contact rings.

In multipolar dynamo machines, such as used in the converter
systems, the phase is conveniently obtained by winding upon the
armature two series of coils in such a manner that while the coils
of one set or series are at their maximum production of current,
the coils of the other will be at their neutral position, or nearly
so, whereby both sets of coils may be subjected simultaneously
or successively to the inducing action of the field magnets.

Generally the circuits in the motor will be similarly disposed,
and various arrangements may bemade to fulfill the requirements;
but the simplest and most practicable is to arrange primary cir-
cuits on stationary parts of the motor, thereby obviating, at least
in certain forms, the employment of sliding contacts. In such a
case the magnet coils are connected alternately in both the cir-
cuits; that is, 1, 3, 5....in one, and 2, 4, 6....in the other, and
the coils of each set of series may be connected all in the same
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manner, or alternately in opposition; in the latter case a motor
with half the number of poles will result, and its action will be
correspondingly modified. The Figs. 15, 16, and 17, show
three different phases, the magnet coils in each circuit being con-
nected alternately in opposition. In this case there will be always
four poles, as in Figs. 15 and 17; four pole projections will be
neutral ; and in Fig. 16 two adjacent pole projections will have
the same polarity. If the coils are connected in the same manner
there will be eight alternating poles, as indicated by the letters
«’ ¢ in Fig. 15.

The employment of multipolar motors securesin this system an
advantage much desired and unattainable in the continuous cur-
rent system, and that is, that a motor may be made to run exactly
at a predetermined speed irrespective of imperfections in con-
struction, of the load, and, within certain limits, of electromotive
force and current strength.

In a general distribution system of this kind the following plan
should be adopted. At the central station of supply a generator
should be provided having a considerable number of poles. The
motors operated from this generator should be of the synchronous
type, but possessing sufticient rotary effort to insure their starting.
With the observance of proper rules of construction it may be
admitted that the speed of each motor will be in some inverse
proportion to its size, and the number of poles should be chosen
accordingly.  Still, exceptional demands mnay modify this rule.
In view of this, it will be advantageous to provide each motor
with a greater number of pole projections or coils, the number
being preferably a multiple of two and three. By this means, by
simply changing the connections of the coils, the motor may be
adapted to any probable demands.

If the number of the poles in the motor is even, the action will
be harmonious and the proper result will be obtained; if this
is not the case, the best plan to be followed is to make a
motor with a double number of poles and connect the same in
the manner before indicated, so that half the number of poles
result. Suppose, for instance, that the generator has twelve poles,
and it would be desired to obtain a speed equal to 42 of the speed
of the generator. This would require a motor with seven pole
projections or magnets, and such a motor could not be properly
connected in the circunits unless fourteen armature coils would be
provided, which would necessitate the employment of sliding
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contacts. To avoid this, the motor should be provided with four-
teen magnets and seven connected in each circuit, the magnets
in each circuit alternating among themselves. The armature
should have fourteen closed coils. The action of the motor will
not be quite as perfect as in the case of an even number of poles,
but the drawback will not be of a serious nature.

However, the disadvantages resulting from this unsymmetrical
form will be reduced in the same proportion as the number of
the poles is augmented.

If the generator has, say, n, and the motor », poles, the speed
of the motor will be equal to that of the generator multiplied by
n.

n

The speed of the motor will generally be dependent on the
number of the poles, but there may be exceptions to this rule.
The speed may be modified by the phase of the currents in the
cireuit or by the character of the current impulses or by inter-
vals between each or between groups of impulses. Some of the
possible cases are indicated in the diagrams, Figs. 18, 19, 20 and
21, which are self-explanatory. Fig. 18 represents the condi-
tion generally existing, and which secures the best result. In
such a case, if the typical form of motor illustrated in Fig. 9
is employed, one complete wave in each cireuit will produce one
revolution of the motor. In Fig. 19 the same result will be
effected by one wave in each ecircnit, the impulses being succes-
sive; in Fig. 20 by four, and in Fig. 21 by eight waves.

By such means any desired speed may be attained, that is, at
least within the limits of practical demands. This system pos-
sesses this advantage, besides others, resulting from simplicity.
At full loads the motors show an efficiency fully equal to that of
the continuous current motors., The transformers present an
additional advantage in their capability of operating motors.
They are capable of similar modifications in construction, and will
facilitate the introduetion of motors and their adaptation to prac-
tical demands. Their efficiency should be higher than that of
the present transformers, and I base my assertion on the fol-
lowing :

In a transformer, as constructed at present, we produce the
currents in the secondary circnit by varying the strength of the
primary or exciting currents. If we admit proportionality with
respect to the iron core the inductive effect exerted npon the
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secondary coil will be proportional to the numerical sum of the
variations in the strength of the exciting current per unit of time;
whenece it follows that for a given variation any prolongation of
the primary current will result in a proportional loss. In order
to obtain rapid variations in the strength of the current, essential
to eflicient induetion, a great number of undulations are employ-
ed; from this practice various disadvantages result. These are:
Increased cost and diminished efficiency of the generator; more
waste of energy in heating the cores, and also diminished output
of the transformer, since the core is not properly utilized, the
reversals being too rapid. The inductive effect is also very small
in certain phases, as will be apparent from a graphic representa-
tion, and there may be periods of inaction, if there are intervals
between the succeeding current impulses or waves. In producing
a shifting of the poles in a transformer, and thereby inducing
currents, the induction is of the ideal character, being always
maintained at its maximum action. It is also reasonable to as-
sume that by a shifting of the poles less energy will be wasted
than by reversals.



CHAPTER IV.

MoDIFICATIONS AND EXPANSIONS oF THE TEsLA POLYPHASE
SysTEMS.

Ix his earlier papers and patents relative to polyphase currents,
Mr. Tesla devoted himself chiefly to an enunciation of the broad
lines and ideas lying at the basis of this new work; but he sup-
plemented this immediately by a series of other striking inven-
tions which may be regarded as modifications and expansions of
certain features of the Tesla systems. These we shall now pro-
ceed to deal with.

In the preceding chapters we have thus shown and described
the Tesla electrical systems for the transmission of power and the
conversion and distribution of electrical energy, in which the
motors and the transformers contain two or more coils or sets of
coils, which were connected up in independent circuits with
corresponding coils of an alternating current generator, the opera-
tion of the system being brought about by the co-operation of
the alternating currents in the independent cireuits in progres-
sively moving or shifting the poles or points of maximum mag-
netic effect of the motors or converters. In these systems two
independent conductors are employed for each of the independ-
ent circuits connecting the generator with the devices for con-
verting the transmitted currents into mechanical energy or into
electric currents of another character. This, however, is not
always necessary. The two or more circuits may have a single
return path or wire in common, with a loss, if any, which is so
extremely slight that it may be disregarded entirely. For the
sake of illustration, if the generator have two independent coils
and the motor two coﬂs or two sets of coils in corresponding rela-
tions to its operative elements one terminal of each generator
coil is connected to the corresponding terminals of the motor
coils through two independent conductors, while the opposite
terminals of the respective coils are both connected to one
return wire. The following description deals with the modifica-
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tion. Fig. 22 is a diagrammatic illustration of a generator and
single motor constructed and electrically connected in accord-
ance with the invention. Fig. 23 is a diagram of the system
as it is used in operating motors or converters, or both, in parallel,
while Fig. 24 illustrates diagrammatically the manner of operat-
ing two or more motors or converters, or both, in series. Refer-
ring to Fig. 22, 4 o designate the poles of the field magnets of
an alternating-current generator, the armature of which, being in
this case cylindrical in form and mounted on a shaft, ¢, is wound
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longitudinally with coils 8 8’. The shaft ¢ carries three insnlated
contact-rings, @ b ¢, to two of which, as b ¢, one terminal of each
coil, as e d, is connected. The remaining terminals, £ ¢, are both
connected to the third ring, «.

A motor in this case is shown as composed of a ring, 1, wound
with four coils, 1 1 5 5, electrically connected, so as to co-operate
in pairs, with a tendency to fix the poles of the ring at four points
ninety degrees apart. Within the magnetic ring u is a disc or
cylindrical core wound with two coils, ¢ ¢/, which may be con-
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nected to form two closed circuits. The terminals 7 £ of the two
sets or pairs of coils are connected, respectively, to the bim'iing-
posts &’ ¥/, and the other terminals, % ¢, are connected to a single
binding-post, n’. To operate the motor, three line-wires are used
to connect the terminals of the generator with those of the mo-
tor.

So far as the apparent action or mode of operation of this ar-
rangement is concerned, the single wire b, which is, so to speak,
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a common return-wire for both circuits, may be regarded as two
independent wires. In the illustration, with the order of con-
nection ghown, coil &’ of the generator is producing its maximum
current and coil B its minimum ; hence the current which passes
through wire e, ring &, brush #, line-wire E, terminal ¥/, wire j,
“coils 1 1, wire or terminal 1, line-wire D, brush &/, ring @, and
wire £, fixes the polar line of the motor midway between the
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two coils 1 15 but as the coil 8" moves from the position indicated
it generates less eurrent, while coil B, moving into the field, gen-
erates more. The current from coil B passes through the devices
and wires designated by the letters &, ¢, ¢’ v, ¥ &, 5 5, 4, D/, D, @/,
@, and ¢, and the position of the poles of the motor will be due
to the resultant effect of the currents in the two sets of coils—
that is, it will be advanced in proportion to the advance or for-
ward movement of the armature coils. The movement of the
generator-armature through one-quarter of a revolution will ob-
viously bring ecoil 8" into its neutral position and coil » into its
position of maximum effect, and this shifts the poles ninety de-
grees, as they are fixed solely by coils 5. This action is repeated
for each quarter of a complete revolution.

‘When more than one motor or other device is employed, they
may be run either in parallel or series. In Fig. 23 the former
arrangement is shown. The electrical device is shown as a con-
verter, L, of which the two sets of primary coils p » are con-
nected, respectively, to the mains ¥ g, which are electrically con-
neeted with the two coils of the generator. The cross-cireuit
wires 7 m, making these connections, are then connected to the
common return-wire p. The secondary coils p’ p” are in circuits
n o, including, for example, incandescent lamps. Only one con-
verter is shown entire in this figure, the others being illustrated
diagrammatically.

‘When motors or converters are to be run in series, the two
wires E ¥ are led from the generator to the coils of the first
motor or converter, then continued on to the next, and so on
through the whole series, and are then joined to the single wire
», which completes both eircuits through the generator. This is
shown in Fig. 24, in which s 1 represent the two coils or sets of
coils of the motors.

There are, of course; other conditions under which the same
idea may be carried out. For example, in case the motor and
generator each has three independent cirenits, one terminal of
cach cireuit is connected to a line-wire, and the other three ter-
minals to a common return-conductor. This arrangement will
secure similar results to those attained with a generator and motor
having but two independent cireuits, as above described.

‘When applied to such machines and motors as have three or
more induced circuits with a common electrical joint, the three
or more terminals of the generator would be simply connected






CHAPTER V.

Urinizing Famiviagr Types or GENERATOR OF THE CONTINUOUS
Curgrent Typs.

Tue preceding descriptions have assumed the use of alternating
current generators in which, in order to produce the progressive
movement of the magnetic poles, or of the resultant attraction of.
independent field magnets, the current generating coils are inde-
pendent or separate. The ordinary forms of continuous current
dynamos may, however, be employed for the same work, in
accordance with a method of adaptation devised by Mr. Tesla.
As will be seen, the modification involves but slight changes in
their construction, and presents other elements of economy.

On the shaft of a given generator, either in place of or in ad-
dition to the regular commutator, are secured as many pairs of
insulated collecting-rings as there are circuits to be operated.
Now, it will be understood that in the operation of any dynamo
electric generator the currents in the coils in their movement
through the field of force undergo different phases—that is to
say, at different positions of the coils the currents have certain
directions and certain strengths—and that in the Tesla motors or
transformers it is necessary that the currents in the energizing
coils shonld undergo a certain order of variations in strength and
direction. Hence, the further step—viz., the connection between
the induced or generating coils of the machine and the contact-
rings from which the currents are to be taken off—will be deter-
mined solely by what order of variations of strength and direction
in the currents is desired for produmcing a given result in the
clectrical translating device. This may be accomplished in
varions ways; but in the drawings we give typical instances only
of the best and most practicable ways of applying the invention
to three of the leading types of machines in widespread use, in
order to illustrate the principle.

Fig. 25 is a diagram illustrative of the mode of applying the
invention to the well-known type of “ closed” or continuous cir-
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cuit machines. Fig. 26 is a similar diagram embodying an arma-
ture with separate coils connected diametrically, or what is gener-
ally called an “open-circuit” machine. Fig. 27 is a diagram
showing the application of the invention to a machine the arm-
ature-coils of which have a common joint.

Referring to Fig. 25, let A represent a Tesla motor or trans-
former which, for convenience, we will designate as a “con-
verter.” It consists of an annular core, B, wound with four inde-
pendent coils, ¢ and b, those diametrically opposite being eon-

nected together so as to co-operate in pairs in establishing free
poles in the ring, the tendency of each pair being to fix the poles
at ninety degrees from the other. There may be an armature,
E, within the ring, which is wound with coils closed upon them-
selves. The object is to pass through coils ¢ » currents of such
}’elative strength and direction as to produce a progressive shift-
ing or movement of the points of maximum magnetic effect
around the ring, and to thereby maintain a rotary movement of
the armature. There are therefore secured to the shaft ¥ of the
generator, four insulated contact-rings, @ b ¢ 4, upon which bear
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the collecting-brushes @’ #” ¢ d’, connected by wires ¢ ¢ H B, re-
spectively, with the terminals of coils ¢ and ».

Assume, for sake of illustration, that the coils D » are to re-
ceive the maximum and coils ¢ ¢ at the same instant the mini-
mum current, so that the polar line may be midway between the
coils p . The rings @ & would therefore be eonnected to the
continmous armature-coil at its neutral points with respect to the
field, or the point corresponding with that of the ordinary com-
mutator brushes, and between which exists the greatest differ-
ence of potential ; while rings ¢ ¢ would be connected to two
points in the coil, between which exists no differenee of potential.
The best results will be obtained by making these connections at
points equidistant from one another, as shown. These connec-
tions are easiest made by using wires L between the rings and the
loops or wires J, conneeting the coil 1 to the segments of the
commutator k. When the eonverters are made in this manner,
it is evident that the phases of the eurrents in the seetions of the
generator coil will be reproduced in the eonverter eoils. For
example, after turning through an arc of ninety degrees the con-
dunetors 1. ., which before econveyed the maximum enrrent, will
reeeive the minimum current by reason of the change in the
position of their coils, and it is evident that for the same reason
the current in these coils has gradually fallen from the maximum
to the minimmum in passing through the are of ninety degrees.
In this special plan of connections, the rotation of the magnetic
poles of the converter will be synchronous with that of the
armature coils of the generafor, and the result will be the same,
whether the energizing cirenits are derivations from a continuous
armature eoil or from independent coils, as in Mr. Tesla's
other devices.

In Fig. 25, the brushes M » are shown in dotted lines in their
proper normal position. In practice these brushes may be re-
woved from the eommutator and the field of the generator
excited by an external source of current; or the brushes may be
allowed to remain on the commutator and to take off a converted
enrrent to excite the field, or to be used for other purposes.

In a certain well-known class of machines known as the “open
circuit,” the armature contains a number of coils the terminals of
which eonneet to commutator segments, the coils being connected
aeross the armature in pairs. This type of machine is repre-
sented in Fig. 26.. In this machine each pair of coils goes
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through the same phases as the coils in some of the g(‘encmtors
already shown, and it is obviously only necessary to utilize them
in pairs or sets to operate a Tesla converter by extending the
segments of the commutators belonging to each pair of coils and
causing a collecting brush to bear on the continuous portion of
each segment. In this way two or more cireuits may be taken
off from the generator, each including one or more pairs or sets
of coils as may be desired.

In Fig. 26 1 1 represent the armature coils, T T the poles of the
field magnet, and  the shaft carrying the commutators, which
are extended to form continuous portions @ b ¢ . The brushes
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bearing on the continuous portions for taking off the alternating
currents are represented by @’ &’ ¢’ d’. The collecting brushes,
or those which may be used to take off the direct current, are
designated by a . Two pairs of the armature coils and their
commutators are shown in the figure as being utilized; but all
may be utilized in a similar manner.

There is another well-known type of machine in which three
or more coils, A" 8’ ¢/, on the armature have a common joint,
the free ends being connected to the segments of a commutator.
This form of generator is illustrated in Fig. 27. In this case each
terminal of the generator is connected direetly or in derivation
to a continuous ring, @ b ¢, and eollecting brushes, @’ &’ ¢/, bearing
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thercon, take off the alternating currents that operate the motor,
It is preferable in this ecase to employ a motor or transformer
with three energizing coils, A” B” ¢, placed symmetrically with
those of the generator, and the circuits from the latter are con-
nected to the terminals of such coils either directly—as when
they are stationary—or by means of brnshes ¢’ and contact rings
e. In this, as in the other cases, the ordinary commutator may
be used on the generator, and the current taken from it utilized
for exciting the generator field-magnets or for other purposes.



CHAPTER VI.

Meraop oF OpraiNig Desikep Speep oF Motor or

(GENERATOR.

With the object of obtaining the desired speed in motors
operated by means of alternating currents of differing phase,
Mr. Tesla has devised various plans intended to meet the prac-
tical requirements of the case, in adapting his system to types of
multipolar alternating current machines yielding a large number
of current reversals for each revolution.

For example, Mr. Tesla has pointed out that to adapt a given
type of alternating current generator, you may couple rigidly
two complete machines, securing them together in such a way
that the requisite difference in phase will be produced; or you
may fasten two armatures to the same shaft within the influence
of the same field and with the requisite angular displacement to
yield the proper difference in phase between the two currents;
or two armatures may be attached to the same shaft with their
coils symmetrically disposed, but subject to the influence of two
sets of field magnets duly displaced; or the two sets of coils
may be wound on the same armature alternately or in sueh man-
ner that they will develop currents the phases of which differ in
time sutliciently to produce the rotation of the motor.

Another method included in the scope of the same idea, where-
by a single generator may run a number of motors either at its
own rate of speed or all at different speeds, is to construct the
motors with fewer poles than the generator, in which case their
speed will be greater than that of the generator, the rate of speed
being higher as the number of their poles is relatively less. This
may be understood from an example, taking a generator that has
two independent generating coils which revolve between two
pole pieces oppositely magnetized; and a motor with energizing
coils that prodnce at any given time two magnetic poles in one
element that tend to set up a rotation of the motor. A genera-
tor thus constructed yields four reversals, or impulses, in each
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revolution, two in each of its independent circuits; and the effect
upon the motor is to shift the magnetic poles through three hun-
dred and sixty degrees. It is obvious that if the four reversals
in the same order could be produced by each half-revolution of
the generator the motor would make two revolutions to the gen-
erator’s one. This would be readily accomplished by adding two
intermediate poles to the generator or altering it in any of the
other equivalent ways above indicated. The same rule applies
to generators and motors with multiple poles. For instance, if a
generator be constructed with two circuits, each of which pro-
dnces twelve reversals of current to a revolution, and these cur-
rents he directed through the independent energizing-coils of a
motor, the coils of which are so applied as to produce twelve
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magnetic poles at all times, the rotation of the two will be syn-
chronous; butif the motor-coils produce but six poles, the movable
clement will be rotated twice while the generator rotates once; or
if the motor have four poles, its rotation will be three times as
fast as that of the generator.

These features, so far as necessary to an understanding of the
principle, are here illustrated. Fig. 28 is a diagrammatic illns-
tration of a generator constructed in accordance with the inven-
tion. Fig. 29 is a similar view of a correspondingly constructed
motor. Fig. 30 is a diagram of a generator of modified con-
struetion. Tig. 31 is a diagram of a motor of corresponding
character. Fig. 82 is a diagram of a system containing a gener-
ator and several motors adapted to run at various speeds.
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TIn Fig. 28, let ¢ represent a cylindrical armature core wound
longitudinally with insulated coils o 4, which are connected up
in series, the terminals of the series being connected to collecting-
rings @ @ on the shaft c. By means of this shaft the armature
is mounted to rotate between the poles of an annular field-mag-
net v, formed with polar projections wound with coils &, that
magnetize the said projections. The coils & are included in the
circuit of a generator ¥, by means of which the field-magnet is
energized. If thus constucted, the machine is a well-known
form of alternating-current generator. To adapt it to his sys-
tem, however, Mr. Tesla winds on armature ¢ a second set of
coils B B intermediate to the first, or, in other words, in such po-
sitions that while the coils of one set are in the relative positions
to the poles of the tield-magnet to produce the maximum current,
those of the other set will be in the position in which they pro-
duce the minimum current. The coils B are connected, also, in

Y X
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series and to two connecting-rings, secured generally to the
shaft at the opposite end of the armature.

The motor shown in Fig. 29 has an annular field-magnet m,
with four pole-pieces wound with coils 1. The armature is con-
structed similarly to the generator, but with two sets of two
coils in closed cireuits to correspond with the reduced number of
magnetic poles in the field. From the foregoing it is evident that
one revolution of the armature of the generator producing eight
current impulses in each circuit will produce two revolutions of
the motor-armature.

The application of the prineiple of this invention is not, how-
ever, confined to any particular form of machine. In Figs. 30
and 31 a generator and motor of another well-known type are
shown. 1In Fig. 30, 5 s are magnets disposed in a ecircle and
wound with coils x, which are in ecireuit with a generator which
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supplies the current that maintains the field of force. In the
usunal construction of these machines the armature-conductor v is
carried by a suitable frame, so as to be rotated in face of the
magnets J J, or between these magnets and another similar set
in front of them. The magnets are energized so as to be of al-
ternately opposite polarity throughout the series, so that as the
conductor ¢ is rotated the current impulses combine or are
added to one another, those produced by the conductor in any
given position being all in the same direction. To adapt such
a machine to his system, Mr. Tesla adds a second set of induced
conductors M, in all respects similar to the first, but so placed
in reference to it that the currents produced in each will differ
by a quarter-phase. With such relations it is evident that as the
current decreases in conduetor L it increases in conduetor M, and
conversely, and that any of the forms of Tesla motor invented
for usé in this system may be operated by such a generator.

Fig. 81 is intended to show a motor corresponding to the ma-
chine in Fig. 30. The construetion of the motor is identical with
that of the generator, and if coupled thereto it will run syn-
chronously therewith. s’ j° are the field-magnets, and &’ the
coils thereon. L’ is one of the armature-conductors and M’ the
other.

Fig. 32 shows in diagram other forms of machine. The gene-
rator N in this case is shown as consisting of a stationary ring o,
wound with twenty-four coils » »’, alternate coils being connected
in series in two circuits. Within this ring is a dise or drum g,
with projections @’ wound with energizing-coils incladed in eir-
cuit with a generator . By driving this dise or cylinder alter-
nating currents are produced in the coils » and r’, which are
carried off to run the several motors.

The motors are composed of a ring or annular field-magnet s,
wound with two sets of energizing-coils T 7', and armatures v,
having projections v’ wonnd with coils v, all connected in series
in a closed cireunit or each closed independently on itself.

Suppose the twelve generator-coils p are wound alternately in
opposite directions, so that any two adjacent coils of the same set
tend to produce a free pole in the ring o between them and the
twelve coils »’ to be similarly wound. A single revolution of
the dise: or eylinder q, the twelve polar projections of which are
of opposite polarity, will therefore produce twelve current im-
pulses in each of the circuits w w’. Hence the motor x, which
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has sixteen coils or eight free poles, will make one and a half turns
to the generator’s one. The motor v, with twelve coils or six
poles, will rotate with twice the speed of the generator, and the
motor z, with eight coils or four poles, will revolve three times
as fast as the generator. These multipolar motors have a peculi-
arity which muy be often utilized to great advantage. For ex-

ample, in the motor x, Fig. 32, the eight poles may be either
alternately opposite or there may be at any given time alternately
two like and two opposite poles. This is readily attained b'y
making the proper electrical connections. The effect of such a
change, however, would be the same as reducing the number of
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poles one-half, and thereby doubling the speed of any given
motor.

It is obvious that the Tesla electrical transformers which have
independent primary currents may be used with the generators
described. It may also be stated with respect to the devices
we now describe that the most perfect and harmonious action
of the generators and motors is obtained when the numbers of the
poles of each are even and not odd. If this is not the case, there
will be a certain unevenness of action which is the less appreci-
able as the number of poles is greater; although this may be in a
measure corrected by special provisions which it is not here
necessary to explain. It also follows, as a matter of course, that
if the number of the poles of the motor be greater than that of
the generator the motor will revolve at a slower speed than the
generator.

In this chapter, we may include a method devised by Mr.
Tesla for avoiding the very high speeds which would be neces-
sary with large generators. In lieu of revolving the generator
armature at a high rate of speed, he secures the desired result by
a rotation of the magnetic poles of one element of the generator,
while driving the other at a different speed. The effect is the
same as that yielded by a very high rate of rotation. :

In this instance, the generator which supplies the current for
operating the motors or transformers consists of a subdivided
ring or annular core wound with four diametrically-opposite
coils, & v/, Fig. 33. Within the ring is mounted a cylindrical
armature-core wound longitidinally with two independent coils,
F ¥, the ends of which lead, respectively, to two pairs of insu-
lated contact or colleeting rings, pp’ ¢ ¢/, on the armature shaft.
Collecting brushes @ d’ ¢ ¢’ bear npon these rings, respectively,
and convey the currents through the two independent line-cir-
cuits ¥ M’. In the main line there may be included one or more
motors or transformers, or both. If motors be used, they are of
the usual form of Tesla construction with independent coils or
sets of coils g 4/, included, respectively, in the circuits m m’.
These energizing-coils are wound on a ring or annular field or on’
pole pieces thereon, and produce by the action of the alternating
currents passing through them a progressive shifting of the mag-
netism from pole to pole. The cylindrical armature w of the
motor is wound with two coils at right angles, which form inde-
pendent closed cireuits.
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If transformers be employed, one set of the primary coils, as
N N, wound on a ring or annular core is connected to one cirenit,
as M/, and the other primary coils, ¥ N/, to the circnit M. “Tlie
secondary coils k K’ may then be utilized for running groups of
incandescent lamnps p p'.

With this generator an exciter is employed. This consists of
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two poles, A 4, of steel permanently magnetized, or of iron ex-
cited by a battery or other generator of continuous currents, and
a cylindrical armature core mounted on a shaft, s, and wound
with two longitudinal coils, ¢ ¢’.  One end of each of these coils
is connected to the collecting-rings b e, respectively, while the
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other ends are both connected to a ring, @. Collecting-brushes
&’ ¢’ bear on the rings b ¢, respectively, and conductors 1. L con-
vey the eurrents therefrom through the coils & and  of the gen-
erator. 1’isa common return-wire to brush a’. Two indepen-
dent circuits are thus formed, one including coils ¢ of the exciter
and £ & of the generator, the other coils ¢ of the exciter and &’
&’ of the generator. It results from this that the operation of
the exciter produces a progressive movement of the magnetic
poles of the annular field-core of the generator, the shifting or
rotary movement of the poles being synchronous with the rota-
tion of the exciter armature. Considering the operative con-
ditions of a system thus established, it will be found that when
the exciter is driven so as to energize the field of the generator,
the armature of the latter, if left free to turn, would rotate at a
speed practically the same as that of the exciter. If under such
conditions the coils ¥ ¥’ of the generator armature be closed
upon themselves or short-circuited, no currents, at least theoreti-
cally, will be generated in these armature coils. In practice
the presence of slight currents is observed, the existence of which
is attributable to more or less pronounced fluctuations in the in-
tensity of the magnetic poles of the generator ring. So, if the
armature-coils ¥ ¥ be closed through the motor, the latter will
not be turned as long as the movement of the generator armature
is synchronous with that of the exciter or of the magnetic poles
of its field. Tf, on the contrary, the speed of the generator arm-
ature be in any way checked, so that the shifting or rotation of
the poles of the field becomes relatively more rapid, currents will
be induced in the armature coils. This obviously follows from
the passing of the lines of force across the armature conductors.
The greater the speed of rotation of the magnetic poles relatively
to that of the armature the more rapidly the currents developed
in the coils of the latter will follow one another, and the more
rapidly the motor will revolve in response thereto, and this con-
tinues until the armature generator is stopped entirely, as by a
brake, when the motor, if properly constructed, runs at the speed
with which the magnetic poles of the generator rotate.

The effective strength of the currents developed in the arma-
ture coils of the generator is dependent upon the strength of the
currents energizing the generator and upon the number of rota-
tions per unit of time of the magnetic poles of the generator;
hence the speed of the motor armature will depend in all cases
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upon the relative speeds of the armature of the generator and of
its magnetic poles. For example, if the poles are turned two
thousand times per unit of time and the armature is turned eight
hundred, the motor will turn twelve hundred times, or nearly so.
Very slight differences of speed may be indicated by a delicately
balanced motor.

Let it now be assuned that power is applied to the generator
armature to turn it in a direction opposite to that in whieh its -
magnetic poles rotate. In such case the result would be similar
to that produced by a generator the armature and field magnets
of which are rotated in opposite directions, and by reason of these
conditions the motor armature will turn at a rate of speed equal
to the sum of the speeds of the armature and magnetic poles of
the generator, so that a comparatively low speed of the generator
armature will produce a high speed in the motor.

It will be observed in connection with this system that on
diminishing the resistance of the external circuit of the generator
armature by checking the speed of the motor or by adding
translating devices in multiple are in the secondary cireuit or cir-
cuits of the transformer the strength of the current in the arma-
ture cireuit is greatly increased. This is due to two causes: first,
to the great differences in the speeds of the motor and generator,
and, secondly, to the fact that the apparatus follows the analogy
of a transformer, for, in proportion as the resistance of the arma-
ture or secondary circuits is reduced, the strength of the currents
in the field or primary circuits of the gencrator is increased and
the currents in the armature are augmented correspondingly.
For similar reasons the currents in the armature-coils of the
generator increase very rapidly when the speed of the armature
is reduced when running in the same direction as the magnetic
poles or conversely. '

It will be understood from the above description that the
generator-armature may be run in the direction of the shifting of
the magnetic poles, but more rapidly, and that in such case the
speed of the motor will be equal to the difference between the
two rates.



CHAPTER VII.
Recuraror ror Rorary Current Motors.

A interesting device for regulating and reversing has been
devised by Mr. Tesla for the purpose of varying the speed of
polyphase motors. It consists of a form of converter or trans-
former with one element capable of movement with respect to
the other, whereby the inductive relations may be altered, either
manually or antomatically, for the purpose of varying the
strength of the induced current. Mr. Tesla prefers to construct
this device in sueh manner that the induced or secondary ele-
ment may be movable with respect to the other ; and the inven-
tion, so far as relates merely to the construction of the device it-
self, consists, essentially, in the combination, with two opposite
magnetic poles, of an armature wound with an insulated coil and
mounted on a shaft, whereby it may be turned to the desired
extent within the field produced by the poles. The normal po-
sition of the core of the secondary element is that in which it
most completely closes the magnetic circuit between the poles
of the primary element, and in this position its coil is in its
most effeetive position for the inductive action upon it of the
primary coils; but by turning the movable core to either side,
the indnced currents delivered by its coil become weaker until,
by a movement of the said core and coil through 90°, there will
be no current delivered.

Fig. 34 is a view in side elevation of the regulator. Fig. 35 is
a broken section on line » # of Fig. 34. Tig. 36 is a diagram
illustrating the most convenient manner of applying the regulator
to ordinary forms of motors, and Fig. 37 is a similar diagram illus-
trating the application of the device to the Tesla alternating-
current motors. The regulator may be constructed in many
ways to secure the desired result; but that which is, perhaps, its
best form is shown in Figs. 34 and 35.

A represents a frame of iron. B B are the cores of the indue-
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ing or primary coils cc. pisa shaft mounted on the side ba'rs,
p/, and on which is secured a sectional iron core, k, wound with
an induced or secondary coil, ¥, the convolntions of which are
parallel with the axis of the shaft. The. ends of the core are
rounded off so as to fit closely in the space between the two poles
and permit the core E to be turned to and held at any desired
point. A handle, &, secured to the projecting end of the shaft
D, is provided for this purpose.

In Fig. 36 let n represent an ordinary alternating current gen-
erator, the field-magnets of which are excited by a suitable
souree of current, 1. Let 5 designate an ordinary form of electro-
magnetic motor provided with an armature, &, commutator L,
and field-magnets ». It is well known that sueh a motor, if its

field-magnet cores be divided up into insulated sections, may be
practically operated by an alternating current; but in using this
regulator with such a motor, Mr. Tesla includes one element of
the motor only—say the armature-coils—in the main ecirenit of
the generator, making the connections through the brushes and
the commutator in the usnal way. He also includes one of the
elements of the regulator—say the stationary coils—in the same
cirenit, and in the cirenit with the secondary or movable coil of
the regulator he connects up the field-coils of the motor. He
also prefers to use flexible conductors to make the connections
from the secondary coil of the regulator, as he thereby avoids
the use of sliding contacts or rings without interfering with the
requisite movement of the core .
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If the regulator be in its normal position, or that in which its
magnetic circuit is most nearly closed, it delivers its maximum
indueed current, the phases of which so correspond with those of
the primary current that the motor will run as though both field
and armature were excited by the main current.

To vary the speed of the motor to any rate between the mini-
mum and maximum rates, the core  and coils ¥ are turned in
either direction to an extent which produces the desired result,
for in its normal position the convolntions of coil r embrace the
maximunm number of lines of foree, all of which act with the
same effeet upon the coil; hence it will deliver its maximum
current ; but by turning the coil ¥ out of its position of maximum
effect the number of lines of force embraced by it is diminished.
The inductive effect is therefore impaired, and the current de-
livered by coil ¥ will continue to diminish in proportion to the
angle at which the coil ¥ is turned until, after passing through

e

Fia. 36.

an angle of ninety degrees, the convolutions of the coil will be
at right angles to those of coils ¢ ¢, and the inductive effeet re-
duced to a minimun.

Incidentally to certain constructions, other causes may influ-
ence the variation in the strength of the induced currents. For
example, in the present case it will be observed that by the first
movement of coil Fa certain portion of its convolutions are carried
beyond the line of the direct influence of the lines of force, and
that the magnetic path or circuit for the lines is impaired; hence
the inductive effect would be reduced. Next, that after moving
through a certain angle, which is obviously determined by the
relative dimensions of the bobbin or coil r, diagonally opposite
portions of the coil will be simultaneously included in the field,
but in such positions that the lines which produce a eurrent-
impulse in one portion of the coil in a certain direction will pro-
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dce in the diagonally opposite portion a corresponding impulse
in the opposite direction; hence portions of the emrrent will
neutralize one another. ]

As before stated, the mechanical construction of the device
may be greatly varied ; but the essential conditions of the princi-
ple will be fulfilled in any apparatus in which the movement of
the elements with respeet to one another effects the same results
by varying the induetive relations of the two elements in a man-
ner similar to that deseribed.

It may also be stated that the core  is not indispensable to the
operation of the regulator; but its presence is obviously bene-
fieial. This regulator, however, has another valuable property
in its capability of reversing the motor, for if the coil ¥ be turned

FiG. 37.

through a half-revolution, the position of its convolutions rela-
tively to the two eoils ¢ ¢ and to the lines of foree is reversed,and
consequently the phases of the current will be reversed. This
will produce a rotation of the motor in an opposite direction.
This form of regulator is also applied with great advantage to
Mr. Tesla’s system of utilizing alternating currents, in which the
magnetic poles of the field of a motor are progressively shifted
by means of the combined effects upon the field of magnetizing
coils included in independent circuits, throngh which pass alter-
nating currents in proper order and relations to each other.

In Fig. 37, let » represent a Tesla generator having two inde-
pendent coils, »’ and p”, on the armature, and T a diagram of a
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motor having two independent energizing coils or sets of coils,
R ®. One of the circnits from the generator, as s” &, includes
one set, " r’, of the energizing coils of the motor, while the
other ecircnit, as s s, includes the primary coils of the regulator.
The secondary coil of the regulator includes the other eoils, & &,
of the motor.

‘While the secondary coil of the regulator is in its normal posi-
tion, it produces its maximum current, and the maximum rotary
effect is imparted to the motor; but this effect will be diminished
in proportion to the angle at which the coil ¥ of the regulator is
turned. The motor will also be reversed by reversing the posi-
tion of the coil with reference to the coils ¢ ¢, and thereby re-
versing the phases of the current produced by the generator. This
changes the direction of the movement of the shifting poles which
the armature follows. :

One of the main advantages of this plan of regulation is its
economy of power. When the induced coil is generating its
maximum current, the maximnum amount of energy in the prim-
ary coils is absorbed ; but as the induced coil is turned from its
normal position the self-induction of the primary-coils reduces
the expenditure of energy and saves power.

It is obvious that in practice either coils ¢ ¢ or coil ¥ may be
used as primary or secondary, and it is well nnderstood that their
relative proportions may be varied to produce any desired differ-
ence or similarity in the inducing and induced currents.



CHAPTER VIII

SiveLe Crrcurr, SELF—STARTING SYNCHRONIZING MOTORS.

In the first chapters of this section we have, bearing in mind
the broad underlying principle, considered a distinet class of mo-
tors, namely, such as require for their operation a special genera-
tor capable of yielding currents of differing phase. As a matter
of course, Mr. Tesla recognizing the desirability of utilizing his
motors in connection with ordinary systems of distribution, ad-
dressed himself to the task of inventing varions methods and
ways of achieving this object. In the succeeding chapters,
therefore, we witness the evolution of a number of ideas bearing
upon this important branch of work. It must be obvious to
a careful reader, from a number of hints encountered here and
there, that even the inventions described in these chapters to fol-
low do not represent the full scope of the work done in these
lines. They might, indeed, be regarded as exemplifications.

We will present these various inventions in the order which
to us appears the most helpful to an understanding of the subject
by the majority of readers. It will be naturally perceived that
in offering a series of ideas of this nature, wherein some of the
steps or links are missing, the deseriptions are not altogether se-
quential; but any one who follows carefully the main drift of
the thoughts now brought together will find that a satisfactory
comprehension of the principles can be gained.

As is well known, certain forms of alternating-current machines
have the property, when connected in circuit with an alternating
current generator, of running as a motor in synchronism there-
with ; but, while the alternating current will run the motor after
it has attained a rate of speed synchronous with that of the gen-
erator, it will not start it. Hence, in all instances heretofore
where these ““synchronizing motors,” as they are termed, have
been run, some means have been adopted to bring the motors up
to synchronism with the generator, or approximately so, before
the alternating current of the generator is applied to drive them.
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In some instances mechanical appliances have been utilized for
this purpose. In others special and complicated forms of motor
have been constructed. Mr. Tesla has discovered a much more
simple method or plan of operating synchronizing motors, which
requires practically no other apparatus than the motor itself. In
other words, by a certain change in the circuit connections of the
motor he converts it at will from a double cirenit motor, or such
as have been already described, and which will start under the
action of an alternating current, into a synchronizing motor, or
one which will be run by the generator only when it has reached
a certain speed of rotation synchronous with that of the genera-
tor. In this manner he is enabled to extend very greatly the ap-
plications of his system and to secure all the advantages of both
forms of alternating current motor.

The expression “synchronous with that of the generator,” is
nsed here in its ordinary acceptation—that is to say, a motor is
said to synchronize with the generator when it preserves a certain
relative speed determined by its number of poles and the number
of alternations produced per revolution of the generator. Its
actual speed, therefore, may be faster or slower than that of the
generator; but it is said to be synchronous so long as it preserves
the same relative speed.

In carrying out this invention Mr. Tesla construets a motor
which has a strong tendency to synchronism with the generator.
The construction preferred is that in which the armature is pro-
vided with polar projections. The field-magnets are wound with
two sets of coils, the terminals of which are connected to a switch
mechanism, by means of which the line-current may  be carried
directly through these coils or indirectly through paths by
which its phases are moditied. To start such a motor, the switch
is turned on to a set of coutacts which includes in one motor
circuit a dead resistance, in the other an inductive resistance, and,
the two circuits being in derivation, it is obvious that the differ-
ence in phase of the current in such circuits will set up a rotation
of the motor. When the speed of the motor has thus been
brought to the desired rate the switch is shifted to throw the
main current directly through the motor-circuits, and although
the eurrents in both circuits will now be of the same phase the
motor will eontinue to revolve, becoming a true synchronous
motor. To secure greater efficiency, the armature or its polar
projections are wound with eoils closed on themselves.
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In the accompanying diagrams, Fig. 38 illustrates the details
of the plan above set forth, and Figs. 39 and 40 modifications

of the same.
Referring to Fig. 38, let a designate the field-magnets of a

Fras, 38, 39 and 40.

motor, the polar projections of which are wound with coils 8 ¢
included in independent eircuits, and o the armature with polar
projections wound with coils & closed upon themselves, the
motor in these respects being similar in construetion to those
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described already, but having on acconnt of the polar projections
on the armature core, or other similar and well-known features,
the properties of a synchronizing-motor. r 1’ represents the
conductors of a line from an alternating eurrent generator .

Near the motor is placed a switch the action of which is that
of the one shown in the diagrams, which is constructed as fol-
lows: ¥ ¥ are two conducting plates or arms, pivoted at their
ends and connected by an insulating cross-bar, u, so as to be
shifted in parallelism. In the path of the bars ¥ ¥ is the contact
2, which forms one terminal of the ecircnit through coils ¢, and
the contact 4, which is one terminal of the circuit through coils
B. The opposite end of the wire of coils ¢ is connected to the
wire 1. or bar ¥, and the corresponding end of coils B is connected
to wire L and bar ¥; hence if the bars be shifted so as to bear on
contacts 2 and 4 both sets of coils B ¢ will be included in the cir-
cuit L. 1’ in multiple arc or derivation. In the path of the levers
F ¥’ are two other contact terminals, 1 and 3. The contact 1 is
connected to contact 2 through an artificial resistance, 1,and con-
tact 3 with contact 4 through a self-induction coil, J, so that when
the switch levers are shifted upon the points 1 and 3 the cireuits
of coils B and ¢ will be connected in multiple arc or derivation to
the circuit . v/, and will include the resistance and self-induction
coil respectively. A third position of the switch is that in which
the levers ¥ and ¥’ are shifted out of contact with both sets of
points. In this case the motor is entirely out of cireuit.

The purpose and manner of operating the motor by these de-
vices are as follows: The normal position of the switch, the
motor being out of circuit, is off the contact points. Assuming
the generator to be running, and that it is desired to start the
motor, the switeh is shifted until its levers rest upon points 1 and
3. The two motor-circuits are thus connected with the generator
ciretiit ; but by reason of the presence of the resistance 1 in one
and the self-induetion coil s in the other the coincidence of the
phases of the enrrent is disturbed sufficiently to produce a pro-
gression of the poles, which starts the motor in rotation. When
the speed of the motor has run up to synchronism with the
generator, or approximately so, the switch is shifted over mpon
the points 2 and 4, thus cutting out the coils 1 and 71, so that the
currents in both ecircuits have the same phase; but the motor
now runs as a synchronous motor.

It will be understood that when brought up to speed the mo



4 INVENTIONS OF NIKOLA TESLA.

tor will run with only one of the circuits B or ¢ connected with
the main or generator cirenit, or the two ecircuits may be con-
nected in series. This latter plan is preferable when a current
having a high number of alternations per unit of time is em-
ployed to drive the motor. In such case the starting of the
motor is more difficult, and the dead and inductive resistances
must take up a considerable proportion of the electromotive
foree of the cireuits. Generally the conditions are so adjusted
that the electromotive force used in each of the motor cireuits is
that which is required to operate the motor when its eircuits are
in series. The plan followed in this case is illustrated in Fig.
39. In this instance the motor has twelve poles and the arma-
ture has polar projections n wound with closed coils . The
switch used is of substantially the same construction as that
shown in the previous figure. There are, however, five contacts,
designated as 5, 6, 7, 8, and 9. The motor-circuits 1 ¢, which in-
clude alternate tield-coils, are connected to the terminals in the
following order: One end of cireuit ¢ is connected to contact 9
and to contact 5 through a dead resistance, 1. One terminal of
circuit B is conneected to contact 7 and to contact 6 through a
self-induction coil, 5. The opposite terminals of both circuits are
connected to contact 8.

One of the levers, as r, of the switch is made with an exten-
sion, 7, or otherwise, so as to cover both contacts 5 and 6 when
shifted into the position to start the motor. It will be observed
that when in this position and with lever ¥’ on contact 8 the cur-
rent divides between the two cireuits 8 ¢, which from their dif-
ference in electrical character produce a progression of the poles
that starts the motor in rotation. When the motor has attained
the proper speed, the switch is shifted so that the levers cover
the contacts 7 and 9, thereby connecting circuits 8 and ¢ in se-
ries. It is found that by this disposition the motor is maintained
in rotation in synchronism with the generator. This prineiple
of operation, which consists in converting by a change of con-
nections or otherwise a double-circuit motor, or one operating by
a progressive shifting of the poles, into an ordinary synchroniz-
ing motor may be carried out in many other ways. For instance,
instead of using the switch shown in the previous figures, we
may use a temporary ground circuit between the generator and
motor, in order to start the motor, in substantially the manner
indicated in Fig. 40. Let ¢ in this figure represent an ordinary
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alternating-current generator with, say, two poles, m M/, and an
armature wound with two coils, N N/, at right angles and con-
nected in series. The motor has, for example, four poles wound
with coils B ¢, which are connected in series, and an armature
with polar projections p wound with closed coils & 8. From the
common joint or union between the two ecireuits of both the gen-
erator and the motor an earth connection is established, while
the terminals or ends of these cireunits are connected to the
line. Assuming that the motor is a synehronizing motor or one
that has the capability of running in synchronism with the gen-
erator, but not of starting, it may be started by the above-
described apparatus by closing the ground connection from both
generator and motor. The system thus becomes one with a two-
cirenit generator and motor, the ground forming a common re-
turn for the currents in the two circuits L and r’. When by
this arrangement of circuits the motor is brought to speed, the
ground connection is broken between the motor or generator, or
both, ground-switches pp’ being employed for this purpose.
The motor then runs as a synchronizing motor.

In describing the main features which constitute this invention
illustrations have necessarily been omitted of the appliances used
in conjunction with the electrical devices of similar systems—
such, for instance, as driving-belts, fixed and loose pulleys for the
motor, and the like ; but these are matters well understood.

Mr. Tesla believes he is the first to operate electro-magnetic
motors by alternating currents in any of the ways herein deseribed
—that is to say, by producing a progressive movement or rota-
tion of their poles or points of greatest magnetic attraction by
the alternating currents until they have reached a given speed,
and then by the same currents producing a simple alternation of
their poles, or, in other words, by a change in the order or char-
acter of the circuit connections to convert a motor operating on
one principle to one operating on another.



CHAPTER IX.
Cuance From DousrLe CurreNT To SiNcLE C'ovrreNt MoToR.

A prscrrpTIoN is given elsewhere of a method of operating al-
ternating current motors by first rotating their magnetic poles
until they have attained synchronous speed, and then alternating
the poles. The motor is thus transformed, by a simple change
of cireuit connections from one operated by the action of two or
more independent energizing currents to one operated either by
a single current or by several currents acting as one. Another
way of doing this will now be described. .

At the start the magnetic poles of one element or field of the
motor are progressively shifted by alternating currents differing
in phase and passed through independent energizing circuits, and
short circuit the coils of the other element. When the motor
thus started reaclies or passes the limit of speed synchronous with
the generator, Mr. Tesla connects up the coils previously short-cir-
cuited with a source of direct current and by a change of the cir-
cuit connections produces a simple alternation of the poles. The
motor then continues to run in synchronism with the generator.
The motor hiere shown in Fig. 41 is one of the ordinary forms, with
field-cores either laminated or solid and with a eylindrical lamin-
ated armature wound, for example, with the coils A B at right angles.
The shaft of the armature carries three collecting or contact rings
¢p e (Shown, for better illustration, as of different diameters.)

One end of coil 4 conneets to one ring, as ¢, and one end of
coil B conneets with ring p. The remaining ends are counected
to ring . Collecting springs or brushes ¥ ¢ # bear upon the
rings and lead to the contacts of a switch, to be presently de-
scribed.  The field-coils have their terminals in binding-posts &
k, and may be either closed upon themselves or connected with
a source of direct current 1, by means of a switch m. The main
or eontrolling switeh has five contacts @ b ¢ d e and two levers f
¢, pivoted and connected by an insulating cross-bar 4, so as to
move in parallelism. These levers are connected to the line
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wires from a source of alternating currents x. Contact @ is con-
nected to brush ¢ and coil B through a dead resistance r and
wire p. Contact b is connected with brush r and coil A through
a self-induction eoil s and wire o. Contacts cand e are connected
to brushes ¢ w, respectively, through the wires » o, and contact
d is directly connected with brush a. The lever f has a widened
end, which may span the contacts @ . When in such position
and with lever ¢ on contact @, the alternating currents divide be-
tween the two motor-coils, and by reason of their different self-
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induction a difference of current-phase is obtained that starts the
motor in rotation. In starting, the field-coils are short cir
cuited. .

When the motor has attained the desired speed, the switch is
shifted to the position shown in dotted lines—that is to say, with
the levers f ¢ resting on points ¢ e. This connects up the two
armature coils in series, and the motor will then run as a syn-
chronous motor. The field-coils are thrown into eireunit with the
direct current source when the main switeh is shifted.



(CHAP TER X.
Motor Wit “CurreNT LAG” ARTIFICIALLY SECURED.

Oxe of the general ways followed by Mr. Tesla in developing
his rotary phase motors is to produce practically independent
currents differing primarily in phase and to pass these through the
motor-circuits. Another way is to produce a single alternating
current, to divide it between the motor-cirenits, and to effect
artificially a lag in one of these circuits or branches, as by
giving to the circuits different self-inductive capacity, and in
other ways. In the former case, in which the necessary differ-
ence of phase is primarily effected in the generation of currents,
in some instances, the currents are passed through the energizing
coils of both elements of the motor—the field and armature ; but
a further result or modification may be obtained by doing this
under the conditions hereinafter specified in the case of motors
in which the lag, as above stated, is artificially secured.

Figs. 42 to 47, inclusive, are diagrams of different ways in which
the invention is carried out; and Fig. 48, a side view of a foam
of motor used by Mr. Tesla for this purpose.

A B in Fig. 42 indicate the two energizing circuits of a motor,
and ¢ p two circuits on the armature. Circuit or coil A is con-
nected in series with eireuit or coil ¢, and the two circuits B » are
similarly connected. Between coils A and ¢ is a contact-ring e,
forming one terminal of the latter, and a brush @, forming one
terminal of the former. A ring  and brush ¢ similarly connect
coils B and n. The opposite terminals of the field-coils connect
to one binding post A of the motor, and those of the armature
coils are similarly connected to the opposite binding post 7 through
a contact-ring £ and brush g. Thus each motor-circuit while in
derivation to the other includes one armature and one field coil.
These circuits are of different self-induction, and may be made
so in various ways. For the sake of clearness, an artificial re-
sistance R is shown in one of these circuits, and in the other a
self-induction coil s. When an alternating current is passed



POLYPHASE CURRENTS. 59

through this motor it divides between its two energizing-circuits.
The higher self-induction of one circuit produces a greater re-
tardation or lag in the current therein than in the other. The
difference of phase between the two currents effects the rotation
or shifting of the points of maximum magnetic effect that secures
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the rotation of the armature. In certain respects this plan of in-
cluding both armature and field coils in circuit is a marked im-
provement. Such a motor has a good torque at starting; yet it
has also considerable tendency to synchronism, owing to the fact
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that when properly constructed the maximum magnetic effeets in
both armature and field coincide—a condition which in the usual
construetion of these motors with closed armature coils is not
readily attained. The motor thus constructed exhibits too, a
better regulation of current from no load to load, and there is
less difference between the apparent and real energy expended
in running it. The true synehronous speed of this form of motor
is that of the generator when both are alike—that is to say, if
the number of the coils on the armature and on the field is «, the
motor will run normally at the same speed as a generator driving
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Fras. 45, 46 and 47.

it if the number of field magnets or poles of the same be also .

Fig. 43 shows a somewhat modified arrangement of cireuits.
There is in this case but one armature coil , the winding of
which maintains effeets corresponding to the resultant poles pro-
duced by the two field-circuits.

Fig. 44 represents a disposition in which both armature and
field are wound with two sets of coils, all in multiple arc to the
line or main circnit. The armature coils are wound to corre-
spond with the field-coils with respect to their self-induction. A
modifieation of this plan is shown in Fig. 45—that is to say, the
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two field coils and two armature coils are in derivation to them-
selves and in series with one another. The armature coils in
this case, as in the previous figure, are wound for different self-
induction to correspond with the field coils.

Another modification is shown in Fig. 46. In this case only
one armature-coil, as v, is included in the line-circuit, while the
other, as ¢, is short-circuited.

In such a disposition as that shown in Fig. 43, or where only .
one armature-coil is employed, the torque on the start is some-
what reduced, while the tendency to synchronism is somewhat

Fic. 48.

increased. In such a disposition as shown in Fig. 46, the oppo-
site conditions would exist. In both instances, however, there
is the advantage of dispensing with one contact-ring.

In Fig. 46 the two field-coils and the armature-coil » are in
multiple are. In Fig. 47 this disposition is modified, coil p he-
ing shown in series with the two field-coils.

Fig. 48 is an outline of the general form of motor in which
this invention is embodied. The ecircuit connections between
the armature and field coils are made, as indicated in the previ-
ous figures, through brushes and rings, which are not shown.



CHAPTER XL

AxoruEr METHOD OoF TRANSFORMATION FROM A TORQUE TO A
SYNCHRONIZING MOTOR.

Ix a preceding chapter we have described a method by which
Mr. Tesla accomplishes the change in his type of rotating field
motor from a torque to a synchronizing motor. As will be ob-
served, the desired end is there reached by a change in the eir-
cuit connections at the proper moment. We will now proceed
to describe another way of bringing about the same result. The
principle involved in this method is as follows :—

If an alternating current be passed through the field coils only
of a motor having two energizing circnits of different self-indue-
tion and the armature coils be short-cirenited, the motor will have
a strong torque, but little or no tendency to synchronism with
the generator; but if the same current which energizes the field
be passed also through the armature coils the tendency to remain
in synchronism is very considerably increased. This is due to
the fact that the maximum magnetic effects produced in the field
and armature more nearly coincide. On this principle Mr.
Tesla construets a motor having independent field cireuits of
different self-induction, which are joined in derivation to a
source of alternating currents. The armature is wound with one
or more coils, which are connected with the field coils through
contact rings and brushes, and around the armature coils a shunt
is arranged with means for opening or closing the same. In start-
ing this motor the shunt is closed around the armature coils,
which will therefore be in closed circuit. When the current is
directed throngh the motor, it divides between the two cirenits,
(it is not necessary to consider any case where there are more
than two circuits used), which, by reason of their different self-
induetion, secure a difference of phase between the two currents
in the two branches, that produces a shifting or rotation of the
of the poles. By the alternations of current, other currents are
induced in the closed—or short-circuited—armature coils and the
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motor has a strong torque. When the desired speed is reached,
the shunt around the armature-coils is opened and the current
directed through both armature and field coils. Under these
conditions the motor has a strong tendency to synchronisn.

In Fig. 49, a and » designate the field coils of the motor. As
the cirenits including these coils are of different self-induction,
this is represented by a resistance coil r in circuit with 4, and a
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self-induction coil s in circuit with . The same result may of
course be secured by the winding of the coils. c¢is the armature
circuit, the terminals of which are rings @ b.  Brushes ¢ d bear
on these rings and connect with the line and field circuits. » is
the shunt or short eircuit around the armature. & is the switeh
in the shunt.

It will be observed that in such a disposition as is illustrated in
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Fig. 49, the field circuits A and B being of different self-induction,
there will always be a greater lag of the current in one than the
other, and that, generally, the armature phases will not corre-
spond with either, but with the resultant of both. It is therefore
important to observe the proper rule in winding the armature.
For instance, if the motor have eight poles—four in each cireuit
—there will be four resultant poles, and hence the armature
winding should be such as to produce four poles, in order to con-
stitute a true synchronizing motor.

The diagram, Fig. 50, differs from the previous one only in
respect to the order of connections. In the present case the arm-
ature-coil, instead of being in series with the field-coils, is in mul-
tiple arc therewith. The armature-winding may be similar to
that of the field—that is to say, the armature may have two or
more coils wound or adapted for different self-induction and

adapted, preferably, to produce the same difference of
phase as the fieldcoils. On starting the motor the shunt
is closed around both coils. This is shown in Fig. 51, in
which the armature coils are ¥ . To indicate their different
electrical.character, there are shown in cirenit with them, respect-
ively, the resistance &’ and the self-induction coil s’. The two
armature coils are in series with the field-coils and the same dis-
position of the shunt or short-circnit v is used. It is of advan-
tage in the operation of motors of this kind to construet or wind
the armature in such manner that when short-cireuited on the
start it will have a tendency to reach a higher speed than that
which synchronizes with the generator. For example, a given
motor having, say, eight poles should run, with the armature coil
short-circuited, at two thousand revolutions per minute to hring
it np to svnchronism. It will generally happen, however, that



POLYPHASE CURRENTS. 65

this speed is not reached, owing to the fact that the armature
and field currents do not properly correspond, so that when the
current is passed through the armature (the motor not being
quite up to synchronism) thereis a liability that it will not “hold
on,” as it is termed. It is preferable, therefore, to so wind or
construet the motor that on the start, when the armature eoils
are short-cirenited, the motor will tend to reach a speed higher
than the synchronous—as for instance, double the latter. In
such case the diffieulty above alluded to is not felt, for the mo-
tor will always hold up to synchronism if the synchronous speed—
in the case supposed of two thousand revolutions—is reached or
passed. This may be accomplished in various ways; but for all
practical purposes the following will suflice: On the armature
are wound two sets of coils. At the start only one of these is
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short-cireunited, thereby producing a number of poles on the ar-
ature, which will tend to run the speed up above the synchron-
ous limit. When such limit is reached or passed, the current is
directed through the other coil, which, by increasing the number
of armature poles, tends to maintain synchronism.

In Fig. 52, such a disposition is shown. The motor having,
say, eight poles contains two field-cirenits A and », of different
self-induction. The armature has two coils r and ¢. The former
is closed upon itself, the latter connected with the field and line
through contact-rings @ b, brushes ¢ d, and a switech .  On the
start the coil ¥ alone is active and the motor tends to run at a
speed above the synchronous; but when the coil & is connected
to the circuit the number of armature poles is increased, while
the motor is made a true synchronous motor, This disposition
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has the advantage that the closed armature-circuit imparts to the
motor torque when the speed falls off, but at the same time the
conditions are such that the motor ecomes out of synchronism
more readily. To increase the tendency to synchronism, two
cirenits may be used on the armature, one of which is short-cir-
cuited on the start and both connected with the external circuit
after the synchronous speed is reached or passed. This disposi-
tion is shown in Fig. 53. There are three contact-rings a & ¢
and three brushes ¢  f, which connect the armature circuits
with the external circuit. On starting, the switch n is turned to
complete the connection between one hinding-post » and the field-
coils. This short-cireunits one of the armature-coils, as . The
other coil ¥ is out of circnit and open. When the motor is up
to speed, the switch m is turned back, so that the connection
from binding-post » to the field coils is through the coil @, and
switch x is closed, thereby including coil F in multiple are with
the field coils. Both armature coils arethus active.

From the above-describéd instances it is evident that many
other dispositions for carrying out the invention are possible.



CHAPTER XII.

“ Magnrric Lac” Motor.

Tur following deseription deals with another form of motor,
namely, depending on “ magnetic lag ” or hysteresis, its peculiar-
ity being that in it the attractive effects or phases while lagging
behind the phases of current which produce them, are mani-
fested simultaneously and not successively. The phenomenon
utilized thus at an early stage by Mr. Tesla, was not generally
believed in by scientific men, and Prof. Ayrton was probably
first to advocate it or to elueidate the reason of its supposed ex-
istence.

Fig. 54 is a side view of the motor, in elevation. Fig. 55 is
a partsectional view at right angles to Fig. 54. Fig. 56 is an
end view in elevation and part section of a modification, and
Fig. 57 is a similar view of another modification.

In Figs. 54 and 55, a designates a base or stand, and 8 B
the supporting-frame of the motor. Bolted to the supporting-
frame are two magnetic cores or pole-pieces ¢ ¢, of iron or
soft steel. These may be subdivided or laminated, in which
case hard iron or steel plates or bars should be used, or they
should be wound with closed coils. b is a circular dise arma-
ture, built up of sections or plates of iron and mounted in the
frame between the pole-pieces ¢ ¢, curved to conform to the
circular shape thereof. This disc may be wound with a number
of closed coils . ¥ rare the main energizing coils, supported
by the supporting-frame, so as to include within their inagnet-
izing influence both the pole-picces ¢ ¢’ and the armature b.
The pole-pieces ¢ ¢’ project out beyond the coils » ¥ on op-
posite sides, as indicated in the drawings. If an alternating
current be passed through the coils ¥ F, rotation of the arma-
ture will be produced, and this rotation is explained by the
following apparent action, or mode of operation: An impulse
of current in the coils F F establishes two polarities in the mo-
tor. The protruding end of pole-piece ¢, for instance, will be
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of one sign, and the corresponding end of pole-piece ¢ will be
of the opposite sign. The armature also exhibits two poles.at
right angles to the coils ¥ F, like poles to those in the pole-
pieces being on the same side of the coils, While the current
is flowing there is no appreciable tendency to rotation devel-
oped; but after each current impulse ceases or begins to fall,
the maghetism in the armature and in the ends of the pole-
pieces ¢ ¢ lags or continues to manifest itself, which produces a
rotation of the armature by the repellent force between the
more elosely approximating points of maximum magnetic effect.
This effect is continued by the reversal of current, the polari-
ties of field and armature being simply reversed. Omne or both
of the elements—the armature or field—may be wound with
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closed induced coils to intensify this effect. Although in the
illustrations but one of the fields is shown, each element of the
motor really constitntes a field, wound with the closed coils,
the currents being induced mainly in those convolutions or coils
which are parallel to the coils F ¥.

A modified form of this motor is shown in Fig. 56. In this
form @ is one of two standards that support the bearings for
the armature-shaft. 1 u are uprights or sides of a frame, prefer-
ably magnetic, the ends ¢ ¢’ of whieh are bent in the manner
indicated, to conform to the shape of the armature p and form
field-magnet poles. The construction of the armature may be
the same as in the previous figure, or it may be simply a mag-
netie dise or cylinder, as shown, and a coil or coils F  are se-



POLYPHASE CURRENTS. 69

cured in position to surround both the armature and the poles
¢ ¢’. The armature is detachable from its shaft, the latter being
passed through the armature after it has been inserted in posi-
tion. The operation of this form of motor is the same in prin-
ciple as that previously described and needs no further explana-
tion.

One of the most important features in alternating eurrent
motors is, however, that they should be adapted to and capable
of running efliciently on the alternating circuits in present use,
in which almost without exeeption the generators yield a very
high number of alternations. Sueh a motor, of the type under
consideration, Mr. Tesla has designed by a development of the
prineiple of the motor shown in Fig. 56, making a multipolar
motor, whieh is illustrated in Fig. 57. In the eonstruction of
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this motor he employs an annular magnetic frame s, with in-
wardly-extending ribs or projections x, the ends of which all
bend or turn in one direction and are generslly shaped to con-
form to the curved surfaee of the armature. Coils r F are wound
from one part k to the one next adjacent, the ends or loops of
each eoil or group of wires being carried over toward the shaft,
s0 as to form |J-shaped groups of eonvolutions at each end of the
armature. The pole-pieces C €', being substantially concentrie
with the armature, form ledges, along which the ecoils are laid
and should project to some extent beyond the the coils, as shown.
The eylindrical or drum armature » is of the same construetion
as in the other motors deseribed, and is mounted to rotate within
the annular frame s and Between the UJ-shaped ends or bends of
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the coils 7. The coils ¥ are connected in multiple or in series
with a source of alternating currents, and are so wound that
with a current or current impulse of given direction they will
make the alternate pole-pieces ¢ of one polarity and the other
pole-pieces ¢’ of the opposite polarity. The principle of the
operation of this motor is the same as the other above de-
scribed, for, considering any two pole-pieces ¢ ¢/, a current
impulse passing in the coil which bridges them or is wound
over both tends to establish polarities in their ends of opposite
sign and to set up in the armature core between them a polarity
of the same sign as that of the nearest pole-piece c. Upon the
fall or cessation of the current impulse that established these
polarities the magnetism which lags behind the current phase,
and which continues to manifest itself in the polar projections
¢ ¢’ and the armature, produces by repulsion a rotation of the
armature. The cffect is continued by each reversal of the cur-
rent. What occurs in the case of one pair of pole-pieces occurs
simultaneously in all, so that the tendency to rotation of the
armature is measured by the sum of all the forces exerted by the
pole-pieces, as above deseribed. In this motor also the mag-
netic lag or effect is intensified by winding one or both cores
with closed induced ‘coils. The armature core is shown as thus
wound. When closed coils are used, the cores should be lamin-
ated.

It is evident that a pulsatory as well as an alternating current
might be used to drive or operate the motors above deseribed.

It will be understood that the degree of subdivision, the mass
of the iron in the cores, their size and the number of alternations
in the current employed to run the motor, must be taken into
consideration in order to properly construet this motor. In other
words, in all such motors the proper relations between the num-
ber of alternations and the mass, size, or quality of the iron must
be preserved in order to secure the best results.



CHAPTER XIII.

Merron or OpraiNniNg DirrereEncE oF Prase sy Magnyeric

SHIELDING.

I~ that class of motors in which two or more sets of energizing
magnets are employed, and in which by artificial means a certain
interval of time is made to elapse between the respective max-
imum or minimum periods or phases of their magnetic attraction
or effect, the interval or difference in phase between the two sets
of magnets is limited in extent. It is desirable, however, for the
economical working of such motors that the strength or attraction
of one set of magnets should be maximum, at the time when that
of the other set is minimum, and conversely ; but these conditions
have not heretofore been realized except in cases where the two
currents have been obtained from independent sources in the
same or different machines. Mr. Tesla has therefore devised a
motor embodying conditions that approach more nearly the theo-
retical requirements of perfect working, or in other words, he
produces artificially a difference of magnetic phase by means of
a current from a single primary source sufficient in extent to
meet the requirements of practical and economical working. He
employs a motor with two sets of energizing or field magnets,
each wound with coils connected with a source of alternating or
rapidly-varying currents, but forming two separate paths or
circuits. The magnets of one set are protected to a certain ex-
tent from the energizing action of the current by means of a
magnetic shield or sereen interposed between the magnet and its
energizing coil. This shield is properly adapted to the conditions
of particular cases, so as to shield or protect the main core from
magnetization until it has become itself saturated and no longer
capable of containing all the lines of force produced by the cur-
rent. It will be seen that by this means the energizing action
begins in the protected set of magnets a certain arbitrarily-
determined period of time later than in the other, and that by
this means alone or in conjunction with other means or devices
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heretofore employed a practical difference of magnetic phase
may readily be secured.

Fig. 58 is a view of a motor, partly in section, with a dia-
gram illustrating the invention. Fig. 59 is a similar view of a
modification of the same.

In Fig. 58, which exhibits the simplest form of the invention,
A Ais the field-magnet of a motor, having, say, eight poles or
inwardly-projecting cores © and c. The cores 8 form one set of
magnets and are energized by coils . The cores ¢, forming
the other set are energized by coils , and the coils are
connected, preferably, in series with one another, in two de-
rived or branched circuits, ¥ @, respectively, from a suitable
source of current. Each coil £ is surrounded by a magnetic
shield m, which is preferably composed of an annealed, insulated,

Fie. 58. Fie. 59.

or oxidized iron wire wrapped or wound on the coils in the man-
ner indicated so as to form a closed magnetic cirenit around the
coils and Dbetween the same and the magnetic cores c. Be-
tween the pole pieces or cores B ¢ is mounted the armature x,
which, as is usnal in this type of machines, is wound with coils
L closed upon themselves. The operation resulting from this
disposition is as follows: If a current impulse be directed
through the two circuits of the motor, it will quickly energize
the cores B, but not so the cores ¢, for the reason that in
passing through the coils ® there is encountered the influence
of the closed magnetic circuits formed by the shields u. The
first effect is to retard effectively the current impulse in cirenit
&, while at the same time the proportion of current which does
pass does mnot magnetize the cores c, which are shielded or
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screened by the shields m.  As the increasing electromotive
force then urges more current through the coils &, the iron wire
H becomes magnetically saturated and incapable of carrying all
the lines of foree, and hence ceases to protect the cores ¢, which
becomes magnetized, developing their maximum effect after an
interval of time subsequent to the similar manifestation of strength
in the other set of magnets, the extent of which is arbitrarily
determined by the thickness of the shield u, and other well-un-
derstood conditions.

From the above it will be scen that the apparatus or device
acts in two ways. First, by retarding the current, and, second,
by retarding the magnetization of one set of the cores, from
which its effectiveness will readily appear.

Many modifications of the principle of this invention are pos-
sible. One useful and eflicient application of the invention is
shown in Fig. 59. In this figure a motor is shown similar in all
respects to that above described, except that the iron wire 1, which
is wrapped around the coils g, is in this case connected in series
with the eoils p. The iron-wire coils 1, are connected and wound,
so as to have little or no self-induction, and being added to the
resistance of the circuit r, the action of the current in that cir-
cuit will be accelerated, while in the other circuit ¢ it will be
retarded. The shield u may be made in many forms, as will be
understood, and used in different ways, as appears from the
foregoing deseription.

As a modification of his type of motor with “ shielded ” fields,
Mr. Tesla has constructed a motor with a field-magnet having
two sets of poles or inwardly-projecting cores and placed side
Ly side, so as practically to form two fields of foree and alter-
nately disposed—that is to say, with the poles of one set or field -
opposite the spaces between the other. He then connects the free
ends of one set of poles by means of laminated iron bands or
bridge-pieces of considerably smaller eross-section than the cores
themselves, whereby the cores will all form parts of complete
magnetic circnits. When the coils on each set of magrets are
conneeted in multiple circuits or branches from a source of al-
ternating currents, electromotive forces are set up in or im-
pressed mpon each circuit simultaneously ; but the coils on the
magnetically bridged or shunted cores will have, by reason of
the -closed magnetic.cireuits, a high self-induction, which retards
the current, permitting at the beginning of each impulse but lit-
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tle current to pass. On the other hand, no such opposition being
encountered in the other set of coils, the current passes freely
through them, magnetizing the poles on which they are wound.
As soon, however, as the laminated bridges become saturated
and incapable of carrying all the lines of foree which the rising
electromotive force, and consequently increased current, pro-
duce, free poles are developed at the ends of the cores, which,
acting in conjunction with the others, produce rotation of the
armature.

The construetion in detail by which this invention is illustrated
is shown in the accompanying drawings.

Fig. 60 is a view in side elevation of a motor embodying the
principle. Fig. 61 is a vertical cross-section of the motor. A is
the frame of the motor, which should be built up of sheets of
iron punched out to the desired shape and bolted together with

insulation between the sheets. When complete, the frame makes
a field-magnet with inwardly projecting pole-pieces B and c. To
adapt them to the requirements of this particular case these pole-
pieces are out of line with one another, those marked 8 surround-
ing one end of the armature and the others, as ¢, the opposite
end, and they are disposed alternately—that is to say, the pole-
pieces of one set ocenr in line with the spaces between those of the
other sets.

The armature o is of cylindrical form, and is also laminated in
the ‘usual way and is wound longitudinally with coils closed upon
themselves. The pole-pieces ¢ are connected or shunted by
bridge-pieces . These may be made independently and attached
to the pole-pieces, or they may be parts of the forms or blanks
stamped or punched out of sheet-iron. Their size or mass is de-
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terinined by various conditions, such as the strength of the enr-
rent to be employed, the mass or size of the cores to which they
are applied, and other familiar conditions.

Coils ¥ surround the pole-pieces B,and other coils ¢ are wound
on the pole-pieces c. These coils are connected in series in two
circuits, which are branches of a cireuit from a generator of alter-
nating currents, and they may be so wound, or the respective
circuits in which they are included may be so arranged, that the
circuit of coils ¢ will have, independently of the particular con-
struction deseribed, a higher self-induction than the other cireuit
or branch.

The funetion of the shunts or bridges e is that they shall form
with the cores ¢ a closed magnetic circuit for a current up to a
predetermined strength, so that when saturated by such current
and unable to carry more lines of force than such a current pro-
duces they will to no further appreciable extent interfere with
the development, by a stronger current, of free magnetic poles at
the ends of the cores c.

In such a motor the current is so retarded in the coils 6, and
the manifestation of the free magnetism in the poles ¢ is so delayed
beyond the period of maximum magnetic effect in poles B, that a
strong torque is produced and the motor operates with approx-
imately the power developed in a motor of this kind energized
by independently generated currents differing by a full quarter
phase.



CITAPTER XIV.
Tyre or Tesca SineLe-Prase Motor.

Ur 1o this point, two principal types of Tesla motors have
been deseribed : First, those containing two or more energizing
circuits through which are caused to pass alternating currents
differing from one another in phase to an extent sufficient to
produce a continuous progression or shifting of the poles or
points of greatest magnetic effect, in obedience to which the
movable element of the motor is maintained in rotation ; second,
those containing poles, or parts of different magnetic suscepti-
bility, which under the energizing influence of the same current
or two currents coinciding in phase will exhibit differences in
their magnetic periods or phases. In the first class of motors
the torque is due to the magnetism established in different por-
tions of the motor by ecurrents from the same or from inde-
pendent sources, and exhibiting time differences in phase. In
the second class the torque results from the energizing effects of
a current npon different parts of the motor which differ in mag-
netic suseeptibility—in other words, parts which respond in the
same relative degree to the action of a eurrent, not simnltaneously,
but after different intervals of time.

In another Tesla motor, however, the torque, instead of being
solely the result of a time difference in the magnetic periods or
phases of the poles or attractive parts to whatever cause due, is
produced by an angular displacement of the parts which, though
movable with respect to one another, are magnetized simultane-
ously, or approximately so, by the same currents. This prineiple
of operation has been embodied practically in a motor in whieh
the necessary angular displacement between the points of greatest
magnetic attraction in the two elements of the motor—the arma-
ture and field—is obtained by the direction of the lamination of
the magnetic cores of the elements.

Fig. 621s a side view of such a motor with a portion of its
armature core exposed. Fig. 63 is an end or edge view of the
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same. Fig. 64 is a central cross-section of the same, the arma-
ture being shown mainly in elevation.

Let o A designate two plates built up of thin seetions or
laminge of soft iron insulated more or less from one another and
leld together by bolts @ and secured to a base B. The inner
faces of these plates contain recesses or grooves in which a coil
or coils p are secured obliquely to the direction of the lamina-
tions. Within the coils » is a dise r, preferably composed of
a spirally-wound iron wire or ribbon or a series of concentric
rings and mounted on a shaft ¥, having bearings in the plates
A A, Such a device when acted upon by an alternating current
is capable of rotation and constitutes a motor, the operation of
which may be explained in the following manner: A current or
current-impulse traversing the coils » tends to magnetize the

cores A A and &, all of which are within the influence of the
field of the coils. The poles thus established wounld naturally
lie in the same line at right angles to the coils p, but in the
plates o they are deflected Dy reason of the direction of the .
laminations, and appear at or near the extremities of these plates.
In the dise, however, where these ¢conditions are not present, the
poles or points of greatest attraction are on a line at right
angles to the plane of the eoils; hence there will be a torque es-
tablished by this angular displacement of the poles or magnetic
lines, whiclh starts the dise in rotation, the magnetic lines of the
armature and field tending toward a position of parallelism.
This rotation is continued and maintained by the reversals of
the eurrent in coils » b, which change alternately the polarity of
the field-cores A A. This rotary tendency or effect will be greatly
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increased by winding the dise with conduetors ¢, closed upon
themselves and having a radial direction, whereby the magnetic
intensity of the poles of the dise will be greatly increased by
the energizing effect of the currents induced in the coils ¢ by the
alternating currents in coils ».

The cores of the disc and field may or may not be of different
magnetic susceptibility—that is to say, they may both be of the
same kind of iron, so as to be magnetized at approximately the
same instant by the coils p; or one may be of soft iron and the
other of hard, in order that a certain time may elapse between
the periods of their magnetization. In either ease rotation will
be produced ; but unless the disc is provided with the closed en-
ergizing coils it is desirable that the above-described difference of
magnetic susceptibility be utilized to assist in its rotation.

The cores of the field and armature may be made in various
ways, as will be well understood, it being only requisite that the
laminations in each be in such direction as to secure the neces-
sary angular displacement of the points of greatest attraction.
Moreover, since the disec may be considered as made up of an
infinite number of radial arms, it is obvious that what is true of
a dise holds for many other forms of armature.



CHAPTER XV.
Morors wite Circvirs or DirrereNT REsisTANCE.

As has been pointed out elsewhere, the lag or retardation of
the phases of an alternating current is directly proportional to
the self-induction and inversely proportional to the resistance of
the circuit through which the current flows. Henee, in order
to secure the proper differences of phase between the two niotor-
cirenits, it is desirable to make the self-induction in one much
higher and the resistance much lower than the self-induetion and
resistance, respectively, in the other. At the same time the
magnetic quantities of the two poles or sets of poles which the
two circuits produce should be approximately equal. These
requirements have led Mr. Tesla to the invention of a motor
having the following general characteristics: The coils which
are included in that emergizing circuit which is to have the
higher self-induction are made of coarse wire, or a conductor of
relatively low resistance, and with the greatest possible length
or number of turns. In the other set of coils a comparatively
few turns of finer wire are used, or a wire of higher resistance.
Furthermore, in order to approximate the magnetic quantities of
the poles excited by these coils, Mr. Tesla employs in the self-
induction cirenit cores much longer than those in the other or
resistance circuit.

Fig. 65 is a part sectional view of the motor at right angles to
the shaft. Fig. 66 is a diagram of the field circuits.

In Fig. 66, let o represent the coils in one motor circuit, and
those in the other. The circuit 4 is to have the higher self-
induction. There are, therefore, used a long length or a large
number of turns of coarse wire in forming the coils of this cir-
cuit. For the cireuit B, a smaller conductor is employed, or a
conductor of a higher resistance than copper, such as German
silver or iron, and the coils are wound with fewer turns. Inapply-
ing these coils to a motor, Mr. Tesla builds up a field-magnet of
plates ¢, of iron and steel, secured together in the usual manner
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by bolts . Each plate is formed with four (more or less) long
cores ¥, around which is a space to receive the coil and an equal
number of short projections ¥ to receive the coils of the resistance-
cireuit. The plates are generally annular in shape, having an
open space in the centre for receiving the armature &, which Mr.
Tesla prefers to wind with closed coils. An alternating current
divided between the two cirenits is retarded as to its phases in
the circuit A to a much greater extent than in the circuit 8. By
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reason of the relative sizes and disposition of the cores and coils
the magnetic effect of the poles & and v upon the armature closely
approximate.

An important result secured by the construction shown here
is that these coils which are designed to have the higher self-
induction are almost completely surrounded by iron, and that the
retardation is thus very materially increased.



CHAPTER XVI.

Moror Wrru EquarL Maexeric ENercixs in FieLp anp
ARMATURE.

Ler it be assumed that the energy as represented in the magnet-
ism in the field of a given rotating field motor is ninety and
that of the armature ten. The sum of these quantities, which
represents the total energy expended in driving the motor, is
one hundred; but, assuming that the motor be so constructed
that the energy in the field is represented by fifty, and that in
the armature by fifty, the sum is still one hundred; but while in
the first instance the produect is nine hundred, in the sccond it is

Fi6. 67.

two thousand five hundred, and as the energy developed is in
proportion to these products it is clear that those motors are the
most efficient—other things being equal—in which the magnetic
energies developed in the armature and field are equal. These
results Mr. Tesla obtains by using the same amount of copper or
ampere turns in both elements when the cores of both are equal,
or approximately so, and the same current energizes both; or in
cases where the currents in one element are induced to those of
the other he uses in the induced coils an excess of copper over
that in the primary element or conductor.

81
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The conventional figure of a motor here introduced, Fig. 67,
will give an idea of the solution furnished by Mr. Tesla for the
specitic problem. Referring to the drawing,  is the field-mag-
net, 8 the armature, ¢ the field coils, and p the armature-coils of
the motor.

Generally speaking, if the mass of the cores of armature and
ficld be equal, the amount of copper or ampere turns of the
energizing coils on both should also be equal; but these condi-
tions will be modified in different forms of machine. It will be
understood that these results are most advantageous when exist-
ing under the eonditions presented where the motor is running
with its normal load, a point to be well borne in mind.



CHAPTER XVIIL

Morors Wrrn Coiscmping Maximma or MagyNeric Ervrecr in

ARMATL‘RE AND Firrn.

Ix tuis forin of motor, Mr. Tesla’s object is to design and
build machines wherein the maxima of the magnetic effects of
the armature and field will more nearly coincide than in some of
the types previously under consideration. These typesare: First,
motors having two or more energizing circuits of the same elce-
trical character, and in the operation of which the currents used
differ primarily in phase; second, motors with a plurality of
energizing cireuits of different electrical character, in or by
means of which the difference of phase is produced artificially,
and, third, motors with a plurality of energizing circuits, the
currents in one being induced from currents in another. Con-
sidering the structural and operative conditions of any one of
them—as, for example, that first named—the armature which is
mounted to rotate in obedience to the co-operative influence or
action of the cnergizing circuits has coils wound upon it which
are closed upon themselves and in which currents are induced by
the energizing-currents with the object and result of energizing
the armature-core; but under any such conditions as must exist
in these motors, it is obvious that a certain time must elapse
between the manifestations of an energizing current impulse in
the field coils, and the corresponding magnetic state or phase in
the armature established by the current induced thereby; eonse-
quently a given magnetic influence or etfect in the field which is
the direct result of a primary current impulse will have become
more or less weakened or lost before the corresponding effect in
the armature indirectly produced has reached its maximum. This
is a condition unfavorable to efficient working in certain cases—as,
for instance, when the progress of the resultant poles or points
of maximun attraction is very great, or when a very high num-
Dber of alternations is employed—for it is apparent that a stronger
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tendency to rotation will be naintained if the maximum mag-
netie attractions or conditions in both armature and field coincide,
the energy developed by a motor being measured by the product
of the magnetic quantities of the armature and field.

To secure this coincidence of maximum magnetic effects, Mr.
Tesla has devised various means, as explained below. Tig. 68 is
a diagrammatic illustration of a Tesla motor system in which the
alternating currents proceed from independent sources and differ
primarily in phase. K

4 designates the field-magnet or magnetic frame of the motor;

Frc. 68. Fic. 69.

B B, oppositely located pole-pieces adapted to receive the coils of
one energizing circuit; and c ¢, similar pole-pieces for the coils
of the other energizing circuit. These cirenits are designated, |
respectively, by p g, the conductor n” forming a common return
to the generator c. Between these poles is mounted an armature
—for example, a ring or annular armature, wound with a series
of coils ¥, forming a closed cireuit or circuits. The action or
operation of a motor thus constructed is now well understood.
It will be observed, however, that the magnetism of poles B, for
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example, established by a current impulse in the coils thereon,
precedes the magnetic effect set up in the armature by the in-
duced current in coils ¥. Consequently the mutnal attraction
between the armature and field-poles is considerably reduced.
The same conditions will be found to exist if, instead of assuming
the poles B or ¢ as acting independently, we regard the ideal re-
sultant of both acting together, which is the real condition. To
remedy this, the motor field is constructed with secondary poles
B’ ¢/, which are situated between the others. These pole-pieces
are wound with coils o’ £, the former in derivation to the coils
D, the latter to coils . The main or primary coils » and & are
wound for a different self-induction from that of the coils'n’ and
&/, the relations being so fixed that if the enrrents in p and &
differ, for example, by a quarter-phase, the currents in each
secondary coil, as p’ 1/, will differ from those in its appropriate
primary » or E by, say, forty-five degrees, or one-eighth of a
period.

Now, assuming that an impulse or alternation in cireuit or
branch & is just beginning, while in the branch b it is just falling
from maximum, the conditions are those of a quarter-phase
difference. The ideal resultant of the attractive forces of the two
sets of poles B ¢ therefore may be considered as progressing from
poles B to poles ¢, while the impulse in  is rising to maximum,
and that in p is falling to zero or minimum. The polarity set up
in the armature, however, lags behind the manifestations of field
magnetism, and hence the maximum points of attraction in arma-
ture and field, instead of coinciding, are angnlarly displaced.
This effect is counteracted by the supplemental poles 8" ¢’. The
magnetic phases of these poles succeed those of poles & ¢ by the
same, or nearly the same, period of time as elapses between the
effect of the poles B ¢ and the corresponding induced effect in the
armature; hence the magnetic conditions of poles B” ¢’ and of
the armature more nearly coincide and a better result is obtained:
As poles 3’ ¢’ act in conjunction with the poles in the armature
established by poles B ¢, s0 in turn poles ¢ B act similarly with
the poles set up by B’ ¢/, respectively. Under such conditions
* the retardation of the magnetic effect of the armature and that
of the secondary poles will bring the maximum of the two more
nearly into coincidence and a correspondingly stronger torque or
magnetic attraction secured.

In such a disposition as is shown in Fig. 63 it will be observed
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that as the adjacent pole-picces of either cirenit are of like polar-
ity they will have a certain weakening effect upon one another.
Mr. Tesla therefore prefers to remove the secondary poles from
the direct influence of the others. This may be done by con-
strueting a motor with two independent sets of fields, and with
either one or two armatures clectrically connected, or by using
two armatures and one field. These modifications are illustrated
further on.

Fig. 69 is a diagrammatic illustration of a motor and system in
which the difference of phase is artificially produced. There are
two coils b » in one branch and two coils £ & in another branch
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of the main cirenit from the gencrator ¢. These two circuits or
branches are of different self-induction, one, as n, being higher
than the other. This is graphically indicated by making coils »
much larger than coils £. By reason of the difference in the
electrical character of the two cireuits, the phases of current in
one are retarded to a greater extent than the other. Let this
difference be thirty degrees. A motor thus constructed will -
rotate under the action of an alternating current; but as happens
in the case previously described the corresponding magnetic ef-
fects of the armature and field do not coincide owing to the time
that elapses between a given magnetic effect in the armature and
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the condition of the field that produces it. The secondary or
supplemental poles 8" ¢’ are therefore availed of. There being
thirty degrees difference of phase between the currents in coils
D 1, the magnetie effeet of poles 8" ¢’ should correspond to that
produced by a current differing from the current in coils p or ©
by fifteen degrees. This we can attain by winding each supple-
mental pole B ¢/ with two eoils 1 #’. The coils u are included
in a derived circuit having the same self-induction as circuit p,
and coils 1" in a eirenit having the same self-induction as circuit
E, 80 that if these circuits differ by thirty degrees the magnetism
of poles 8" ¢’ will correspond to that produced by a current dif-
fering from that in either o or & by fifteen degrees. This is true
in all other cases. For example, if in Fig. 68 the coils o’ & be
- replaced by the coils u in” included in the derived ecireuits, the
magnetism of the poles B’ ¢’ will correspond in effect or phase,
if it may be so termed, to that produced by a current differing
from that in either circuit » or by forty-five degrees, or one-
eighth of a period.

This invention as applied to a derived eirenit motor is illustra-
ted in Figs. 70 and 71. The former is an end view of the motor
with the armature in section and a diagram of connections, and
Fig. 71 a vertical section through the field. These fignres are
also drawn to show one of the dispositions of two fields that may
be adopted in carrying out the principle. The poles B B ¢ ¢ are
in one field, the remaining poles in the other. The former are
wound with primary coils 1 5 and secondary coils 1” 5/, the latter
with coils k .. The primary coils 1 7 are in derived ecirenits, be-
tween which, by reason of their different self-induction, there is
a difference of phase, say, of thirty degrees. The coils I’ k are
in cireuit with one another, as also are coils J” 1, and there should
be a difference of phase between the currents in coils x and L and
their corresponding primaries of, say, fifteen degrees. If the
poles B ¢ are at right angles, the armature-coils should be con-
nected directly across, or a single armature core wound from end
to end may be used; but if the poles B ¢ be in line there should
be an angular displacement of the armature coils, as will be well
understood.

The operation will be understood from the foregoing. The
maximum magnetic condition of a pair of poles, as 8’ B, coincides
closely with the maximnm effect in the armature, which lags he-
hind the corresponding condition in poles 5.



CHAPTER XVIIL

Motor Baskp oN THE DIFFERENCE oF PHASE IN THE MAGNETIZA-
TI0N OF THE INNER AND OuTER PARTs oF AN IRON CORE.

Ir 18 well known that if a magnetic core, even if laminated or
subdivided, be wound with an insulated coil and a current of
electricity be directed through the coil, the magnetization of the
entire core does not immediately ensue, the magnetizing effect
not being exhibited in all parts simultaneously. This may be at-
tributed to the fact that the action of the current is to energize
first those laming or parts of the core nearest the surface and
adjacent to the exciting-coil, and from thence the action pro-
gresses toward the interior. A certain interval of time therefore
elapses between the manifestation of magnetism in the external
and the internal sections or layers of the core. If the core be
thin or of small mass, this effect may be inappreciable; but in
the case of a thick core, or even of a comparatively thin one, if
the number of alternations or rate of change of the current
strength be very great, the time interval occurring between the
manifestations of magnetism in the interior of the core and in
those parts adjacent to the coil is more marked. In the con-
struction of such apparatus as motors which are designed to be
run by alternating or equivalent currents—such as pulsating or
undulating eurrents generally—Mr. Tesla found it desirable and
even necessary to give due consideration to this phenomenon and
to make special provisions in order to obviate its consequences.
With the specific object of taking advantage of this action or
effect, and to render it more pronounced, he constructs a field.
magnet in which the parts of the core or cores that exhibit at
different intervals of time the magnetic effect imparted to them
by alternating or equivalent eurrents in an energizing coil or coils,
are 8o placed with relation to a rotating armature as to exert
thereon their attractive effect successively in the order of their
magnetization. By this means he sccures a result similar to that
which he had previously attained in other forms or types of mo-
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tor in which by means of one or more alternating currents he
has produced the rotation or progression of the magnetic poles.

This new mode of operation will now be described. Fig. 72
is a side elevation of such motor. Fig. 73 is a side elevation of
a more practicable and efficient embodiment of the invention.
Fig. 74 is a central vertical section of the same in the plane of
the axis of rotation.

Referring to Fig. 72, let x represent a large iron core, which
may be composed of a number of sheets or lJaminee of soft iron
or steel. Surrounding this core is a coil v, which is connected
with a source r of rapidly varying currents. Let us consider now
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the magnetic conditions existing in this core at any point, as b,
at or near the centre, and any other point, as «, nearer the sur-
face. When a current impulse is started in the magnetizing coil
v, the section or part at a, being close to the coil, is immediately
energized, while the section or part at b, which, to use a conveni-
ent expression, is ‘protected” by the intervening sections or
layers between @ and b, does not at once exhibit its magnetism.
However, as the magnetization of @ increases, b becomes also
affected, reaching finally its maximum strength some time later
than @. Upon the weakening of the current the magnetization
of « first diminishes, while b still exhibits its maximum strength ;
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but the continued weakening of @ is attended by a subsequent
weakening of . Assuming the current to be an alternating one,
@ will ow be reversed, while 4 still continues of the first 1mparted
polarity. This action continues the magnetic condition of 3, fol-
lowing that of @ in the manner above deseribed. If an armature
—for instance, a simple dise ¥, mounted to rotate freely on an
axis—be brought into proximity to the eore, a movement of rota-
tion will be imparted to the dise, the direetion depending upon
its position relatively to the core, the tendency being to turn the
portion of the dise nearest to the core from @ to b, as indicated
in Fig. 72.

This action or prineiple of operation has been embodied in a
practicable form of motor, which is illustrated in Fig. 73. Leta

i
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in that figure represent a cirenlar frame of iron, from diametrie-
ally opposite points of the interior of which the eores projeet.
Each core is composed of three main parts B, 8 and c, and they
are similarly formed with a straight portion or body ¢, around
whieh the energizing eoil is wound, a curved arm or extension ¢,
and an inwardly projeeting pole or end 4. Each eore is made up
of two parts B B, with their polar extensions reaching in one
direetion, and a part ¢ between the other two, and with its polar
extension reaching in the opposite direction. In order to lessen
in the cores the circulation of currents induced therein, the several
sections are insulated from one another in the manner usually
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followed in such eases. These cores are wound with eoils b, which
are eonnected in the same circuit, either in parallel or series, and
supplied with an alternating or a pulsating current, preferably
the former, by a generator k, represented diagrammatically. Be-
tween the eores or their polar extensions is mounted a cylindrical
or similar armature ¥, wound with magnetizing coils @, closed
upon themselves.

The operation of this motor is as follows: Wlhen a current
impulse or alternation is directed through the coils b, the sections
B B of the cores, being on the surface and in close proximity to
the coils, are immediately energized. The sections ¢, on the other
hand, are protected from the magnetizing influence of the coil
by the interposed layers of iron 8 8. As the magnetism of B B
increases, however, the sections ¢ are also energized; but they
do not attain their maximum strength until a certain time subse-
quent to the exhibition by the sections B B of their maximum.
Upon the weakening of the current the magnetic strength of B B
first diminishes, while the sections ¢ have still their maximum
strength ; but as B B continue to weaken the interior sections are
similarly weakened. B B may then begin to exhibit an opposite
polarity, which is followed later by a similar ehange on ¢, and
this action continues. B B and ¢ may therefore be considered as
separate field-magnets, being extended so as to act on the arma-
ture in the most efficient positions, and the effect is similar to
that in the other forms of Tesla motor—viz., a rotation or pro-
gression of the maximum points of the field of force. Any
armature—such, for instance, as a disc—mounted in this field
would rotate from the pole first to exhibit its magnetism to that
which exhibits it later.

It is evident that the principle here deseribed may be carried
out in conjunction with other means for securing a more favor-
able or efficient action of the motor. For example, the polar
extensions of the sections ¢ may be wound or surrounded by
closed eoils. The effect of these coils will be to still more
effectively retard the magnetization of the polar extensions of c.



CHAPTER XIX.
Avxorger Type oF Trsra Inxpuerion Motor.

It wiLr have been gathered by all who are interested in the
advance of the electrical arts, and who follow carefully, step by
step, the work of pioneers, that Mr. Tesla has been foremost to
utilize inductive effects in permanently closed cireuits, in the
operation of alternating motors. In this chapter one simple type
of such a motor is described and illustrated, which will serve as
an exemplification of the principle. -

Let it be assumed that an ordinary alternating current genera-
tor is connected up in a circuit of practically no self-induction,
such, for example, as a circuit containing incandescent lamps
only. On the operation of the machine, alternating currents will
be developed in the circuit, and the phases of these currents will
theoretically coincide with the phases of the impressed electro-
motive force. Such currents may be regarded and designated as
the “unretarded currents.”

It will be understood, of course, that in practice there is al-
ways more or less self-induction in the cirenit, which modifies to
a corresponding extent these conditions; but for convenience
this may be disregarded in the consideration of the principle of
operation, since the same laws apply. Assume next that a path
of currents be formed across any two points of the above cir-
cuit, consisting, for example, of the primary of an induction de-
vice. The phases of the currents passing through the primary,
owing to the self-induction of the same, will not coincide with
the phases of the impressed electromotive force, but will lag
behind, such lag being directly proportional to the self-induction
and inversely proportional to the resistance of the said coil.
The insertion of this coil will also cause a lagging or retardation
of the currents traversing and delivered by the generator behind
the impressed electromotive force, such lag being the mean or
resultant of the lag of the current through the primary alone and
of the “unrctarded current” in the entire working cireuit. Next
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consider the conditions imposed by the association in induective
relation with the primary coil, of a secondary coil. The current
generated in the secondary coil will react upon the primary cur-
rent, modifying the retardation of the same, according to the
amount of self-induction and resistance in the secondary circuit.
If the secondary circuit has but little self-induction—as, for in-
stance, when it contains incandescent lamps only—it will in-
crease the actual difference of phase between its own and the
primary current, first, by diminishing the lag between the pri-
mary current and the impressed electromotive force, and, sec-
ond, by its own lag or retardation behind the impressed electro-
motive force. On the other hand, if the secondary cireunit have
a high self-induction, its lag behind the eurrent in the primary is
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directly increased, while it will be still further increased if the
primary have a very low self-induction. The better results are
obtained when the primary has a low self-induction.

Fig. 75 is a diagram of a Tesla motor embodying this princi-
ple. TFig. 76 is a similar diagram of a modification of the same.
In Fig. 75 let o designate the field-magnet of a motor which, as
in all these motors, is built up of sections or plates. B c are po-
lar projections upon which the coils are wound. Upon one pair
of these poles, as ¢, arc wound primary coils », which are di-
rectly connected to the circuit of an alternating current genera-
tor ¢. On the same poles are also wound secondary coils ,
either side by side or over or under the primary coils, and these
are connected with other coils g, which surronnd the poles B B.
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The currents in both primary and secondary coils in such a mo-
tor will be retarded or will lag behind the impressed electro-
motive force ; but to secure a proper difference in phase between
the primary and secondary currents themselves, Mr. Tesla in-
creases the resistance of the cirenit of the secondary and reduces
as muel as practicable its self-induction. This is done by using
for the secondary circuit, particularly in the coils E, wire of com-
paratively small diameter and having but few turns around the
cores; or by using somne conductor of higher specific resistance,
such as German silver; or by introducing at some point in the
secondary circuit an artificial resistance . Thus the self-induc-
tion of the seecondary is kept down and its resistance increased,
with the result of decreasing the lag between the impressed
clectro-motive foree and the current in the primary coils and in-
creasing the difference of phase between the primary and secon-
dary currents.

In the disposition shown in Fig. 76, the lag in the secondary
is inereased by inecreasing the self-induction of that eircuit, while
the inereasing tendency of the primary to lag is counteracted by
inserting therein a dead resistance. The primary coils p in this
case have a low self-induction and high resistance, while the coils
& F, included in the secondary circuit, have a high self-induction
and low resistance. This may be done by the proper winding of
the coils; or in the eireuit including the secondary coils E ¥, we
may introduce a self-induction coil s, while in the primary cir-
cuit from the generator ¢ and including coils b, there may be in
serted a dead resistance r. By this means the difference of
phase between the primary and secondary is increased. Tt is evi-
dent that both means of increasing the difference of phase—
namely, by the special winding as well as by the supplemental or
external inductive and dead resistance—may be employed con-
jointly.

In the operation of this motor the current impulses in the pri-
mary coils induce currents in the secondary coils, and by the con-
joint action of the two the points of greatest magnetic attraction
are shifted or rotated.

In practice it is found desirable to wind the armature with
closed coils in which enrrents are induced by the action thereon
of the primaries,



CHAPTER XX.
CoMBINATIONS OF SYNCHRONIZING Motor anp Torque Motor.

Ix TiE preceding descriptions relative to synchronizing motors
and methods of operating them, reference has been made to the
plan adopted by Mr. Tesla, which consists broadly in winding or
arranging the motor in such manner that by means of suitable
switches it could be started as a multiple-circuit motor, or one
operating by a progression of its magnetic poles, and then, when
up to speed, or nearly so, converted into an ordinary synchroniz-
ing motor, or one in which the magnetic poles were simply alter-
nated. In some cases, as when a large motor is used and when
the number of alternations is very high, there is more or less
difficulty in bringing the motor to speed as a double or multiple-
cirenit motor, for the plan of construction which renders the
motor best adapted to run as a synchronizing motor impairs its
ctiiciency as a torque or double-circuit motor under the assumed
conditions on the start. This will be readily understood, for in a
large synchronizing motor the length of the magnetic circuit of
the polar projections, and their inass, are so great that apparently
considerable time is required for magnetization and demagnetiza-
tion. Ilence with a current of a very high number of alternations
the motor may not respond properly. To avoid this objection
and to start up a synchronizing motor in which these conditions
obtain, Mr. Tesla has combined two motors, one a synchronizing
motor, the other a multiple-cireuit or torque motor, and by the
latter he brings the firstnamed up to speed, and then either
throws the whole current into the synchronizing motor or operates
jointly both of the motors.

This invention involves several novel and useful features. It
will be observed, in the first place, that both motors are run,
withont commutators of any kind, and, secondly, that the speed
of the torque motor may be higher than that of the synchroniz-
ing motor, as will be the case when it contains a fewer number of
poles or sets of poles, so that the motor will be more readily and
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easily brought np to speed. Thirdly, the synchronizing motor
may be constructed so as to have a much more pronounced ten-
dency to synchronism without lessening the facility with which
it is started.

Fig. 77 is a part sectional view of the two motors; Fig. 78 an
end view of the synchronizing motor; Fig. 79 an end view and
part section of the torque or double-circuit motor; Fig. S0 a
diagram of the circuit connections employed ; and Figs. 81, 82,
83, 84 and 85 are diagrams of modified dispositions of the two
motors.

Tnasmuch as neither motor is doing any work while the current
is acting upon the other, the two armatures are rigidly connected,
both being mounted npon the same shaft a, the field-magnets B
of the synchronizing and c of the torque motor being secured to
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the same base p. The preferably larger synchronizing motor has
polar projections on its armature, which rotate in very close prox-
imity to the poles of the field, and in other respects it conforms
to the conditions that are necessary to secure synchronous action.
The pole-pieces of the armature are, however, wound with closed
coils &, as this obviates the employment of sliding contacts. The
smaller or torque motor, on the other hand, has, preferably, a
cylindrical armature ¥, without polar projections and wound with
closed coils . The field-coils of the torque motor are connected
up in two series i and 1, and the alternating current from the
generator is direeted throngh or divided between these two cir-
cuits in any manner to produce a progression of the poles or
points of maximum magnetic effect. This result is secured by
connecting the two motor-cirenits in derivation with the cirenit
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from the generator, inserting in one motor circuit a dead resist-
ance and in the other a self-induction coil, by which means a
difference in phase between the two divisions of the current is
secured. If Doth motors have the same number of field poles,
the torque motor for a given number of alternations will tend to
run at double the speed of the other, for, assuming the connec-
tions to be such as to give the best results, its poles are divided
into two series and the number of poles is virtually reduced one-
half, which being acted upon by the same number of alternations
tend to rotate the armature at twice the speed. By this means
the main armature is more easily brought to or above the required
speed. . When the speed necessary for synchronism is imparted
to the main motor, the current is shifted from the torque motor
into the other.

A convenient arrangement for carrying out this invention is

2
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shown in Fig. 80, in which 5 s are the field coils of the syn-
chronizing, and u 1 the field coils of the torque motor. L v’ are
the conductors of the main line. Oue end of, say, coils u is con-
nected to wire L through a self-induction coil . One end of the
other set of coils 1 is connected to the same wire through a dead
resistance N. The opposite ends of these two circuits are con-
nected to the contact m of a switeh, the handle or lever of which
is in connection with the line-wire ', One end of the field cir-
cuit of the synchronizing motor is connected to the wire . The
other terminates in the switch-contact n. From the diagram it
will be readily seen that if the lever r be turned upon contact e,
the torque motor will start by reason of the difference of phase
between the currents in its two energizing circuits. Then when
" the desired speed is attained, if the lever » be shifted upon con-
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tact u the eutire current will pass through the field coils of the
synchronizing motor and the other will be doing no work.

The torque motor may be constructed and operated in various
ways, many of which have already been touched upon. Tt is not
necessary that one motor be ent out of cirenit while the other is
in, for both may be acted upon by current at the same time, and
Mr. Tesla has devised various dispositions or arrangements of the
two motors for accomplishing this. Some of these arrangements
are illustrated in Figs. 81 to 85.

Referring to Fig. 81, let T designate the torqm or multiple
circuit motor and s the «vnc]uonlnno motor, L L' being the line-
wires from a source of alternatmg current. The two circuits of
the torque motor of different degrees of self-induction, and de-
signated by x », are connected in derivation to the wire L. They
are then joined and connected to the energizing eircuit of the

Fie. 80.

synchronizing motor, the opposite terminal of which is connected
to wire 1. The two motors are thus in series. To start them
Mr. Tesla short-circuits the synchronizing motor by a switeh »/,
throwing the whole current through the torque motor. Then
when the desired speed is reached the switch »’is opened, so
that the current passes through both motors. Insuch an arrange-
ment as this it is obviously desirable for economical and other
reasons that a proper relation between the speeds of the two
motors shonld be observed.

In Fig. 82 another disposition is illustrated. s is the synchron-
izing motor and r the torque motor, the eireuits of both being in
parallel. w is a circuit also in derivation to the motor cireuits
and containing a switch »”. s’ is a switeh in the synchronizing
motor cireuit. On the start the switeh &' is opened, entting out
the motor s. Then p” is opened, throwing the entire current
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through the motor T, giving it a very strong torque. When the
desired speed is reached, switch " is closed and the current divides
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Figs. 81, 82, 83, 84 and 85.
between both motors. By means of switch p” both motors may
De cut out.






CHAPTER XXI.
Moror with A ConDENSER IN THE ARMATURE CIRCUIT.

We ~xow come to a new class of motors in whieh resort is had
to condensers for the purpose of developing the required differ-
ence of phase and neutralizing the effects of self-induction. Mr.
Tesla early began to apply the condenser to alternating appara-
tus, in just how many ways can only be learned from a perusal
of other portions of this volume, especially those dealing with
his high frequency work.

Certain laws govern the action or effects produced by a con-
denser when connected to an electric circuit through which an
alternating or in general an undulating current is made to pass.
Some of the most important of such effects are as follows: First,
if the terminals or plates of a condenser be connected with two
points of a circuit, the potentials of which are made to rise and
fall in rapid succession, the condenser allows the passage, or more
strictly speaking, the transference of a cnrrent, although its
plates or armatures may be so carefully insulated as to prevent
almost completely the passage of a current of unvarying strength
or direction and of moderate electromotive force. Second, if a
circnit, the terminals of which are connected with the plates of
the condenser, possess a certain self-induction, the condenser will
overcome or counteract to a greater or less degree, dependent
upon well-understood conditions, the effects of such self-indue-
tion. Third, if two points of a closed or complete circuit
through which a rapidly rising and falling current flows be
shunted or bridged by a condenser, a variation in the strength of
the currents in the branches and also a difference of phase of the
currents therein is produced. These effects Mr. Tesla has utilized
and applied in a variety of ways in the construction and operation
of his motors, such as by producing a difference in phase in the
two energizing circuits of an alternating eurrent motor by con-
necting the two eircuits in derivation and connecting up a con-
denser in series in one of the cirenits. A further development,
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however, possesses certain novel features of practical value and in-
volves a knowledge of facts less generally understood. It comprises
the use of a condenser or condensers in connection with the induced
or armature circuit of a motor and certain details of the con-
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struction of such motors. In an alternating current motor of the
type particularly referred to above, or in any other which has
an armature coil or cirenit closed upon itself, the latter repre-
sents not only an inductive resistance, but one which is period-



POLYPHASE OURRENTS. 103

ically varying in value, both of whicl facts complicate and render
difficult the attainment of the conditions best suited to the most
efficient working conditions; in other words, they require, first,
that for a given inductive effect upon the armature there should
be the greatest possible eurrent through the armature or induced
coils, and, second, that there should always exist between the
currents in the energizing and the induced circuits a given rela-
tion of phase. Hence whatever tends to deerease the self-indue-
tion and increase the current in the induced ecirenits will, other
things being equal, increase the ontput and efficiency of the mo-
tor, and the same will be true of causes that operate to maintain
the mutnal attractive effect between the field magnets and arma-
ture at its maximum. Mr. Tesla seeures these results by con-
necting with the induced cirenit or cirenits a condenser, in the
manner described below, and he also, with this purpose in view,
constructs the motor in a special manner.

Referring to the drawings, Fig. 86, is a view, mainly dia-
grammatic, of an alternating current motor, in which the present
principle is applied. Fig. 87 is a central section, in line with
the shaft, of a special form of armature core. Fig. 88 is a simi-
lar section of a modification of the same. Fig. 89 is one of the
sections of the eore detached. Fig. 90 is a diagram showing a
modified disposition of the armature or induced circuits.

The general plan of the invention is illustrated in Fig. 86.
A A in this figure represent the the frame and field magnets of
an alternating current notor, the poles or projections of which
are wound with coils 8 and ¢, forming independent energizing

circuits connected either to the same or to independent sources

of alternating currents, so that the currents flowing through the
eircuits, respectively, will have a difference of phase. Within
the influence of this field is an armature eore p, wound with coils
k. In motors of this description heretofore these coils have been
closed upon themselves, or conneeted in a closed series; but in
the present case each coil or the connected series of coils termi-
nates in the opposite plates of a condenser v. For this purpose
the ends of the series of coils are brought out through the shaft
to collecting rings @, which are connected to the condenser by
contact brushes u and snitable conductors, the eondenser being
independent of the machine. The armature eoils are wound or
conneeted in such manner that adjacent coils produce opposite
poles. |
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The action of this motor and the effect of the plan followed
in its construction are as follows: The motor being started in
operation and the coils of the field magnets being traversed by
alternating currents, currents are induced in the armature coils
by one set of field coils, as B, and the poles thus established are
acted upon by the other set, as c. The armature coils, however,
have necessarily a high self-induction, which opposes the flow of
the currents thus set up. The condenser F not only permits the
passage or transference of these currents, but also counteracts
the effects of self-induction, and by a proper adjustment of the
capacity of the condenser, the self-induction of the coils, and the
periods of the currents, the condenser may be made to overcome
entirely the effect of self-induction.

It is preferable on account of the undesirability of using sliding
contacts of any kind, to associate the condenser with the armature
directly, or make it a part of the armature. In some cases Mr.
Tesla builds up the armature of aunular plates k x, held by bolts
L. between heads »r, which are secured to the driving shaft, and
in the hollow space thus formed he places a condenser F, gener-
ally by winding the two insulated plates spirally around the
shaft. In other cases he utilizes the plates of the core itself
as the plates of the condenser. For example, in Figs. 88 and 89,
N is the driving shaft, a » are the heads of the armature-core,
and & & the iron plates of which the core is built up. These
plates are insulated from the shaft and from one another, and are
held together by rods or bolts L. The bolts pass through a large
Liole in one plate and a small hole in the one next adjacent, and
80 on, connecting electrically all of plates k, as one armature of a
condenser, and all of plates k" as the other.

To either of the condensers above deseribed the armature coils
may be connected, as explained by reference to Fig. 86.

In motors in which the armature coils are closed upon them-
selves—as, for example, in any form of alternating current motor
in which one armature coil or set of coils is in the position of
maximum induction with respeet to the field coils or poles, while
the other is in the position of minimum induction—the coils are
best” connected in one series, and two points of the eircuit
thus formed are bridged by a condenser. This is illustrated in
Fig. 90, in which & represents one set of armature coils and &’
the other. Their points of uniown are joined through a con-
denser r. It will be observed that in this disposition the self-
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induetion of the two branches x and &’ varies with their position
relatively to the field magnet, and that each branch is alternately
the predominating source of the induced current. Hence the
effect of the condenser r is twofold. First, it increases the cur-
rent in each of the branches alternately, and, secondly, it alters
the phase of the currents in the branches, this being the well-
known effect which results from such a disposition of a con-
denser with a cireuit, as above described. This effect is favorable
to the proper working of the motor, because it increases the flow
of current in the armature circuits due to a given inductive
effect, and also because it brings more nearly into coincidence
the maximum magnetic effects of the coacting field and armature
poles.

It will be understood, of course, that the causes that contri-
bute to the efliciency of condensers when applied to such uses as
the above must be given due consideration in determining the
practicability and efficiency of the motors. Chief among these
is, as is well known, the periodicity of the current,and hence the
improvements deseribed are mgre particularly adapted to systems
in which a very high rate of alternation or change is main-
tained.

Although this invention has been illustrated in connection
with a special form of motor, it will be understood that it is
equally applicable to any other alternating current motor in
which there is a closed armature coil wherein the currents are
induced by the action of the field, and the feature of utilizing
the plates or sections of a magnetic core for forming the con-
denser is applicable, generally, to other kinds of alternating cur-
rent apparatus.



CHAPTER XXII.
Moror wites CONDENSER IN ONE oF THE Fierp Crrcuirs.

Ir e field or energizing cireuits of a rotary phase motor be
poth derived from the same source of alternating currents and a
condenser of proper capacity be included in one of the same, ap-
proximately, the desired difference of phase may be obtained be-
tween the currents flowing directly from the source and those
flowing through the condenser; but the great size and expense
of condensers for this purpose that would meet the requirements
of the ordinary systems of comparatively low potential are par-
ticularly prohibitory to their employment.

Another, now well-known, metgod or plan of securing a differ-
ence of phase between the energizing currents of motors of this
kind is to induce by the eurrents in one circuit those in the other
cirenit or cireuits; but as no means had been proposed that
would secure in this way between the phases of the primary or
indueing and the secondary or induced currents that difference—
theoretically ninety degrees—that is best adapted for practical
and economical working, Mr. Tesla devised a means which ren-
ders practicable both the above deseribed plans or methods, and
by which he is enabled to obtain an eeonomical and eflicient al-
ternating current motor. His invention consists in placing a
condenser in the secondary or indueed circuit of the motor above
deseribed and raising the potential of the secondary currents to
snch a degree that the capacity of the condenser, which is in
part dependent on the potential, need be quite small. The value
of this condenser is determined in a well-understood manner with
reference to the self-induction and other conditions of the eirenit,
s0 as to eanse the currents which pass through it to differ from
the primary eurrents by a quarter phase.

Fig. 91 illustrates the invention as embodied in a motor
in which the induective relation of the primary and secondary
circnits is secured by winding them inside the motor partly
upon the same cores; but the invention applies, generally, to
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other forms of motor in which one of the energizing currents is
induced in any way from the other.

Let o B represent the poles of an alternating current motor, of
which ¢ is the armature wound with coils b, closed upon them-
selves, as is now the general practice in motors of this kind. The
poles a, which alternate with poles B, are wound with coils of
ordinary or coarse wire E in such direction as to make them of
alternate north and south polarity, as indicated in the diagram
by the characters N s.  Over these coils, or in other inductive re-
lation to the same, are wound long fine-wire coils ¥ », and in the

H

Fia. 91.

same direction thronghout as the coils . These coils are secon-
daries, in which eurrents of very high potential are induced. All
the coils & in one series are connected, and all the secondaries ¥
in another.

On the intermediate poles B are wound fine-wire energizing
coils ¢, which are conneeted in series with one another, and also
with the series of secondary coils ¥, the direction of winding be-
Jng snch that a ecurrent-impulse induced from the primary coils
k imparts the same magnetism to the poles B as that produced
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in poles a by the primary impulse. This condition is indicated
by the characters N’ s'.

Tn the circuit formed by the two sets of coils ¥ and ¢ is intro-
duced a condenser H; otherwise this circuit is closed upon
itself, while the free ends of the cireuit of coils E are connected
to a source of alternating currents. As the condenser capacity
which is needed in any particular motor of this kind is depend-
ent upon the rate of alternation or the potential, or both, its size
or cost, as before explained, may be brought within economical
limits for use with the ordinary circuits if the potential of the
secondary circuit in the motor be sufliciently high. By giving
to the condenser proper values, any desired difference of phase
between the primary and secondary energizing cireuits may be
obtained.



CHAPTER XXIII.
TesLa Porvruase TrANSFORMER.

ArrryiNe the polyphase prineiple to the construetion of trans-
formers as well to the motors already noticed, Mr. Tesla has in-
vented some very interesting forms, which he considers free
from the defects of earlier and, at present, more familiar forms.
In these transformers he provides a series of inducing coils and
corresponding indnced coils, which are generally wound upon a
core closed upon itself, usnally a ring of laminated iron.

The two sets of coils are wound side by side or superposed or
otherwise placed in well-known ways to bring them into the most
effective relations to one another and to the core. The inducing
or primary coils wound on the core are divided into pairs or sets
by the proper electrical connections, so that while the coils of
one pair or set co-operate in fixing the magnetie poles of the
core at two given diametrically opposite points, the coils of the
other pair or set—assuming, for sake of illustration, that there
are but two—tend to fix the poles ninety degrees from such
points. With this induction device is nsed an alternating eurrent
generator with coils or sets of coils to correspond with those of
the converter, and the corresponding coils of the generator and
converter are then connected up in independent cireunits. It re-
sults from this that the different eleetrical phases in the genera-
tor are attended by corresponding magnetie changes in the con-
verter; or, in other words, that as the generator coils revolve,
the points of greatest magnetic intensity in the converter will be
progressively shifted or whirled around.

Fig. 92 is a diagrammatic illustration of the converter and the
clectrical connections of the same. Fig. 93 is a horizontal cen-
tral eross-section of Fig. 92. TFig. 94 is a diagram of the cireuits
of the entire system, the generator being shown in section.

Mr. Tesla uses a core, a, which is closed upon itself—that is to
say, of an annular cylindrical or equivalent form—and as the
efficiency of the apparatus is largely inereased by the subdivision
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of this core, he makes it of thin strips, plates, or wires.of soft
iron eleetrically insnlated as far as practicable. Upon this core
are wound, say, four coils, B B B’ 8, used as primary coils, and for
which long lengths of comparatively fine wire are employed.
Over these coils are then wound shorter coils of coarser wire, ¢ ¢
¢’ ¢/, to constitute the indnced or secondary coils. The construe-
tion of this or any equivalent form of converter may be carried
further, as above pointed out, by inclosing these coils with iron
—as, for example, by winding over the coils layers of insulated
iron wire.

The device is provided with snitable binding posts, to which

Figs. 92 and 93.

the ends of the coils are led. The diametrically opposite coils
5 Band ' B are connected, respectively, in series, and the four
terminals are connected to the binding posts. The induced
coils are connected together in any desired manner. For ex-
ample, as shown in Fig. 94, ¢ 0 may be connected in multiple
arc when a quantity current is desired—as for running a group
of incandescent lamps—while ¢’ ¢’ may be independently con-
neeted in series in a cireuit including are lamps or the like. The
generator in this system will be adapted to the converter in the
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manner illustrated. For example, in the present case there are
employed a pair of ordinary permanent or electro-magnets, & &,
between which is mounted a cylindrical armature on a shaft, ¥,
and wound with two coils, ¢ ¢’. The terminals of these coils are
connected, respectively, to four insulated contact or collecting
rings, H 1 i’ 1/, and the four line circuit wires 1 eonnect the
brushes k, bearing on these rings, to the converter in the order
shown. Noting the results of this combination, it will be ob-
served that at a given point of time the coil ¢ is in its neutral
position and is generating little or no current, while the other
coil, ¢/, is in a position where it exerts its maximum effect.
Assuming coil ¢ to be connected in circuit with coils 8 B of the
converter, and coil ¢’ with coils 8" &/, it is evident that the poles

Fie. 94,

of the ring A will be determined by eoils 8’ 8’ alone; but as the
armature of the generator revolves, coil ¢ develops more eurrent
and coil ¢’ less, nntil ¢ reaches its maximum and ¢’ its neutral
position. The obvious result will be to shift the poles of the
ring A through one-quarter of its periphery. The movement of
the eoils through the next quarter of a turn—during which coil
o’ enters a field of opposite polarity and generates a eurrent of
opposite direction and increasing strength, while coil ¢, in passing
from its maximum to its neutral position generates a current of
decreasing strength and same direction as before—causes a further
shifting of the poles through the second quarter of the ring.
The second half-revolution will obviously be a repetition of the
same action. By the shifting of the poles of the ring a,a power-
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ful dynamic inductive effect on the coils ¢ ¢’ is produced. Be-
sides the currents generated in the secondary coils by dynamo-
magnetic induction, other currents will be set up in the same
coils in consequence of many variations in the intensity of the
poles in the ring . This should be avoided by maintaining the
intensity of the poles constant, to accomplish which eare should
be taken in designing and proportioning the generator and in
distributing the coils in the ring A, and balancing their effect.
When this is done, the currents are produced by dynamo-mnag-
netic induction only, the same result being obtained as though
the poles were shifted by a commutator with an infinite number
of segments.

The modifications which are applicable to other forms of con-
verter are in many respects applicable to this, such as those per-
taining more particularly to the form of the core, the relative
lengths and resistances of the primary and secondary eoils, and
the arrangements for rnnning or operating the same.



CHAPTER XXIV.

A Coxsrant Corrent Traxsrormrer witH MaeNeTic SHIELD
Berwren CoiLs o PRIMARY AND SECONDARY.

Mgz. Trsra has applied his prineiple of magnetic shielding of
parts to the construction also of transformers, the shield being
interposed between the primary and secondary coils. In trans-
formers of the ordinary type it will be found that the wave of
electromotive force of the secondary very nearly coineides with
that of the primary, being, however, in opposite sign. At thesame
time the currents, both primary and secondary, lag behind their
respective electromotive forces; but as this lag is practically or
nearly the same in the case of each it follows that the maximum
and minimum of the primary and secondary currents will nearly
coineide, but differ in sign or direction, provided the secondary
be not loaded or if it contain devices having the property of
self-induction. On the other hand, the lag of the primary
behind the impressed electromotive force may be diminished by
loading the secondary with a non-inductive or dead resistance—
such as incandeseent lamps—whereby the time interval between
the maximum or mininmum periods of the primary and secondary
currents is increased. This time interval, however, is limited,
and the results obtained by phase difference in the operation of
such devices as the Tesla alternating current motors can only be
approximately realized by such means of producing or securing
this ditference, as above indicated, for it is desirable in such cases
that there should exist betwcen the primary and secondary cur-
rents, or those which, however produced, pass through the two
circuits of the motor, a difference of phase of ninety degrees;
or, in other words, the current in one eireuit should be a maxi-
mum when that in the other cireuit is a minimum. To attain
to this condition more perfectly, an increased retardation of the
secondary current is secured in the following manner: Instead
of bringing the primary and secondary coils or ecircuits of a
transformer into the closest possible relations, as has hitherto

it}
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been done, Mr. Tesla protects in a measure the secondary from
the inductive action or effect of the primary by surrounding
either the primary or the secondary with a comparatively thin
magnetic shield or screen. Under these modified conditions,
as long as the primary current has a small value, the shield
protects the secondary; but as soon as the primary ‘current
has reached a certain strength, which is arbitrarily determined,
the protecting magnetic shield becomes saturated and the indue-
tive action upon the secondary begins. It results, therefore, that
the secondary current begins to tlow at a certain fraction of a
period later than it would without the interposed shield, and
since this retardation may be obtained without necessarily retard-
ing the primary current also, an additional lag is secured, and
the time interval between the maximum or minimum periods of
the primary and secondary currents is increased. Such a trans-

N z
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Fia, 95.

former may, by properly proportioning its several elements and
determining the proper relations between the primary and
secondary windings, the thickness of the magnetic shield, and
other conditions, be construeted to vield a constant current at all
loads.

Fig. 95 is a cross-section of a transformer embodying this im-
provement. Fig. 96 is a similar view of a modified form of
transformer, showing diagrammatically the manner of using the
same.

A A is the main core of the transformer, composed of a ring
of soft annealed and insulated or oxidized iron wire. Upon this
core is wound the secondary eireuit or coil & 8. This latter is
then covered with a layer or layers of annealed and insulated
iron wires ¢ o, wound in a direction at right angles to the secondary
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coil. Over the whole is then wound the primary coil or wire b p.
From the nature of this construction it will be obvious that
as long as the shield formed by the wires ¢ is below magnetic
saturation the secondary coil or cirenit is effectually protected or
shielded from the inductive influence of the primary, although
on open cireuit it may exhibit some electromotive force. When
the strength of the primary reaches a certain value, the shield c,
becoming saturated, ceases to protect the secondary from induc-
tive action, and current is in consequence developed therein.
For similar reasons, when the primary current weakens, the
weakening of the secondary is retarded to the same or approxi-
mately the same extent.

The specitic constrnetion of the transformer is largely imma-
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terial. In Fig. 96, for example, the core a is built up of thin
insulated iron plates or discs. The primary cireuit  is wound
next the core o. Over this is applied the shield ¢, which in this
case is made up of thin strips or plates of iron properly insulated
and surrounding the primary, forming a closed magnetic cireuit.
The secondary B is wound over the shield ¢. In Fig. 96, also,
£ is a source of alternating or rapidly changing currents.
The primary of the transformer is connected with the circuit of
the generator. ¥ is a two-circuit alternating current motor, one
of the circuits being connected with the main circuit from the
source ¥, and the other being supplied with currents from the
secondary of the transformer.












CHAPTER XXV.
IntrODUCTION.—THE Scork or THE TrsLa LrecTurEs.

Berore proceeding to stndy the three Tesla lectures here
presented, the reader may find it of some assistance to have his
attention directed to the main points of interest and significance
therein. The first of these lectures was delivered in New York,
at Columbia College, before the American Institute of Electrical
Engineers, May 20, 1891. The urgent desire expressed immedi-
ately from all parts of Europe for an opportunity to witness the
brilliant and unusual experiments with which the lecture was
accompanied, induced Mr. Tesla to go to England early in 1892,
when he appearcd before the Institution of Electrical Engineers,
and a day later, by special request, before the Royal Institution.
His reception was of the most enthusiastic and flattering nature on
both oceasions. He then went, by invitation, to France, and re-
peated his novel demonstrations before the Société Internationale
des Electriciens, and the Société Frangaise de Physique. Mr. Tesla
returned to America in the fall of 1892, and in February, 1893, de-
livered his third lecture before the Frauklin Institute of Philadel-
phia, in fulfilment of a long standing promise to Prof. Houston.
The following week, at the request of President James 1. Ayer,
of the National Electric Light Association, the same lecture was
re-delivered in St. Louis. It had been intended to limit the in-
vitations to members, but the appeals from residents in the city
were so numerous and pressing that it became necessary to secure
a very large hall. Hence it came about that the lecture was
listened to by an audience of over 5,000 people, and was in some
parts of a more popular nature than either of its predecessors.
Despite this concession to the need of the hour and occasion, Mr.
Tesla did not hesitate to show many new and brilliant experi-
ments, and to advance the frontier of discovery far beyond any
point he had theretofore marked publicly.

‘We may now proceed to a running review of the lectures them-
selves. The ground covered by them is so vast that only the
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1ead1ng ideas and experiments can here be touched upon; besides,
it is preferable that the lectures should be carefully gone over for
their own sake, it being more than likely that each student will
discover a new beauty or stimulus in them. Taking up the
course of reasoning followed by Mr. Tesla in his first lecture, it
will be noted that he started out with the recognition of the fact,
which he has now experimentally demoustrated, that for the pro-
duetion of light waves, primarily, electrostatic effects must be
brought into play, and continued study has led him to the opinion
that all electrical and magnetic effeets may be referred to elec-
trostatic molecular forces. This opinion finds a singular con-
firmation in one of the most striking experiments which he
describes, namely, the production of a veritable flame by the
agitation of electrostatically charged molecules. It is of the
highest interest to observe that this result points out a way of
obtaining a flame which consumes no material and in whieh no
chemical action whatever takes place. It also throws a light on
the nature of the ordinary flame, which Mr. Tesla believes to be
due to electrostatic molecular actions, which, if true, would lead
directly to the idea that even chemieal affinities might be electro-
static in their nature and that, as has already been suggested,
molecular forees in general may be referable to one and the same
cause. This singular phenomenon accounts in a plansible man-
ner for the unexplained fact that buildings are frequently set on
fire during thunder storms without having been at all struck by
lightning. It may also explain the total disappearance of ships
at sea.

One of the striking proofs of the correctness of the ideas ad-
vanced by Mr. Tesla is the fact that, notwithstanding the employ-
ment of the most powerful electromagnetic inductive effects, but
feeble luminosity is obtainable, and this only in close proximity
to the source of disturbance; whereas, when the electrostatic
effects are intensified, the same initial energy suffices to excite
luminosity at considerable distances fromn the source. That there
are only electrostatic effects active seems to be clearly proved by
Mr. Tesla’s experiments with an induction coil operated with
alternating currents of very high frequency. He shows how
tubes may be made to glow brilliantly at considerable distances
from any object when placed in a powerful, rapidly alternating,
electrostatic field, and he describes many interesting phenomena
observed in such a field. His experiments open up the possibility



HIGH FREQUENCY AND HIGIH POTENTIAL CURRENTS. 121

of lighting an apartment by simply creating in it such an eleetro-
static field, and this, in a certain way, would appear to be the
ideal method of lighting a roomn, as it would allow the illuminat-
ing device to be freely moved about. The power with which
these exhausted tubes, devoid of any electrodes, light up is cer-
tainly remarkable.

That the principle propounded by Mr. Tesla is a broad one is
evident from the many ways in which it may be practically ap-
plied. We need only refer to the variety of the devices shown
or described, all of which are novel in character and will, with-
out doubt, lead to further important results at the hands of Mr.
Tesla and other investigators. The experiment, for instance, of
lighting up a single filament or block of refractory material with
a single wire, is in itself suflicient to give Mr. Tesla’s work the
stamp of originality, and the numerous other experiments and
effeets which may be varied at will, are equally new and interest-
ing. Thus, the incandescent filament spinning in an unex-
hausted globe, the well-known Crookes experiment on open eir-
cuit, and the many others suggested, will not fail to interest the
reader. Mr. Tesla has made an exhaustive study of the various
forms of the discharge presented by an induction coil when op-
erated with these rapidly alternating currents, starting from the
thread-like discharge and passing through varions stages to the
true electric flame.

A point of great importance in the introduction of high ten-
sion alternating current which Mr. Tesla brings out is the neces-
sity of carefully avoiding all gaseons matter in the high tension
apparatus. He shows that, at least with very rapidly alternating
currents of high potential, the discharge may work through al-
most any practicable thickness of the best insulators, if air is
present. In such cases the air included within the apparatus is
violently agitated and by molecular bombardment the parts may
be so greatly heated as to cause a rupture of the. insulation.
The practical outcome of this is, that, whereas with steady cur-
rents, any kind of insulation may be used, with rapidly alternat-
ing currents oils will probably be the best to employ, a fact
which has been observed, but not until now satisfactorily ex-
plained. The recognition of the above fact is of special impor-
tance in the construction of the costly commercial induetion coils
which are often rendered useless in an unaccountable manner.
The truth of these views of Mr. Tesla is made evident by the in-
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. teresting experiments illustrative of the behavior of the air be-

tween charged surfaces, the luminous streams formed by the
charged molecules appearing even when great thicknesses of the
best insulators are interposed between the charged surfaces.
These luminous streams afford in themselves a very interesting
study for the experimenter. With these rapidly alternating cur-
rents they become far more powerful and prodnce beautiful light
effects when they issne from a wire, pinwheel or other object at-
tached to a terminal of the coil; and it is interesting to note that
they issue from a ball alnost as freely as from a point, when the
frequeney is very high.

From these experiments we also obtain a better idea of the
importance of taking into account the eapacity and self-induction
in the apparatns employed and the possibilities offered by the

' use of condensers in conjunction with alternate currents, the em-

\ployment of currents of high frequency, among other things,
making it possible to rednce the condenser to practicable dimen-
(sions.  Another point of interest and practical bearing is the
fact, proved by Mr. Tesla, that for alternate currents, especially
those of high frequency, insulators are required possessing a
small specific induetive eapacity, which at the same time have a
high insulating power.

Mr. Tesla also makes interesting and valuable suggestion in re-
gard to the economical utilization of iron in machines and trans-
formers. He shows how, by maintaining by continuous magnet-
ization a flow of lines through the iron, the latter may be kept
near its maximum permeability and a higher ontput and economy
may be secured in such apparatus. This prineiple may prove of
considerable commercial importance in the development of alter-
nating systems. Mr. Tesla’s suggestion that the same result can
be secured by heating the iron by hysteresis and eddy currents,
and increasing the permeability in this manner, while it may ap-
pear less practical, nevertheless opens another direetion for inves-
tigation and improvement.

The demonstration of the fact that with alternating currents
of high frequency, sufficient energy may be transmitted under
practicable conditions throngh the glass of an incandescent lamp
by electrostatic or electromagnetic induetion may lead to a de-
parture in the construction of snch devices. Another important
experimental result achieved is the operation of lamps, and even
.motors, with the diseharges of condensers, this method affording
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a means of converting direct or alternating currents. In this
connection Mr. Tesla advocates the perfecting of apparatus capa-
ble of generating electricity of high tension from heat energy,
believing this to be a better way of obtaining electrical energy
for practical purposes, particularly for the production of light.

‘While many were probably prepared to encounter curious
phenomena of impedance in the use of a condenser discharged
disruptively, the experiments shown were extremely interesting
on account of their paradoxical character. The burning of an
incandescent lamp at any candle power when connected across a
heavy metal bar, the existence of nodes on the bar and the possi-
bility of exploring the bar by means of an ordinary Cardew
voltmeter, are all peculiar developments, but perhaps the most
interesting observation is the phenomenon of impedance observed
in the lamp with a straight filament, which remains dark while
the bulb glows.

M. Tesla’s manner of operating an indnction coil by means of
the disruptive discharge, and thus obtaining enormous differences
of potential from comparatively small and inexpensive coils, will
be appreciated by experimenters and will find valuable applica-
tion in laboratories. Indeed, his many suggestions and hints in
regard to the construction and use of apparatus in these investi-
gations will be highly valned and will aid materially in future
research.

The London lecture was delivered twice. In its first form,
before the Institution of Electrical Engineers, it was in some
respects an amplification of several points not specially enlarged
upon in the New York lecture, but brought forward many addi-
tional discoveries -and new investigations. Its repetition, in

another form, at the Royal Institution, was due to Prof. Dewar, |

S

who with Lord Rayleigh, manifested a most lively interest in Mr,
Tesla’s work, and whose kindness illustrated once more the strong
English love of scientific truth and appreciation of its votaries.
As an indefatigable experimenter, Mr. Tesla was certainly no-
where more at home than in the haunts of Faraday, and as the
guest of Faraday’s successor. This Royal Institution lecture
summed up the leading points of Mr. Tesla’s work, in the high
potential, high frequency field, and we may here avail ourselves
of so valuable a summarization, in a simple formn, of a subject by
no means easy of comprehension nntil it has been thoronghly
studied.

/



124 INVENTIONS OF NIKOLA TESLA.

In these London lectures, among the many notable points made
was first, the difficulty of constructing the alternators to obtain
the very high frequencies needed. To obtain the high fre-
quencies it was neeessary to provide several hundred polar pro-
jections, whieh were necessarily small and offered many draw-
backs, and this the more as exceedingly high peripheral speeds
had to be resorted to. In some of the first machines both arma-
ture and field had polar projections. These machines produced
a curious noise, especially when the armature was started from
the state of rest, the field being charged. The most efficient
machine was found to be one with a drum armature, the iron
body of which consisted of very thin wire annealed with special
care. It was, of course, desirable to avoid the employment of
iron in the armature, and several machines of this kind, with
moving or stationary conductors were constructed, but the re-
sults obtained were not quite satisfactory, on account of the
great mechanical and other difficulties encountered.

The study of the properties of the high frequency currents
obtained from these machines is very interesting, as nearly every
experiment discloses something new. Two coils traversed by
such a current attract or repel each other with a force which,
owing to the imperfection of our sense of touch, seems contin-
uous. An interesting observation, already noted under another
form, is that a piece of iron, surrounded by a coil through which
the current is passing appears to be continuously magnetized.
This apparent continuity might be aseribed to the deficiency of
the sense of touch, but there is evidenece that in currents of such
high frequencies one of the impulses preponderates over the
other.

As might be expected, conductors traversed by such currents
are rapidly heated, owing to the increase of the resistance, and
the heating effects are relatively much greater in the iron.
The hysteresis losses in iron are so great that an iron core,
even if finely subdivided, is heated in an incredibly short time.
To give an idea of this, an ordinary iron wire 5 inch in
diameter inserted within a coil having 250 turns, with a current
estinated to be five amperes passing through the coil, becomes
within two seconds’ time so hot as to scorch wood. Beyond a
certain frequency, an iron core, 1o matter how finely subdivided,
exercises a dampening effect, and it was easy to tind a point at
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which the impedance of a coil was not affected by the presence
of a core consisting of a bundle of very thin well annealed and
varnished iron wires.

Experiments with a telephone, a conductor in a strong mag-
netie field, or with a condenser or are, seem to afford certain
proof that sounds far above the usually accepted limit of hearing
would be perceived if produced with sufficient power. The arc
produced by these currents possesses several interesting features.
Usually it emits a note the piteh of whieli corresponds to twice
the frequency of the current, but if the frequency be sufliciently
high it becomes noiseless, the limit of andition being determined
principally by the linear dimensions of the arc. A curions fea-
tnre of the arc is its persistency, which is due partly to the in-
ability of the gaseous columm to cool and inerease considerably
in resistance, as is the case with low frequencies, and partly to
the tendency of such a high frequency machine to maintain a
constant current.

In connection with these machinex the condenser affords a par-
ticnlarly interesting study. Striking effects are produced by
proper adjustments of eapacity and self-nduction. It is easy to
raise the electromotive force of the machine to many times the
original value by simply adjusting the capacity of a condenser
connected in the induced circuit. If the condenser be at some
distance from the machine, the difference of potential on the
terminals of the latter may be only a small fraction of that on
the condenser.

But the most interesting experiences are gained when the ten-
sion of the currents from the machine is raised by means of an
induction coil. In consequence of the enormous rate of change
obtainable in the primary current, inmeh higher potential differ-
ences are obtained than with coils operated in the usual ways,
and, owing to the high frequency, the secondary discharge pos-
sesses many striking peculiarities. Both the electrodes behave
generally alike, though it appears from some observations that
one current impulse preponderates over the other, as before
mentioned.

The physiological effects of the high tension discharge are
found to be so small that the shock of the coil can be supported
without any inconvenience, except perhaps a small burn produced
by the discharge upon approaching the hand to one of the ter-
minals, The decidedly smaller physiological effects of these cur-
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rents are thought to be due either to a different distribution
through the body or to the tissues acting as eondensers. But in
the case of an induetion coil with a great many turns the harmless-
ness is prineipally due to the fact that but little energy is avail-
able in the external circuit when the same is closed through the
experimenter’s body, on account of the great impedance of the
coil.

In varying the frequency and strenth of the currents through
the primary of the coil, the character of the secondary discharge
is greatly varied, and no less than five distinets forms are ob-
served :—A weak, sensitive thread discharge, a powerful flaming
discharge, and three forms of brush or streaming discharges.
Each of these possesses certain noteworthy features, but the most
interesting to study are the latter.

Under certain conditions the streams, which are presumably
due to the violent agitation of the air molecnles, issue freely
from all points of the coil, even through a thick insulation. If
there is the smallest air space between the primary and secondary,
they will form there and surely injure the coil by slowly warm-
ing the insulation. As they form even with ordinary frequencies
when the potential is excessive, the air-space must be most care-
fully avoided. These high frequency streamers differ in aspeet
and properties from those produced by a statie machine. The
wind produced by them is small and should altogether cease if
still considerably higher frequencies could be obtained. A pe-
culiarity is that they issue as freely from surfaces as from points.
Owing to this, a metallic vane, mounted in one of the terminals of
the coil so as to rotate freely, and having one of its sides covered
with insnlation, is spun rapidly around. Such a vane would not
rotate with a steady potential, but with a high frequency coil it
will spin, even if it be entirely eovered with insulation, provided
the insnlation on one side be either thicker or of a higher specific
inductive capacity. A Crookes electric radiometer is also spun
around when connected to one of the terminals of the eoil, but
only at very high exhaustion or at ordinary pressures.

There is still another and more striking peculiarity of such a
high frequency streamer, namely, it is hot. The heat is easily
perceptible with frequencies of about 10,000, even if the poten-
tial is not excessively high. The heating effect is, of course, due
to the molecular impacts and collisions. Could the frequency
and potential be pushed far enough, then a brush conld be pro-
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duced resembling in every particular a flame and giving light
and heat, yet withont a chemical process taking place.

The hot brush, when properly prodnced, resembles a jet of
burning gas escaping under great pressure, and it emits an extra-
ordinary strong smell of ozone. The great ozonizing action is
aseribed to the fact that the agitation of the molecules of the air
is more violent in snch a brush than in the ordinary streamer of
a static machine. But the most powerful brush discharges were
produced by employing currents of mueh higher frequencies than
it was possible to obtain by means of the alternators. These
currents were obtained by disruptively discharging a condenser
and setting up_ oscillations. In this manner currents of a fre-
quency of several hundred thousand were obtained.

Currents of this kind, Mr. Tesla pointed out, produce striking
cffects. At these frequencies, the impedance of a copper bar is
so great that a potential difference of several hundred volts can
be maintained between two points of a short and thick bar, and
it is possible to keep an ordinary incandescent lainp burning at
full candle power by attaching the terminals of the lamp to two
points of the bar no more than a few inches apart. When the
frequency is extremely high, nodes are found to exist on such a
bar, and it is easy to locate them by means of a lamp.

By converting the high tension discharges of a low frequency
coil in this manner, it was found practicable to keep a few lamps
burning on the ordinary cireuit in the laboratory, and by bring-
ing tlle undulation to a low ])1tc]1 it was possible to operate smdll
motors.

This plan likewise allows of converting high tension discharges
of one direction into low tension unidirectional currents, by ad-
justing the eircuit so that there are no oscillations. In passing
the oscillating discharges through the primary of a specially
construeted coil, it is easy to obtain enormous potential differences
with only few turns of the secondary.

Great diffieulties were at first experienced in 1)1‘0(]11(‘1110' a sue-
cessfnl coil on this plan. It was found necessary to keep all air,
or gaseous matter in general, away from the charged surfaces,
and oil immersion was resorted to. The wires used were heavily
covered with gutta-percha and wound in oil, or the air was pumped
out by means of a Sprengel pump. The general arrangeinent
was the following :—An ordinary induction coil, operated from
a low frequency alternator, was used to charge Levden jars. The
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jars were made to discharge over a single or multiple gap through
the primary of the second coil. To insure the action of the gap,
the arec was blown out by a magnet or air blast. To adjust the
potential in the secondary a small oil condenser was used, or
polished brass spheres of different sizes were screwed on the
terminals and their distance adjusted.

‘When the conditions were carefully determined to suit each
experiment, magniticent effects were obtained. Two wires,
stretehed through the room, each being connected to one of the
terminals of the coil, emitted streams so powerful that the light
from them allowed distinguishing the objects in the room; the
wires became luminous even though covered ith thick and
most excellent insulation. When two straight wires, or two con-
centric circles of wire, are connected to the terminals, and set at
the proper distance, a uniform luminous sheet is produced be-
tween them. It was possible in this way to cover an area of
more than one meter square completely with the streams. By
attaching to one terminal a large circle of wire and to the other
terminal a small sphere, the streams are focused npon the sphere,
produce a strongly lighted spot upon the same, and present the
appearance of a luminous cone. A very thin wire glued upon a
plate of hard rubber of great thickness, on the opposite side of
which is fastened a tinfoil coating, is rendered intensely lnminons
when the coating is econnected to the other terminal of the coil.
Such an experiment can be performed also with low frequency
currents, but much less satisfactorily.

When the terminals of such a coil, even of a very small one,
are separated by a rubber or glass plate, the discharge spreads
over the plate in the form of streams, threads or brilliant sparks,
and affords a magniticent display, which eannot be eqnaled by
the largest coil operated in the usnal ways. By a simple adjust-
ment it is possible to produce with the coil a snecession of bril-
liant sparks, exactly as with a Holtz machine.

Under certain conditions, when the frequency of the oseillation
is very great, white, phantom-like streams are seen to break forth
from the terminals of the coil. The chief interesting feature
about them is, that they stream freely against the outstretched
hand or other conducting object without producing any sensa-
tion, and the hand may be approached very near to the terminal
without a spark being induced to jump. This is due presumably
to the fact that a considerable portion of the energy is carried
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away or dissipated in the streamers, and the difference of poten-
tial between the terminal and the hand is diminished.

It is found in such experiments that the frequency of the
vibration and the quickness of succession of the sparks between
the knobs .affect to a marked degree the appearance of the
streams. When the frequency is very low, the air gives way in
more or less the same manner as by a steady difference of poten-
tial, and the streams consist of distinct threads, generally mingled
with thin sparks, which probably correspond to the successive
discharges occurring between the knobs. But when the fre-
quency is very high, and the arc of the discharge produces a
sound which is lond and smooth (which indicates both that oscil-
lation takes place and that the sparks succeed each other with
great rapidity), then the luminous streams formed are perfectly
uniform. They are generally of a purplish hue, but when the
molecular vibration is inereased by raising the potential, they as-
sume a white color.

The Inminous intensity of the streams increases rapidly when
the potential is increased; and with frequencies of only a few
hundred thousand, could the coil be made to withstand a suffi-
ciently high potential difference, there is no doubt that the
space around a wire could be made to emit a strong light,
merely by the agitation of the molecules of the air at ordinary
pressure. »

Such discharges of very high frequency whieh render lumi-
nous the air at ordinary pressure we have very likely occasion to
witness in the aurora borealis. From many of these experi-
ments it seems reasonable to infer that sudden cosmic disturb-
ances, such as eruptions on the sun, set the electrostatic charge
of the earth in an extremely rapid vibration, and produce the
glow by the violent agitation of the air in the upper and even in
the lower strata. It is thought that if the frequency were low,
or even more so if the charge were not at all vibrating, the
lower dense strata wonld break down as in a lightning discharge.
Indications of such breaking down have been repeatedly ob-
served, but they can be attributed to the fundamental disturb-
ances, which are few in number, for the superimposed vibration
would be so rapid as not to allow a disruptive break.

The study of these discharge phenomena has led Mr. Tesla to
the recognition of some important facts. It was found, as already
stated, that gaseous matter must he most carefully excluded from



130 INVENTIONS OF NIKOLA TESLA.

any dielectric which is subjected to great, rapidly changing elec-
trostatic stresses. Since it is difficult to exclude the gas perfectly
when solid insulators are used, it is necessary to resort to liquid
dielectrics. When a solid dielectric is nsed, it matters little how
thick and how good it is; if air be present, streamers form,
which gradually heat the dielectric and impair its insulating
power, and the discharge finally breaks through. Under ordi-
nary conditions the best insulators are those which possess the
highest specific inductive eapaeity, but such insulators are not
the best to employ when working with these high frequency
currents, for in most cases the higher specific inductive capacity
is rather a disadvantage. The prime quality of the insulating
medium for these currents is continuity. For this reason prin-
cipally it is necessary to employ liquid insulators, such as oils.
If two metal plates, connected to the terminals of the coil, are
immersed in oil and set a distance apart, the coil may be kept
working for any length of time without a break oceurring, or
without the oil being warmed, but if air bubbles are introduced,
they become luminous; the air molecules, by their impact
against the oil, heat it, and after some time cause the insulation
to give way. If, instead of the oil, a solid plate of the best
dielectric, even several times thicker than the oil intervening
between the metal plates, is inserted between the latter, the air
having free access to the charged surfaces, the dielectrie ivari-
ably is warmed and breaks down.

The employment of oil is advisable or necessary even with low
frequencies, if the potentials are such that streamers form, but
only in such cases, as is evident from the theory of the action.
If the potentials are so low that streamers do not form, then it
is even disadvantageous to employ oil, for it may, principally by
confining the heat, be the cause of the breaking down of the in-
sulation.

The exclusion of gaseous matter is not only desirable on ac-
count of the safety of the apparatus, but also on aceount of
economy, especially in a condenser, in which considerable waste
of power may occur merely owing to the presence of air, if the
electric density on the charged surfaces is great.

In the course of these investigations a phenomenon of special
scientific interest was observed. It may be ranked among the
brush phenomena, in faet it is a kind of brush which forms at, or
near, a single terminal in high vacuum. In a bulb with a con-
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ducting electrode, even if the latter be of aluminum, the brush
has only a very short existence, but it can be preserved for a con-
siderable length of time in a bulb devoid of any conducting elee-
trode. To observe the phenomenon it is found best to employ a
large spherical bulb having in its centre a small bulb supported
on a tube sealed to the neck of the former. The large bulb be-
ing exhausted to a high degree, and the inside of the small bulb
being connected to one of the terminals of the coil, under certain
conditions there appears a misty haze around the small bulb,
which, after passing throngh some stages, assumes the form of a
brush, generally at right angles to the tube supporting the small
bulb. When the brnsh assumes this form it may be bronght to
a state of extreme sensitiveness to electrostatic and magnetic in-
fluence. The bulb hanging straight down, and all objects being
remote from it, the approach of the observer within a few paces
will cause the brush to fly to the opposite side, and if he walks
around the bulb it will always keep on the opposite side. It may
begin to spin around the terminal long hefore it reaches that sen-
sitive stage. When it begins to turn around, prineipally, but
also before, it is affected by a magnet, and at a certain stage it is
susceptible to magnetic influence to an astonishing degree. A
small permanent magnet, with its poles at a distance of no more
than two centimetres will affect it visibly at a distance of two me-
tres, slowing down or accelerating the rotation according to how
it is held relatively to the brush.

When the bulb hangs with the globe down, the rotation is al-
ways clockwise. In the southern hemisphere it would occur in
the opposite direction, and on the (magnetic) equator the brush
should not turn at all. The rotation may be reversed by a mag-
net kept at some distance. The brush rotates best, seemingly,
when it is at right angles to the lines of force of the earth. It
very likely rotates, when at its maximum speed, in synehronism
with the alternations, say, 10,000 times a second. The rotation
can be slowed down or accelerated by the approach or recession
of the observer, or any conducting body, but it cannot be re-
versed by putting the bulb in any position. Very curious experi-
ments may be performed with the brnsh when in its most sensi-
tive state. IFor instance, the brush resting in one position, the
experimenter may, by selecting a proper position, approach the
hand at a certain considerable distance to the bulb, and he may
cause the brush to pass off hy merely stiffening the museles of
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the arm, the mere change of configuration of the arm and the
consequent imperceptible displacement being sufficient to disturb
the delicate balance. When it begins to rotate slowly, and the
hands are held at a proper distance, it is impossible to make even
the slightest motion without producing a visible effect upon the
brush. A metal plate connected to the other terminal of the coil
affects it at a great distance, slowing down the rotation often to
one turn a secoud.

Mr. Tesla hopes that this phenomenon will prove a valnable
aid in the investigation of the nature of the forces acting in an
electrostatic or magnetic field. If there is any motion which is
measurable going on in the space, such a brush would be apt to
reveal it. [t is, so to speak, a beam of light, frictionless, devoid
of inertia. On account of its marvellous sensitiveness to electro-
static or magnetic disturbances it may be the means of sending
signals through submarine cables with any speed, and even of
transmitting intelligence to a distance withount wires.

In operating an induetiou coil with these rapidly alternating -
currents, it is astonishing to note, for the first time, the great
importance of the relation of capacity, self-induction, and fre-
quency as bearing upon the general result. The combined effect
of these elements produces many curious effects. For instance,
two metal plates are connected to the terminals and set at a smali
distance, so that an arc is formed between them. This are pre-
vents a strong eurrent from flowing through the coil. If the arc
be interrupted by the interposition of a glass plate, the capacity
of the condenser obtained counteracts the self-induetion, and a
stronger current is made to pass. The effects of capacity are the
most striking, for in these experiments, since the self-induction
and frequency both are high, the critical capacity is very small,
and need be but slightly varied to produce a very considerable
change. The experimenter brings his body in contact with the
terminals of the secondary of the coil, or attaches to one or both
terminals insulated bodies of very small bulk, such as exhausted
bulbs, and he produces a considerable rise or fall of potential on
the secondary, aud greatly affects the flow of the current through
the primary coil.

In mauny of the phenomena observed, the presence of the air,
or, generally speaking, of a medium of a gaseous nature (using
this term not to imply specific properties, but in contradistinetion
to homogeneity or perfect continuity) plays an important part,
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as it allows energy to be dissipated by molecular impaect or bom-
bardiment. The action is thus explained:—When an insulated
body connected to a terminal of the coil is suddenly charged to
high potential, it acts inductively upon the surrounding air, or
whatever gaseous medinm there might be. The molecules or
atoms which are near it are, of course, more attracted, and move
through a greater distance than the further ones. When the
nearest molecules strike the body they are repelled, and collisions
oceur at all distances within the inductive distance. Tt is now
clear that, if the potential be steady, but little loss of energy can
be caused in this way, for the molecules whicl are nearest to
the body having had an additional charge imparted to them by
contaet, are not attracted until they have parted, if not with all,
at least with most of the additional charge, which can be accom-
plished only after a great many collisions. This is inferred from
the fact that with a steady potential there is but little loss in dry
air.  When the potential, instead of being steady, is alternating,
the conditions are entirely different. TIn this case a rhythmical
bombardment occurs, no matter whether the molecules after
coming in contact with the body lose the imparted charge or
not, and, what is more, if the charge is not lost, the impacts are
all the more violent. Still, if the frequency of the impulses
be very small, the loss caused by the impacts and collisions would
not be serious unless the potential was excessive. But when
extremely high frequencies and more or less high potentials are
used, the loss may be very great. The total energy lost per unit
of time is proportionate to the produect of the number of impaets
per second, or the frequency and the energy lost in each impact.
But the energy of an impact must be proportionate to the square
of the electric density of the body, on the assumption that the
charge imparted to the molecnle is proportionate to that density.
It is concluded from this that the total energy lost must be pro-
portionate to the product of the frequency and the square of the
electric density; but this law needs experimental confirmation.
Assuming the preceding considerations to be true, then, by ra-
pidly alternating the potential of a body immersed in an insulat-
ing gaseous medinm, any amount of energy may be dissipated
into space. Most of that energy, then, is not dissipated in the
form of long ether waves, propagated to considerable distance,
as is thought most generally, but is consumed in impact and
collisional losses—that is, heat vibrations—on the surface and in
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the vicinity of the body. To reduce the dissipation it is neces-
sary to work with a small electric density—the smaller, the
higher the frequency. 1

The behavior of a gaseous medium to such rapid alternations
of potential makes it appear plausible that eleetrostatic dis-
turbances of the earth, produced by cosmic events, may have
great influence upon the meteorological conditions. When sueh
disturbances oceur both the frequency of the vibrations of the
charge and the potential are in all probability excessive, and the
energy converted into heat may be considerable. Since the
density must be unevenly distributed, either in consequence of
the irregularity of the earth’s surface, or on acconnt of the
condition of the atmosphere in various places, the effect pro-
duced would accordingly vary from place to place. Considerable
variations in the temperature and pressure of the atmosphere
may in this manner be caused at any point of the surface of the
earth. The variations may be gradual or very sudden, according
to the nature of the original disturbance, and may produce rain
and storms, or locally modify the weather in any way.

From many experiences gathered in the course of these inves-
tigations it appears certain that in lightning discharges the air is
an element of importance. For instance, during a storm a
stream 1may form on a nail or pointed projection of a building.
If lightning strikes somewhere in the neighborhood, the harm-
less static discharge may, in consequence of the oscillations set
up, assume the character of a high-frequency streamer, and the
nail or projection may be brought to a high temperature by the
violent impact of the air molecules. Thus, it is thought, a
building may be set on fire without the lightning striking it. In
like manner small metallic objects may be fused and volatilized
—as frequently occurs in lightning discharges—merely because
they are surrounded by air. Were they immersed in a practi-
cally continuous medium, such as oil, they would probably be
safe, as the energy would have to spend itself elsewhere.

An instructive experience having a bearing ou this subject is
the following:—A glass tube of an inch or so in diameter and
several inches long is taken, and a platnium wire sealed into it,
the wire running through the center of the tube from end to
end. The tube is exhausted to a moderate degree. If a steady
current is passed through the wire it is heated uniformly in all
parts and the gas in the tube is of no eonsequence. But if high
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frequency discharges are directed through the wire, it is heated
more on the ends than in the middle portion, and if the fre-
quency, or rate of charge, is high enough, the wire might as
well be cut in the middle as not, for most of the heating on the
ends is due to the rarefied gas. Here the gas might only act as
a conductor of no impedance, diverting the current from the
wire as the impedance of the latter is enormously increased, and
merely heating the ends of the wire by reason of their resistance
to the passage of the discharge. But it is not at all necessary that
the gas in the tube should be conducting; it might be at an ex-
tremely low pressure, still the ends of the wire would be heated ;
however, as is ascertained by experience, only the two ends
would in such case not be electrically connected through the
gaseous medium. Now, what with these frequencies and poten-
tials oceurs in an exhausted tube, oceurs in the lightning discharge
at ordinary pressure.

From the facility with which any amount of energy may be
carried off through a gas, Mr. Tesla infers that the best way to
render harmless a lightning discharge is to afford it in some way
a passage through a volume of gas.

The recognition of some of the above facts has a bearing upon
far-reaching scientific investigations in which extremely high
frequencies and potentials are nsed. In such cases the air isan
important factor to be considered. So, for instance, if two wires
are attached to the terminals of the coil, and the streamers issue
from' them, there is dissipation of energy in the form of heat
and light, and the wires beliave like a condenser of larger capac-
ity. If the wires be immersed in oil, the dissipation of energy
is prevented, or at least reduced, and the apparent capacity is
diminished. The action of the air wonld seem to make it very
diffieult to tell, from the measured or computed capacity of a
condenser in which the air is acted npon, its actual capacity or
vibration period, especially if the condenser is of very small sur-
face and is charged to a very high potential. As many import-
ant results are dependant upon the correctness of the estimation
of the vibration period, this subject demands the most careful
serutiny of investigators.

In Leyden jars the loss due to the presence of air is compara-
tively small, principally on accountof the great surface of the
coatings and the small external action, but if there are streamers
on the top, the loss may be considerable, and the period of vibra-
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tion is affected. In a resonator, the density is small, but the
frequency is extreme, and may introduce a considerable error.
It appears certain, at any rate, that the periods of vibration of a
charged body in a gaseous and in a .continuous medium, such
as oil, are different, on account of the action of the former, as
explained.

Another fact recognized, which is of some consequence, is,
that in similar investigations the general considerations of static
screening are not applicable when a gaseous medinm is present.
This is evident from the following experiment:—A short and
wide glass tube is taken and covered with a substantial coating of
bronze powder, barely allowing the light to shine alittle through.
The tube is highly exhausted and suspended on a metallic clasp
from the end of a wire. When the wire is connected with one
of the terminals of the coil, the gas inside of the tube is lighted
in spite of the metal coating. Here the metal evidently does
not screen the gas inside as it ought to, even if it be very thin
and poorly conducting. Yet, in a condition of rest the metal
coating, however thin, screens the inside perfectly.

One of the most interesting results arrived at in pursuing these
experiments, is the demonstration of the fact that a gaseous me-
dium, upon which vibration is impressed by rapid changes of
electrostatic potential, is rigid. In illustration of this result an
experiment made by Mr. Tesla may by cited :—A glass tube about
one inch in diameter and three feet long, with outside condenser
coatings on the ends, was exhausted to a certain point, when, the
tube being suspended freely from a wire connecting the upper coat-
ing to one of the terminals of the coil, the discharge appeared in
the form of a Inminous thread passing through the axis of the tube.
Usually the thread was sharply defined in the upper part of the
tube and lost itself in the lower part. When a magnet or the
finger was quickly passed near the upper part of the Iuminous
thread, it was brought out of position by magnetic or electro-
static influence, and a transversal vibration like that of a sus-
pended cord, with one or more distinet nodes, was set up, which
lasted for a few minutes and gradually died out. By suspending
from the lower condenser coating metal plates of different sizes,
the speed of the vibration was varied. This vibration would
seem to show beyond doubt that the thread possessed rigidity,
at least to transversal displacements.

Many experiments were tried to demonstrate this property in
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air at ordinary pressure. Though no positive evidence has been
obtained, it is thought, nevertheless, that a high frequency brush
or streamer, if the frequency could be pushed far enough, would
be decidedly rigid. A small sphere might then be moved within
it quite freely, but if thrown against it the sphere would rebound.
An ordinary flame cannot possess rigidity to a marked degree
because the vibration is directionless; but an electrie are, it is
believed, must possess that property more or less. A luminous
band excited in a bulb by repeated discharges of a Leyden jar
must also possess rigidity, and if deformed and Quddenly released
should vibrate.

From like considerations other conclusions of interest are
reached. The most probable medimm filling the space is one
consisting of independent carriers immersed in an insulating
fluid. If through'this medium enormous electrostatic stresses
are assumed to act, which vary rapidly in intensity, it would
allow the motion of a body through it, yet it would be rigid and
elastie, although the fluid itself might be devoid of these pro-
perties. Furthermore, on the assumption that the independent
carriers are of any conﬁguratlon such that the fluid resistance to
motion in one direction is greater than in another, a stress of
that nature would cause the carriers to arrange themselves in
groups, since’they would turn to each other their sides of the
greatest electric density, in which position the fluid resistance to
approach would be smaller than to receding. If in a medium of
the above characteristics a brush would be formed by a steady
potential, an exchange of the carriers would go on continually,
and there would be less carriers per unit of volume in the brush
than in the space at some distance from the electrode, this cor-
responding to rarefaction. If the potential were rapidly chang-
ing, the result wounld be very different ; the higher the freqency
of the pulses, the slower would be the exchange of the carriers ;
finally, the motion of translation through measurable space would
cease, and, with a sufficiently high frequency and intensity of the
stress, the carriers would be drawn towards the electrode, and
compression would resnlt.

An interesting feature of these high frequency currents is that
they allow of operating all kinds of devices by connecting the de-
viee with only one leading wire to the electric source. In fact,
under certain conditions it may be more economical tosupply the
electrical energy with one lead than with two.
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An experiment of special interest shown by Mr. Tesla, is the
running, by the use of only one insulated line, of a motor oper-
ating on the prineiple of the rotating magnetic field enunciated
by Mr. Tesla. A simple form of such a motor is obtained by
winding upon a laminated iron core a primary and close to it a
secondary coil, closing the ends of the latter and placing a freely
movable metal dise within the influence of the moving field.
The secondary coil may, however, be omitted. When one of the
ends of the primary coil of the motor is connected to one of the
terminals of the high frequency coil and the other end to an
insulated metal plate, which, it should be stated, is not absolutely
necessary for the success of the experiment, the dise is set in
rotation.

Experiments of this kind seem to bring it within possibility to
operate a motor at any point of the earth’s surface from a cen-
tral source, without any connection to the same except throngh
the earth. If, by means of powerful machinery, rapid variations
of the earth’s potential were produced, a grounded wire reaching
up to some height would be traversed by a current which could
be increased by connecting the free end of the wire to a body of
some size. The current might be converted to low tension and
used to operate a motor or other device. The experiment, which
would be one of great scientific interest, would probably best
succeed on a ship at sea. In this manner, even if it were not
possible to operate machinery, intellicence might be transmitted
quite certainly.

In the course of this experimental study special attention was
devoted to the heating effects produced by these currents, which
are not only striking, but open up the possibility of producing a
more eflicient illuminant. It is sufficient to attach to the coil
terminal a thin wire or filament, to have the temperature of the
latter perceptibly raised. If the wire or filament be enclosed in
a bulb, the heating effect is inereased by preventing the circula-
tion of the air. If the air in the bulb be strongly compressed,
the displacements are smaller, the impacts less violent, and the
heating effect is diminished. On the contrary, if the air in the
bulb be exhausted, an inclosed lamp filament is brought to in-
candescence, and any amount of light may thus be produced.

The heating of the inclosed lamp filament depends on so
many things of a different nature, that it is difficult to give a
generally applicable rule under which the maximum heating
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occurs. As regards the size of the bulb, it is ascertained that at
ordinary or only slightly differing atmospheric pressures, when
air is a good insulator, the filament is heated more in a small
bulb, because of the better confinement of heat in this case. At
lower pressures, when air becomes conducting, the heating ef-
fect is greater in a large bulb, but at excessively high degrees of
exhaustion there seems to be, beyond a certain and rather small
size of the vessel, no perceptible difference in the heating.

The shape of the vessel is also of some importance, and it has
been found of advantage for reasons of economy to employ a
spherical bulb with the electrode mounted in its centre, where
the rebounding molecules collide.

It is desirable on account of economy that all the energy sup-
plied to the bulb from the source should reach without loss the
body to be heated. The loss in conveying the energy from the
source to the body may be reduced by employing thin wires
heavily coated with insulation, and by the use of electrostatic
sereens. It is to be remarked, that the sereen, cannot be con-
nected to the ground as nnder ordinary conditions.

In the bulb itself a large portion of the energy supplied may
be lost by molecular bombardment against the wire connecting
the body to be heated with the source. Considerable improve-
ment was effected by covering the glass stem containing the wire
with a closely fitting conducting tube. This tube is made to
project a little above the glass, and prevents the cracking of the
latter near the heated body. The effectiveness of the conducting
tube is limited to very high degrees of exhaustion. It diminishes
the energy lost in bombardment for two reasons; first, the
charge given up by the atoms spreads over a greater area, and
hence the electric density at any point is small, and the atoms
are repelled with less energy than if they would strike against a
good insulator; secondly, as the tube is electrified by the atoms
which first come in contact with it, the progress of the following
atoms against the tube is more or less checked by the repulsion
which the electrificd tube must exert upon the similarly electrified
atoms. This, it is thought, explains why the discharge through
a bulb is established with much greater facility when an insulator,
than when a conductor, is present.

During the investigations a great many bulbs of different con-
struction, with electrodes of different material, were experimented
upon, and a number of observations of interest were made. Mr.
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Tesla has found that the deterioration of the cleetrode is the less,
the higher the frequency. This was to be expected, as then the
heating is effected by many small impacts, instead by fewer and
more violent ones, which quickly shatter the structure. The de-
terioration is also smaller when the vibration is harmonie. Thus
an electrode, maintained at a certain degree of heat, lasts much
longer with currents obtained from an alternator, than with
those obtained by means of a disruptive discharge. One of the
most durable electrodes was obtained from strongly compressed
carborundum, which is a kind of carbon recently produced by
Mr. E. G. Acheson, of Monongahela City, Pa. From experi-
ence, it is inferred, that to be most durable, the electrode should
be in the form of a sphere with a highly polished surface.

In some bulbs refractory bodies were mounted in a earbon enp
and put under the molecular impact. It was observed in
such experiments that the carbon cup was heated at first, until a
higher temperature was reached; then most of the bombard-
ment was directed against the refractory body, and the earbon
was relieved. In general, when different bodies were mounted
in the bulb, the hardest fusible would be relieved, and would
remain at a considerably lower temperature. This was necessi-
tated by the fact that most of the energy supplied would find
its way through the body which was more easily fused or “evap-
orated.” : :

Curiously enough it appeared in some of the experiments
made, that a body was fused in a bnlb under the molecular im-
pact by evolution” of less light than when fused by the applica-
tion of heat in ordinary ways. This may be ascribed to a
loosening of the structure of the body nnder the violent impaets
and changing stresses.

Some experiments seem to indicate that under certain condi-
tions a body, conducting or nonconducting, may, when bom-
barded, emit light, whieh to all appearances is due to phosphor-
escence, but may in reality be eansed by the incandescence of an
infinitesimal layer, the mean temperature of the body being
comparatively small. Such might be the case if each single
rhiythmical impaet were capable of instantaneously exciting the
retina, and the rhythm were just high enough to cause a continuous
impression in the eye. According to this view, a coil operated
by disruptive discharge would be eminently adapted to produce
such a result, and it is found by experience that its power of
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exciting phosphorescence is extraordinarily great. It is capable
of exciting phosphorescence at comparatively low degrees of
exhaustion, and also projects shadows at pressures far greater
than those at which the mean free path is comparable to the

dimensions of the vessel. The latter observation is of some im-
portance, inasmuch as it may modify the generally accepted views
in regard to the “radiant state” phenomena.

A thought which early and naturally suggested itself to Mr.
Tesla, was to utilize the great inductive effects of high frequency
currents to produce light in a sealed glass vessel without the use
of leading in wires. Accordingly, many bulbs were constructed
in which the energy necessary to maintain a button or filament
at high incandescence, was supplied through the glass by either
electrostatic or electrodynamic induetion. It was easy to regu-
late the intensity of the light emitted by means of an externally
applied condenser coating connected to an insulated plate, or
simply by means of a plate attached to the bulb which at the
same time performed the funetion of a shade.

A subject of experiment, which has been exhaustively treated
in England by Prof. J. J. Thomson, has been followed up inde-
pendently by Mr. Tesla from the beginning of this stndy, namely,
to excite by electrodynamic induction a luminous band in a elosed
tube or. bulb. In observing the behavior of gases, and the
luminons phenomena obtained, the importance of the electro-
static effects was noted and it appeared desirable to produce
enormous potential differences, alternating with extreme rapidity.
Experiments in this direction led to some of the most interest-
ing results arrived at in the course of these investigations. It
was found that by rapid alternations of a high electrostatic po-
tential, exhausted tubes could be lighted at considerable distances
from a conductor conneected to a properly constructed coil, and
that it was practicable to establish with the coil an alternating
eiectrostatic field, acting through the whole room and lighting a
tube wherever it was placed within the four walls. Phosphores-
cent bulbs may be excited in such a field, and it is easy to regu-
late the effect by connecting to the bulb a small insulated metal
plate. It was likewise possible to maintain a filament or button
mounted in a tube at bright incandescence, and, in one experi-
ment, a mica vane was spun by the incandescence of a platinum
wire.

Coming now to the lecture delivered in Philadelphia and St.
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Louis, it may be remarked that to the superficial reader, Mr.
Tesla’s introduction, dealing with the importance of the eye, might
appear as a digression, but the thoughtful reader will find therein
much food for meditation and speculation. Throughout his dis-
course one can trace Mr. Tesla’s effort to present in a popular
way thoughts and views on the electrical phenomena which have
in recent years captivated the scientific world, but of which the
general public has even yet merely received an inkling. M.
Tesla also dwells rather extensively on his well-known method of
high-frequency conversion ; and the large amount of detail in-
formation will be gratefully received by students and experi-
menters in this virgin field. The employment ot apt analogies
in explaining the fundamental prineiples involved makes it easy
for all to gain a clear idea of their nature. Again, the ease with
which, thanks to Mr. Tesla's efforts, these high-frequency cur-
rents may now be obtained from ecircunits carrying almost any
kind of current, cannot fail to result in an extensive broadening
of this field of research, which offers so many possibilities. Mr.
Tesla, true philosopher as he is, does not hesitate to point out
defects in some of his methods, and indicates the lines which to
him seem the most promising. Particular stress is laid by Iim
upon the employment of a medium in which the discharge
electrodes should be immersed in order that this method of con-
version may be brought to the highest perfection. He has evi-
dently taken pains to give as much useful information as possible
to those who wish to follow in his path, as he shows in detail the
circnit arrangements to be adopted in all ordinary cases met with
in practice, and although some of these methods were described
by him two years before, the additional information is still timely
and welcome.

In his experiments he dwells first on some phenomena pro-
duced by electrostatic force, which he considers in the light of
modern theories to be the most important force in nature for us
to investigate. At the very outset he shows a strikingly novel
experiment illustrating the effect of a rapidly varyving electrosta-
tic force in a gaseous medinm, by tonching with one hand one of
the terminals of a 200,000 volt transformer and bringing the
other hand to the opposite terminal. The powerful streamers
which issued from his hand and astonished his audiences formed
a capital illustration of some of the views advanced, and afforded
Mr. Tesla an opportunity of pointing out the true reasons why,
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with these currents, such an amount of energy can be passed
throngh the body with impunity. He then showed by experi-
ment the difference between a steady and a rapidly varying force
upon the dielectric. This difference is most strikingly illustrated
in the experiment in which a bulb attached to the end of a wire
in connection with one of the terminals of the transformer is
ruptured, although all extraneous bodies are remote from the
bulb. He next illustrates how mechanical motions are produced
by a varying electrostatic force acting through a gaseous medinm.
The importance of the action of the air is particularly illustrated
by an interesting experiment.

Taking up another class of plienomena, namely, those of dyna-
mic electricity, Mr. Tesla produced in a number of experiments
a variety of effects by the employment of only a single wire
with the evident intent of impressing upon his andience the idea
that electric vibration or current can be transmitted with ease,
without any return cireunit; also how currents so transmitted can
be converted and used for many practical purposes. A number
of experiments are then shown, illustrating the effects of fre-
quency, self-induction and capacity; then a number of ways of
operating motive and other devices by the use of a single lead.
A number of novel impedance phenomena are also shown which
cannot fail to arouse interest.

Mr. Tesla next dwelt upon a subject which he thinks of great
importance, that is, electrical resonance, which he explained in a
popular way. He expressed his firm conviction that by observ-
ing proper conditions, intelligence, and possibly even power, can
be transmitted through the medium or through the earth; and
he considers this problem worthy of serious and immediate con-
sideration.

Joming now to the light phenomena in particular, he illustrated
the four distinet kinds of these phenomena in an original way,
which to many must have been a revelation. Mr. Tesla attributes
these light effects to molecular or atomic impacts produced by a
varying electrostatic stress in a gaseous medium. He illustrated
in a series of novel experiments the effect of the gas surround-
ing the eonductor and shows beyond a doubt that with high fre-
quency and high potential currents, the surrounding gas is of
paramount importance in the heating of the conductor. He
attributes the heating partially to a conduction current and par-
tially to bombardment, and demonstrates that in many cases the
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lieating may be practically due to the bombardment alone. He
pointed out also that the skin effect is largely modified by the
presence of the gas or of an atomic medium in general. He
showed also some interesting experiments in which the effect of
convection is illustrated. Probably one of the most curious ex-
periments in this connection is that in whicl a thin plathmm wire
stretched along the axis of an exhausted tube is brought to in-
candescence at certain points corresponding to the position of
the striee, while at others it remains dark. This experiment
throws an interesting light upon the nature of the strize and may
lead to important revelations.

Mr. Tesla also demonstrated the dissipation of energy throngh
an atomic medium and dwelt upon the behavior of vacuous
space in conveying heat, and in this connection showed the curions
behavior of an electrode stream, from which he concludes that
the molecules of a gas probably cannot be acted upon directly
at measurable distances.

Mr. Tesla summarized the chief results arrived at in pursuing
his investigations in a manner which will serve as a valuable
guide to all who may engage in this work. Perhaps most inter-
est will centre on his general statenients regarding the phenomena
of phosphorescence, the most important fact revealed in this di-
rection being that when exciting a phosphorescent bulb a certain
definite potential gives the most economical result.

The lectures will now be presented in the order of their date
of delivery.



CHAPTER XXVI.

ExperiMeENTs WiTH ALTERNATE CURRENTS OF VERY Hicr FrE-
QUENCY AND Turir AppricaTioN To METHODS OF ARTIFICIAL
InLuMiNATION. !

TuERE is no subject more eaptivating, more worthy of study,
than nature. To understand this great mechanism, to discover
the forces which are active, and the laws which govern them, is
the highest aim of the intelleet of man.

Nature has stored up in the universe infinite energy. The
eternal recipient and transmitter of this infinite energy is the
ether. The recognition of the existence of ether, and of the
functions it performs, is oue of the most important results of
modern scientific research. The mere abandoning of the idea of
action at a distance, the assumption of a medium pervading all
space and connecting all gross matter, has freed the minds of
thinkers of an ever present doubt, and, by opening a new horizon
—new and unforeseen possibilities—has given fresh interest to
phenomena with which we are familiar of old. It has been a
great step towards the understanding of the forces of nature and
their multifold manifestations to our senses. It has been for
the enlightened student of physics what the undérstanding of
the mechanism of the firearm or of the steam engine is for the
barbarian. Phenomena upon which we used to look as wonders
bafiling explanation, we now see in a different light. The spark
of an induetion coil, the glow of an incandescent lamp, the mani-
festations of the mechanical forces of currents and magnets are
no longer beyond our grasp ; instead of the incomprehensible, as
l)efore, their observation suggests now in our minds a simple
mechanism, and although as to its precise nature all is still eon-
jecture, yet we know that the truth cannot be much longer hid-
den, and instinetively we feel that the understanding is dawning
upon us. We still admire these beautiful phenomena, these

1. A lecture delivered before the American Institute of Electrical Engineers,
at Columbia College, N. Y., May 20, 1891,

145



146 INVENTIONS OF NIKOLA TESLA.

strange forces, but we are helpless no longer; we can in a certain
measure explain them, account for them, and we are hopeful of
finally succeeding in unraveling the mystery which surrounds
them.

In how far we can understand the world around us is the ulti-
mate thought of every student of nature. The coarseness of our
senses prevents us from recognizing the ulterior econstruction of
matter, and astronomy, this grandest and most positive of natural
sciences, can only teach us something that happens, as it were, in
our immediate neighborhood: of the remoter portions of the
boundless universe, with its numberless stars and suns, we know
nothing. But far beyond the limit of perception of our senses
the spirit still can guide us, and so we may hope that even these
unknown worlds—infinitely small and great—may in a measure
become known to us. Still, even if this knowledge should reach
us, the searching mind will find a barrier, perhaps forever unsur-
passable, to the ¢rue recognition of that which seems to be, the
mere appearance of which is the only and slender basis of all
our philosophy.

Of all the forms of nature’s immeasurable, all-pervading
energy, which ever and ever changing and moving, like a soul
animates the inert universe, electricity and magnetism are per-
haps the most fascinating. The effects of gravitation, of heat
and light we observe daily, and soon we get accustomed to
them, and soon they lose for us the character of the marvelous
and wonderful ; but electricity and magnetism, with their singular
relationship, with their seemingly dual character, unique-among
the forces in nature, with their phenomena of attractions, repul-
sions and rotations, strange manifestations of mysterious agents,
stimulate and excite the mind to thought and research. What is
electricity, and what is magnetism ¢ These questions have been
asked again and again. The most able intellects have ceaselessly
wrestled with the problem ; still the question has not as yet been
fully answered. But while we cannot even to-day state what
these singular forces are, we have made good headway to-
wards the solution of the problem. We are now confident that
electric and magnetic phenomena are attributable to ether, and
we are perhaps justified in saying that the effects of static elec-
tricity are effects of ether under strain, and those of dynamie
electricity and electro-magnetism effects of ether in motion. But
this still leaves the question, as to what electricity and magnetisim
are, unanswered.
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First, we naturally inquire, What is electricity, and is there
such a thing as electricity? In interpreting electric phenomena,
we may speak of electricity or of an electric condition, state or
effect. If we speak of electric effects we must distinguish two
such effects, opposite in character and neutralizing each other, as
observation shows that two such opposite effects exist. This is
unavoidable, for in a medium of the properties of ether, we can-
not possibly exert a strain, or produce a displacement or motion
of any kind, without causing in the surrounding medium an
equivalent and opposite effect. But if we speak of electricity,
meaning a thing, we must, I think, abandon the idea of two
electricities, as the existence of two such things is highly improb-
able.  For how can we imagine that there should be two things,
equivalent in amount, alike in their properties, but of opposite
charaeter, both clinging to matter, both attracting and completely
neutralizing each other? Such an assumption, though suggested
by many phenomena, though most convenient for explaining
them, has little to commend it. If there ¢s such a thing as elec-
tricity, there can be only one such thing, and, excess and want
of that one thing, possibly; but more probably its condition de-
termines the positive and negative character. The old theory of
Franklin, though falling short in some respeets, is, from a certain
point of view, after all, the most plausible one. Still, in spite
of this, the theory of the two electricities is generally accepted,
as it apparently explains electric phenomena in a more satisfac-
tor manner. But a theory which better explains the facts is not
necessarily true. Ingenious minds will invent theories to suit
observation, and almost every independent thinker has his own
views on the subject.

It is not with the object of advancing an opinion, but with
the desire of acquainting you better with some of the results,
which I will describe, to show you the reasoning I have fol-
lowed, the departures I have made—that I venture to express,
in a few words, the views and convictions which have led me to
these results. !

I adhere to the idea that there is a thing which we have been
in the habit of calling electricity. The question is, What is that
thing? or, What, of all things, the existence of which we know,
have we the best reason to call electricity! We know that it acts
like an incompressible fluid; that there must be a constant quan-
tity of it in nature; that it can be neither produced nor destroyed ;
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and, what is more important, the electro-magnetic theory of light
and all facts observed teach us that electric and ether phenomena
are identical. The idea at once suggests itself, therefore, that
electricity might be called ether. In fact, this view has in a cer-
tain sense been advanced by Dr. Lodge. His interesting work
has been read by everyone and many have been convinced by
his argnments. His great ability and the interesting nature of
the subject, keep the reader spelfbound ; but when the impres-
sions fade, one realizes that he has to deal only with ingenions
explanations. I must confess, that I cannot believe in two elec-
tricities, much less in a doubly-constituted ether. The puzzling
behavior of the ether as a solid to waves of light and heat, and
as a fluid to the motion of bodies through it, is certainly ex-
plained in the most natural and satisfactory manner by assuming
it to be in motion, as Sir William Thomson has suggested; but
regardless of this, there is nothing which would enable us to
conclude with certainty that, while a fluid is not capable of trans-
mitting transverse vibrations of a few hundred or thousand per
second, it might not be capable of transmitting such vibrations
when they range into hundreds of million millions per second.
Nor can anyone prove that there are transverse ether waves
emitted from an alternate current machine, giving a small num-
ber of alternations per second ; to such slow disturbances, the ether
if at rest, may behave as a trne fluid.

Returning to the subject, and bearing in iind that the exist-
ence of two electricities is, to say the least, highly improbable,
we must remember, that we have no evidence of electricity, nor
can we hope to get it, unless gross matter is present. Electricity,
therefore, cannot be called ether in the hroad sense of the term;
but nothing would seem to stand in the way of calling electricity
ether associated with matter, or bound ether; or, in other words,
that the so-called static charge of the molecule is ether associated
in some way with the molecule. Looking at it in that light, we
would be justified in saying, that electrieity is concerned in all
molecular actions. .

Now, precisely what the ether surrounding the molecules is,
wherein it differs from ether in general, can only be eonject-
ured. It cannot differ in density, ether being incompressible ;
it must, therefore, be under some strain or in motion, and the
latter is the most probable. To understand its functions, it
would be necessary to have an exact idea of the physical con-

-4
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struction of matter, of which, of course, we can only form a
mental picture.

But of all the views on nature, the one which assumes one
matter and one force, and a perfect uniformity throughout, is
the most scientitic and most likely to be true. An infinitesimal
world, with the molecules and their atoms spinning and moving
in orbits, in much the same manner as celestial bodies, carrying
with them and probably spinning with them ether, or in other
words, carrying with them static charges, seems to my mind the
most probable view, and one which, in a plausible manner, ac-
counts for most of the phenomena observed. The spinning of
the molecules and their ether sets up the ether tensions or elee-
trostatic strains; the equalization of ether tensions sets up ether
motions or electric currents, and the orbital movements produce
the effects of electro and permanent magnetism.

About fifteen years ago, Prof. Rowland demonstrated a most
interesting and important fact, namely, that a static charge car-
ried around produces the effects of an electric current. Leaving
out of consideration the precise nature of the mechanism, which
produces the attraction and repulsion of currents, and conceiving
the electrostatically charged molecnles in motion, this experimen-
tal fact gives us a fair idea of magnetism. We can conceive lines
or tubes of force which physically exist, being formed of rows
of directed moving molecules ; we can see that these lines must be
closed, that they must tend to shorten and expand, ete. It like-
wise explains in a reasonable way, the most puzzling phenomenon
of all, permanent magnetism, and, in general, has all the beauties
of the Ampere theory without possessing the vital defect of the
same, namely, the assumption of molecular currents. Without
enlarging further nupon the subject, I would say, that I look upon
all electrostatic, current and magnetic phenomena as being due
to electrostatic molecular forces.

The preceding remarks I have deemed necessary to a full
understanding of the subject as it presents itself to my mind.

Of all these phenomena the most important to study are the
current phenomena, on account of the already extensive and ever-
growing use of currents for industrial purposes. It is now a cen-
tury since the first practical source of current was produced,
and, ever since, the phenomena which accompany the flow of
currents have been diligently studied, and through the untiring
efforts of scientific men the simple laws which govern them have
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been discovered. But these laws are found to hold good only
when the currents are of a steady character. When the currents
are rapidly varying in strength, quite different phenomena, often
unexpected, present themselves, and quite different laws hold
good, which even now have not been determined as fully as is
desirable, though through the work, principally, of English scien-
tists, enough knowledge has been gained on the subject to enable
us to treat simple cases which now present themselves in daily
practice.

The phenomena which are peculiar to the changing character
of the currents are greatly exalted when the rate of change is
increased, hence the study of these currents is considerably facil-
itated by the employment of properly constructed apparatus.
It was with this and other objects in view that I constructed
alternate current machines capable of giving more than two
million reversals of current per minute, and to this circumstance
it is prinecipally due, that I am able to bring to your attention
some of the results thus far reached, which I hope will prove to
be a step in advance on account of their direet bearing upon one
of the most important problems, namely, the production of a
practical and eflicient source of light.

The study of such rapidly alternating eurrents is very interest-
ing. Nearly every experiment discloses something new. Many
results may, of course, be predicted, but many more are unfore-
seen. The experimenter makes many interesting observations.
For instance, we take a piece of iron and hold it against a magnet.
Starting from low alternations and running up higher and higher
we feel the impulses succeed each other faster and faster, get
weaker and weaker, and finally disappear. We then observe a
continuous pull; the pull, of course, is not continuous; it only
appears so to us; our sense of touch is imperfect.

We may next establish an arc between the electrodes and
observe, as the alternations rise, that the note which accompanies
alternating ares gets shriller and shriller, gradually weakens, and
finally ceases. The air vibrations, of course, continue, but they
are too weak to be perceived ; our sense of hearing fails us.

‘We observe the small physiological effects, the rapid heating of
the iron cores and conductors, curious inductive effects, interest-
ing condenser phenomena, and still more interesting light phe-
nomena with a high tension induction eoil. All these experi-
ments and observations would be of the greatest interest to the
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student, but their desecription would lead me too far from the
principal subject. Partly for this reason, and partly on account
of their vastly greater importance, I will confine myself to the
description of the light effects produced by these currents.

In the experiments to this end a high tension induction coil or
equivalent apparatus for converting currents of comparatively
low into currents of high tension is used.

If you will be sufficiently interested in the results I shall de-
seribe as to enter into an experimental study of this subject ; if you
will be convinced of the truth of the arguments I shall advance—
your aim will be to produce high frequencies and high potentials ;
in other words, powerful electrostatic effects. You will then en-
counter many difficulties, which, if completely overcome, would
allow us to produce truly wonderful results.

First will be met the difficulty of obtaining the required fre-
quencies by means of mechanical apparatus, and, if they be ob.
tained otherwise, obstacles of a different nature will present
themselves. Next it will be found difficult to provide the requi-
site insulation without considerably increasing the size of the
apparatus, for the potentials required are high, and, owing to the
rapidity of the alternations, the insulation presents peculiar diffi-
culties. So, for instance, when a gas is present, the discharge
may work, by the molecular bombardment of the gas and con-
sequent heating, through as much as an inch of the best solid
insulating material, such as glass, hard rubber, porcelain, sealing
wax, ete. ; in fact, through any known insulating substance. The
chief requisite in the insulation of the apparatus is, therefore, the
exclusion of any gaseous matter.

In general my experience tends to show that bodies which
possess the highest specific inductive capacity, such as glass,
‘afford a rather inferior insulation to others, whieh, while they are
good insulators, have a much smaller specific inductive capacity,
such as oils, for instance, the dielectric losses being no doubt
greater in the former. The difliculty of insulating, of course,
only exists when the potentials are excessively high, for with
potentials such as a few thousand volts there is no particular diffi-
culty encountered in conveying currents from a machine giving,
say, 20,000 alternations per second, to quite a distance. This
number of alternations, however, is by far too small for many
purposes, though quite sufficient for some practical applications.
This diffienlty of insulating is fortunately not a vital drawback ;
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it affects mostly the size of the apparatﬁs, for, when excessively
high potentials would be used, the light-giving devices would be
located not far from the apparatus, and often they would be quite
close to it. As the air-bombardment of the insulated wire is de-
pendent on condenser action, the loss may be reduced to a trifle
by using excessively thin wires heavily insulated.

Another difficulty will be encountered in the capacity and self-
induction necessarily possessed by the coil. If the coil be large,
that is, if it contain a great length of wire, it will be generally
nnsuited for excessively high frequencies; if it be small, it may
be well adapted for such frequencies, but the potential might
then not be as high as desired. A good insulator, and prefera-
bly one possessing a small specific inductive capacity, would
afford a two-fold advantage. First, it would enable us to con-
struct a very small coil capable of withstanding enormous differ-
ences of potential; and secondly, such a small coil, by reason of
its smaller capacity and self-induction, would be ecapable of a
quicker and more vigorous vibration. The problem then of con-
structing a coil or induction apparatus of any kind possessing
the requisite qualities I regard as one of no small importance,
and it has occupied me for a considerable time.

The investigator who desires to repeat the experiments which
I will describe, with an alternate current machine, capable of
supplying currents of the desired frequency, and an induction
coil, will do well to take the primary coil out and mount the se¢-
ondary in such a manner as to be able to look through the tube
npon which the secondary is wound. He will then be able to
observe the streams which pass from the primary to the insulat- .
ing tube, and from their intensity he will know how far he can
strain the coil. Without this precaution he is sure to injure
the insulation. This arrangment permits, however, an easy
exchange of the primaries, which is desirable in these experi-
ments.

The selection of the type of machine best suited for the pur-
pose must be left to the judgment of the experimenter. There
are here illustrated three distinct types of machines, which,
besides others, I have used in my experiments.

Fig. 97 represents the machine used in my experiments before
this Institute. The field magnet consists of a ring of wrought
iron with 384 pole projections. The armature comprises a steel
dise to which is fastened a thin, carefully welded rim of wrought
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iron. Upon the rim are wound several layers of fine, well
annealed iron wire, which, when wound, is passed through
shellac. The armature wires are wound around brass pins,
wrapped with silk thread. The diameter of the armature wire
in this type of machine should not be more than § of the thick-
ness of the pole projections, else the local action will be con-
siderable.

Fig. 98 represents a larger machine of a different type. The
field inagnet of this machine consists of two like parts which
either enclose an exciting coil, or else are independently wound.

Each part has 480 pole projections, the projections of one facing
those of the other. - The armature consists of a wheel of hard
bronze, carrying the conductors which revolve between the pro-
jections of the field magnet. To wind the armature conductors,
I have found it most convenient to proceed in the following
manner. [ construct a ring of hard bronze of the required size.
This ring and the rim of the wheel are provided with the
proper number of pins, and both fastened upon a plate. The
armature conductors being wound, the pins are cut off and the
ends of the conductors fastened by two rings which serew to the
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bronze ring and the rim of the wheel, respectively. The whole
may then be taken off and forms a solid structure. The con-
ductors in such a type of machine should consist of sheet copper,
the thickness of which, of course, depends on the thickness of
the pole projections; or else twisted thin wires should be em-
ployed.

Fig. 99 is a smaller machine, in many respects similar to the
former, only here the armature conductors and the exciting coil
are kept stationary, while only a block of wrought iron is re-
volved.

It would be uselessly lengthening this description were I to

dwell more on the details of construction of these machines.
Besides, they have been described somewhat more elaborately in
The Electrical Engineer, of March 18, 1891. I deem it well,
however, to call the attention of the investigator to two things,
the importance of which, though self evident, he is nevertheless
apt to underestimate; namely, to the local action in the con-
ductors which must be carefully avoided, and to the clearance,
which must be small. I may add, that since it is desirable to use
very high peripheral speeds, the armature should be of very
large diameter in order to avoid impracticable belt speeds. Of
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the several types of these machines which have been constructed
by me, I have found that the type illustrated in Fig. 97 caused
me the least trouble in construction, as well as in maintenance,
and on the whole, it has been a good experimental machine.

In operating an induction coil with very rapidly alternating
currents, among the first luminous phenomena noticed are natur-
ally those presented by the high-tension discharge. As the num-
ber of alternations per second is increased, or as—the number
being high—the current through the primary is varied, the dis-
charge gradually changes in appearance. It would be difficult to
describe the minor changes which oceur, and the conditions which

Fe. 9.

bring them about, but one may note five distinet forms of the
discharge.

First, one may observe a weak, sensitive discharge in the form
of a thin, feeble-colored thread. (Fig. 100a.) It always occurs
when, the number of alternations per second being high, the cur-
rent through the primary is very small. In spite of the exces-
sively small current, the rate of change is great, and the differ-
ence of potential at the terminals of the secondary is therefore
considerable, so that the arc is established at great distances; but
the quantity of “electricity ” set in motion is insignificant, barely
sufficient to maintain a thin, threadlike are. It is excessively
sensitive and may be made so to such a degree that the mere act
of breathing near the coil will affect it, and unless it is perfectly
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well protected from eurrents of air, it wriggles around constantly.
Nevertheless, it is in this form excessively persistent, and when
the terminals are approached to, say, one-third of the strikiig
distance, it can be blown out only with difficulty. This excep-
tional persistency, when short, is largely due to the are being
excessively thin; presenting, therefore, a very small surface
to the blast. Its great sensitiveness, when very long, is probably
due to the motion of the particles of dust suspended in the air.
When the current through the primary is increased, the dis-
charge gets broader and stronger, and the effect of the capacity
of the coil becomes visible until, finally, under proper conditions,
a white flaming are, Fig. 100 8, often as thick as one’s finger, and
striking across the whole coil, is produced. It develops remark-
able heat, and may be further characterized by the absence of
the high note which accompanies the less powerful discharges.
To take a shock from the coil under these conditions would not

Fre. 100a. Fre. 100b.

be advisable, although under different conditions, the potential
being much higher, a shock from the coil may be taken with
impunity. To produce this kind of discharge the number of
alternations per second must not be too great for the coil used ;
and, generally speaking, certain relations between capacity, self-
induetion and frequency must be observed.

The importance of these elements in an alternate current cir-
cuit is now well-known, and under ordinary conditions, the gen-
eral rules are applicable. But in an induction eoil exceptional
conditions prevail. First, the self-induction is of little importance
before the arc is established, when it asserts itself, but perhaps
never as prominently as in ordinary alternate current circuits,
becanse the capacity is distributed all along the coil, and by reason
of the fact that the coil usually discharges through very great
resistances ; hence the currents are exeeptionally small. Secondly,
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the capacity goes on increasing continually as the potential rises,
in consequence of absorption which takes place to a considerable
extent. Owing to this there exists no critical relationship between
these quantities, and ordinary rules would not seem to be appli-
cable. As the potential is increased either in consequence of the
increased frequency or of the increased current through the
primary, the amount of the energy stored becomes greater and
greater, and the capacity gains more and more in importance.
Up to a certain point the capacity is beneficial, but after that it
begins to be an enormous drawback. Tt follows from this that
each coil gives the best result with a given frequency and primary
current. A very large coil, when operated with currents of very
high frequency, may not give as mueh as £ inch spark. By adding
capacity to the terminals, the condition may be improved, but
what the coil really wants is a lower frequency.

When the flaming discharge oceurs, the conditions are evi-
dently such that the greatest current is made to flow through the
circuit. These conditions may be attained by varying the fre-
quency within wide limits, but the highest frequency at which
the flaming are can still be produced, determines, for a given
primary current, the maximum striking distance of the coil. In
the flaming discharge the eclat effect of the capacity is not per-
ceptible ; the rate at which the energy is being stored then just
equals the rate at which it can be disposed of through the cireuit.
This kind of discharge is the severest test for a coil; the break,
when it occurs, is of the nature of that in an overcharged Leyden
jar. To give a rough approximation I would state that, with an
ordinary coil of, say 10,000 ohms resistance, the most powerful
arc would be produced with about 12,000 alternations per second.

When the frequency is increased beyond that rate, the poten-
tial, of conrse, rises, but the striking distance may, nevertheless,
diminish, paradoxical as it may seem. As the potential rises the
coil attains more and more the properties of a static machine
until, finally, one may observe the beautiful phenomenon of the
streaming discharge, Fig. 101, which may be produced across the
whole length of the coil. At that stage streams begin to issue
freely from all points and projections. These streams will also be
seen to pass in abundance in the space between the primary and
the insulating tube. When the potential is excessively high they
will always appear, even if the frequency be low, and even if the
primary be surrounded by as much as an inch of wax, hard rub-
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ber, glass, or any other insulating substance. This limits greatly
the output of the coil, but I will later show how I have been able
to overcome to a considerable extent this disadvantage in the
ordinary coil. ‘

Besides the potential, the intensity of the streams depends on
the frequency; but if the coil be very large they show them-
selves, no matter how low the frequencies used. For instanee,
in a very large coil of a resistance of 67,000 ohms, constructed
by me some time ago, they appear with as low as 100 alternations
per second and less, the insulation of the secondary being £ inch
of ebonite. When very intense they produce a noise similar to
that produced by the charging of a Holtz machine, but much
more powerful, and they emit a strong smell of ozone. The
lower the frequency, the more apt they are to suddenly injure
the coil. With excessively high frequencies they may pass freely

Fre. 101, Fre. 102,
without produeing any other effect than to heat the insulation
slowly and uniformly.

The existence of these streams shows the importance of con-
structing an expensive coil so as to permit of one’s seeing
through the tube surrounding the primary, and the latter should
be easily exchangeable; or else the space between the primary
and secondary should be completely filled up with insulating
material so as to exclude all air. The non-observance of this
simple rule in the construction of commercial coils is responsible
for the destruction of many an expensive coil.

At the stage when the streaming discharge oceurs, or with
somewhat higher frequencies, one may, by approaching the ter-
fmna}s quite nearly, and regulating properly the effect of capac-
ity, produce a veritable spray of small silver-white sparks, or a
bunch of excessively thin silvery threads (Fig. 102) amidst a
powerful brush—each spark or thread possibly corresponding
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to one alternation. This, when produced under proper condi-
tions, is probably the most beautiful discharge, and when an air
blast is directed against it, it presents a singular appearance.
The spray of sparks, when received through the body, causes
some inconvenience, whereas, when the discharge simply
streams, nothing at all is likely to be felt if large conducting
objects are held in ‘the hands to protect them from receiving
small burns.

If the frequency is still more increased, then the coil refuses
to give any spark unless at comparatively small distances, and the
fifth typical form of discharge may be observed (Fig. 103). The
tendency to stream out and dissipate is then so great that when
the brush is produced at one terminal no sparking occurs, even
if, as I have repeatedly tried, the hand, or any conducting objeect,
is held within the stream; and, what is more singular, the Inmi-
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nous stream is not at all easily deflected by the approach of a
conducting body.

At this stage the streams seemingly pass with the greatest
freedom through considerable thicknesses of insulators, and it is
particularly interesting to study their behavior. For this pur-
pose it is convenient to conneet to the terminals of the coil two
metallic spheres which may be placed at any desired distance,
Fig. 104. Spheres are preferable to plates, as the discharge can
be better observed. By inserting dielectric bodies hetween the
spheres, beautiful discharge phenomena may be observed. If
the spheres be quite close and a spark be playing between them, by
interposing a thin plate of ebonite between the spheres the spark
instantly ceases and the discharge spreads into an intensely lumi-
nous circle several inches in diameter, provided the spheres are
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sufficiently large. The passage of the streams heats, and, after
a while, softens, the rubber so much that two plates may be
made to stick together in this manner. 'Tf the spheres are so far
apart that no spark occurs, even if they are far beyond the strik-
ing distance, by inserting a thick plate of glass the discharge is
instantly induced to pass from the spheres to the glass in the
form of luminous streams. It appears almost as though these
streams pass through the dielectric. In reality this is not the
case, as the streams are due to the molecules of the air which
are violently agitated in the space between the oppositely eharged
surfaces of the spheres. When no dielectric other than air is
present, the bombardment goes on, but is too weak to be visible;
by inserting a dielectric the inductive effect is much increased,
and besides, the projected air molecules find an obstacle and the
bombardment becomes so intense that the streams become lumi-
nous. If by any mechanical means we could effect such a vio-
lent agitation of the molecules we could produce the same phe-
nomenon. A jet of air escaping through a small hole under
enormous pressure and striking against an insulating substance,
such as glass, may be luminous in the dark, and it might be pos-
sible to produce a phosphorescence of the glass or other insulators
in this manner.

The greater the specific inductive ecapacity of the interposed
dielectric, the more powerful the effect produced. Owing to
this, the streams show themselves with excessively high poten-
tials even if the glass be as much as one and one-half to two
inches thick. But besides the heating due to bombardment,
some heating goes on undoubtedly in the dielectric, being ap-
parently greater in glass than in ebonite. I attribute this to the
greater specific inductive capacity of the glass, in eonsequence of
which, with the same potential difference, a greater amount of
energy is taken up in it than in rubber. It is like connecting to
a battery a copper and a brass wire of the same dimensions. The
copper wire, thongh a more perfeet conductor, would heat more
by reason of its taking more current. Thus what is otherwise
considered a virtue of the glass is here a defect. Glass usually
gives way much quicker than ebonite; when it is heated to a cer-
tain degree, the discharge suddenly breaks through at one point,
assuming then the ordinary form of an are.

The heating effect produced by molecular bombardment of
the dielectric would, of course, diminish as the pressure of the
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air is increased,and at enormous pressure it would be negligible,
unless the frequency would increase correspondingly.

It will be often observed in these experiments that when the
spheres are beyond the striking distance, the approach of a glass
plate, for instance, may induce the spark to jump between the
spheres. This occurs when the capacity of the spheres is some-
what below the critical value which gives the greatest difference
of potential at the terminals of the coil. By approaching a di-
electrie, the specific inductive capacity of the space between the
spheres is increased, producing the same effect as if the capacity
of the spheres were increased. The potential at the terminals
may then rise so high that the air spaceis cracked. The experi-
ment is best performed with dense glass or mieca.

Another interesting observation is that a plate of insulating
material, when the discharge is passing through it, is strongly
attracted by either of the spheres, that is by the nearer one, this
being obviously due to the smaller mechanical effect of the bom-
bardment on that side, and perhaps also to the greater electrifica-
tion.

From the behavior of the dielectrics in these experiments, we
may conclude that the best insulator for these rapidly alternating
currents wonld be the one possessing the smallest specific induc-
tive capacity and at the same time one capable of withstanding
the greatest differences of potential ; and thus two diametrically
opposite ways of securing the required insulation are indicated,
namely, to use either a perfect vacuum or a gas under great press-
ure ; but the former would be preferable. Unfortunately neither
of these two ways is easily carried out in practice.

It is especially interesting to note the behavior of an exces-
sively high vacuum in these experiments. If a test tube, provided
with external electrodes and exhausted to the highest possible
degree, be connected to the terminals of the coil, Fig. 105, the
electrodes of the tube are instantly brought to a high temperature
and the glass at each end of the tube is rendered intensely phos-
phorescent, but the middle appears comparatively dark, and for a
while remains cool.

‘When the frequency is so high that the discharge shown in
Fig. 103 is observed, considerable dissipation no doubt occurs in
the coil. Nevertheless the coil may be worked for a long time,
as the heating is gradual.

In spite of the fact that the difference of potential may be
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enormous, little is felt when the discharge is passed through the
body, progided the hands are armed. This is to some extent due
to the higher frequency, but prineipally to the fact that less en-
ergy is available externally, when the difference of potential
reaches an enormous value, owing to the cirenmstance that, with
the rise of potential, the energy absorbed in the coil increases as
the square of the potential. Up to a certain point the energy
available externally increases with the rise of potential, then it
begins to fall off rapidly. Thus, with the ordinary high tension
induction coil, the curious paradox exists, that, while with a given
current through the primary the shock might be fatal, with many
times that current it might be perfectly harmless, even if the
frequency be the same. With high frequencies and excessively
high potentials when the terminals are not connected to bodies
of some size, practically all the energy supplied to the primary is
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taken up by the coil. There is no breaking through, no local in-
Jury, but all the material, insulating and conducting, is uniformly
heated.

To avoid misunderstanding in regard to the physiological
effect of alternating currents of very high frequency, I think it
necessary to state that, while it is an ‘undeniable fact that they are
incomparably less dangelous than currents of low flequen01e<
it should not be thought that they are altogether harmless.
What has just been said refers only to currents from an or dinary
high tension induetion coil, which currents are necessarily very
small; if received directly flom a machine or from a secondary
of low resistance, the‘y produce more or less powerful effects, and
may cause serious injury, especially when used in conjunction
with condensers,
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The streaming discharge of a high tension induction coil differs
in many respects from that of a powerful static machine. In
color it has neither the violet of the positive, nor the brightness
of the negative, static discharge, but lies somewhere between,
being, of course, alternatively positive and negative. DBut since
the streaming is more powerful when the point or terminal is
electrified positively, than when electrified negatively, it follows
that the point of the brush is more like the positive, and the root
more like the negative, static discharge. In the dark, when the
brush is very powerful, the root may appear almost white. The
wind produced by the escaping streams, though it may be very
strong—often indeed to such a degree that it may be felt quite a
distance from the coil—is, nevertheless, considering the quantity
of the discharge, smaller than that produced by the positive

Fie. 107. Fia. 108.

brnsh of a static machine, and it affects the flame much less
powerfully. From the nature of the phenomenon we can con-
clude that the higher the frequency, the smaller must, of course,
be the wind produced by the streams, and with sufficiently high
frequencies no wind at all would be produced at the ordinary
atmospheric pressures. With frequencies obtainable by means
of a machine, the mechanical effect is sufficiently great to revolve,
with considerable speed, large pin-wheels, which in the dark
present a beautiful appearance owing to the abundance of the
streams (Fig. 106).

In general, most of the experiments usually performed with a
static machine can be performed with an induection coil when
operated with very rapidly alternating currents. The effects pro-
duced, however, are much more striking, being of incomparably
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greater power. When a small length of ordinary cotton covered
wire, Fig. 107, is attached to one terminal of the coil, the streams
issuing from all points of the wire may be so intense as to produce
a considerable light effect. When the potentials and frequencies
are very high, a wire insulated with gutta percha or rubber and
attached to one of the terminals, appears to be covered with a
luminous film. A very thin bare wire when attached to a ter-
minal emits powerful streams and vibrates continually to and fro
or spins in a eircle, producing a singular effect (Fig. 108). Some
of these experiments have been described by me in 7he Klectrical
World, of February 21, 1891.

Another peculiarity of the rapidly alternating discharge of the
induction coil is its radically different behavior with respect to
points and rounded surfaces.

If a thick wire, provided with a ball at one end and with a
point at the other, be attached to the positive terminal of a static
machine, practically all the charge will be lost through the point,
on account of the enormously greater tension, dependent on the
radius of curvature. But if such a wire is attached to one of the
terminals of the induetion coil, it will be observed that with very
high frequencies streams issue from the ball almost as copiously
as from the point (Fig. 109).

It is hardly conceivable that we could produce such a condi-
tion to an equal degree in a static machine, for the simple reason,
that the tension increases as the square of the density, which in
tnrn is proportional to the radius of curvature; hence, with a
steady potential an enormous charge would be required to make
streams issue from a polished ball while it is connected with a
point. But with an induction coil the discharge of which alter-
nates with great rapidity it is different. Here we have to deal
with two distinet tendencies. First, there is the tendency to
escape which exists in a condition of rest, and which depends on
the radins of curvature; second, there is the tendency to dissi-
pate into the surrounding air by condenser action, which de-
pends on the surface. When one of these tendencies is a maxi-
mum, the other is at a minimum. At the point the luminous
stream is principally due to the air molecules coming bodily in
contact with the point; they are attracted and repelled, charged
and discharged, and, their atomic charges being thus disturbed,
vibrate and emit light waves. At the ball, on the contrary, there
is no doubt that the effect is to a great extent produced indune-
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tively, the air molecules not necessurily coming in contact with
the ball, though they undoubtedly do so. To convince ourselves
of this we only need to exalt the condenser action, for instance,
by enveloping the ball, at some distance, by a better conductor
than the surrounding medium, the eonductor being, of course,
insulated ; or else by surrounding it with a better dielectric and
approaching an insulated conductor; in both cases the streams
will break forth more copiously. Also, the larger the ball with
a given frequency, or the higher the frequency, the more will
the ball have the advantage over the point. But, since a certain -
intensity of action is required to render the streams visible, it is
obvious that in the experiment described the. ball should not be
taken too large.

In consequence of this two-fold tendency, it is possible to pro-
duce by means of points, effects identical to those produced by
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capacity. Thus, for instance, by attaching to one terminal of
the coil a small length of soiled wire, presenting many points
and offering great facility to escape, the potential of the coil
may be raised to the same value as by attaching to the terminal
a polished ball of a surface many times greater than that of the
wire.

An interesting experiment, showing the effect of the points,
may be performed in the following manner: Attach to one of
the terminals of the coil a cotton covered wire about two feet in
length, and adjust the conditions so that streams issue from the
wire. In this experiment the primary coil should be preferably
placed so that it extends only about half way into the secondary
coil. Now touch the free terminal of the secondary with a con-
ducting object held in the hand, or else connect it to an insulated
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body of some size. In this manner the potential on the wire
may be enormously raised. The effect of this will be either to
increase, or to diminish, the streams. If they increase, the wire
is too short; if they diminish, it is too long. By adjusting the
length of the wire, a point is found where the touching of the
other terminal does not at all affect the streams. In this case
the rise of potential is exactly counteracted by the drop through
the coil. It will be observed that small lengths of wire produce
considerable difference in the magnitude and luminosity of the
streams. The primary coil is placed sidewise for two reasons:
First, to increase the potential at the wire; and, second, to in-
crease the drop through the coil. The sensitiveness is thus aung-
mented.

There is still another and far more striking peculiarity of the
brush discharge produced by very rapidly alternating currents.
To observe this it is best to replace the usual terminals of the
coil by two metal columns insulated with a good thickness of
ebonite. Tt is also well to close all fissures and cracks with wax
so that the brushes cannot form anywhere except at the tops of
the columns. If the conditions are carefully adjusted—which,
of course, must be left to the skill of the experimenter—so that
the potential rises to an enormous value, one may produce two
powerful brushes several inches long, nearly white at their roots,
which in the dark bear a striking resemblance to two flames of
a gas escaping under pressure (Fig. 110). But they do not only
resemble, they are veritable flames, for they are hot. Certainly
they are not as hot as a gas burner, but they would be so if the
frequency and the potential would be sufficiently high. Produced
with, say, twenty thousand alternations per second, the heat is
easily perceptible even if the potential is not excessively high.
The heat devoloped is, of course, due to the impact of the air
molecules against the terminals and against each other. As, at
the ordinary pressures, the mean free path is excessively small,
it is possible that in spite of the enormous initial speed imparted
to each molecule upon coming in contact with the terminal, its
progress—by collision with other molecules—is retarded to such
an extent, that it does not get away far from the terminal, but
may strike the same many times in succession. The higher the
frequency, the less the molecule is able to get away, and this the
more 80, as for a given effect the potential required is smaller;
and a frequency is conceivable—perhaps even obtainable—at
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which practically the same molecules would strike the terminal.
Under such conditions the exchange of the molecules would be
very slow, and the heat produced at, and very near, the terminal
would be excessive. But if the frequency would go on increasing
constantly, the heat produced would begin to diminish for ob-
vious reasons. In the positive brush of a static machine the ex-
change of the molecules is very rapid, the stream is constantly
of one direction, and there are fewer collisions ; hence the heating
effect must be very small. Anything that impairs the facility
of exchange tends to increase the local heat produced. Thus, if
a bulb be held over the terminal of the coil so as to enclose the
brush, the air contained in the bulb is very quickly brought to
a high temperature. If a glass tube be held over the brush so
as to allow the draught to carry the brush upwards, scorching hot
air escapes at the top of the tube. Anything held within the
brush is, of course, rapidly heated, and the possibility of using
such heating effects for some purpose or other suggests itself.

When contemplating this singular phenomenon of the hot
brush, we cannot help being convinced that a similar process
must take place in the ordinary flame, and it seems strange that
after all these centuries past of familiarity with the flame, now,
in this era of electric lighting and heating, we are finally led to
recognize, that since time immemorial we have, after all, always
had “electric light and heat” at our disposal. It is also of no
little interest to contemplate, that we have a possible way of
producing—by other than chemical means—a veritable flame,
which would give light and heat without any material being
consumed, without any chemical process taking place, and to
accomplish this, we only need to perfect methods of producing
enormous frequencies and potentials. I have no doubt that if
the potential could be made to alternate with sufficient rapidity
and power, the brush formed at the end of a wire would lose its
electrical characteristics and would become flamelike. The flame
must be due to electrostatic molecular action.

This phenomenon now explains in a manner which can hardly
be doubted the frequent accidents occurring in storms. It is well
known that objects are often set on fire without the lightning
striking them. We shall presently see how this can happen.
On a nail in a roof, for instance, or on a projection of any kind,
more or less conducting, or rendered so by dampness, a powerful
brush may appear. If the lightning strikes somewhere in the
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neighborhood the enormous potential may be made to alternate
or fluctuate perhaps many million times a second. The air
molecules are violently attracted and repelled, and by their im-
pact produce such a powerful heating effect that a fire is started.
It is conceivable that a ship at sea may, in this manner, cateh fire
at many points at once. When we consider, that even with the
comparatively low frequencies obtained from a dynamo machine,
and with potentials of no more than one or two hundred thous-
and volts, the heating effects are considerable, we may imagine
how much more powerful they must be with frequencies and po-
tentials many times greater; and the above explanation seems, to
say the least, very probable. Similar explanations may have been
guggested, but I am not aware that, up to the present, the heat-
ing effects of a brush produced by a rapidly alternating potential

Fre. 111.

have been experimentally demonstrated, at least not to such a
remarkable degree.

By preventing completely the exchange of the air molecules
the local heating effect may be so exalted as to bring a body to
incandescence. Thus, for instance, if a small button, or prefer-
ably a very thin wire or filament be enclosed in an unexhausted
globe and connected with the terminal of the coil, it may be
rendered incandescent. The phenomenon is made much more
interesting by the rapid spinning round in a circle of the top of
the filament, thus presenting the appearance of a luminous fun-
nel, Fig. 111, which widens when the potential is increased.
‘When the potential is small the end of the filament may perform
irregular motions, suddenly changing from one to the other, or
it may deseribe an ellipse; but when the potential is very
high it always spins in a circle; and so does generally a thin
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straight wire attached freely to the terminal of the coil. These
motions are, of course, due to the impact of the molecules, and
the irregularity in the distribution of the potential, owing to the
roughness and dissymmetry of the wire or filament. With a
perfectly symmetrical and polished wire such motions would
probably not occur. That the motion is not likely to be due to
others causes is evident from the fact that it is not of a definite
direction, and that in a very highly exhausted globe it ceases
altogether. The possibility of bringing a body to incandescence
in an exhausted globe, or even when not at all enclosed, would
seem to afford a possible way of obtaining light effects, which,
in perfecting methods of producing rapidly alternating potentials,
might be rendered available for useful purposes.

In employing a commereial coil, the production of very power-
ful brush effects is attended with considerable difficulties, for
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when these high frequencies and enormous potentials are used,
the. best insulation is apt to give way. Usnally the coil is insu-
lated well enough to stand the strain from convolution to convo-
lution, since two double silk covered parafined wires will with-
stand a pressure of several thousand volts; the difficulty les
principally in preventing the breaking through from the secon-
dary to the primary, which is greatly facilitated by the streams
issuing from the latter. In the coil, of course, the strainis great-
est from section to section, but usually in a larger coil there are
50 many sections that the danger of a sudden giving way is not
very great. No difficulty will generally be encountered in that
direction, and besides, the liability of injuring the coil internally
is very much reduced by the fact that the effect most likely to
be produced is simply a gradual heating, which, when far enough
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advanced, could not fail to be observed. The principal necessity
is then to prevent the streams between the primary and the tube,
not only on account of the heating and possible injury, but also
because the streams may diminish very considerably the potential
difference available at the terminals. A few hints as to how
this may be accomplished will probably be found useful in most
of these experiments with the ordinary induction coil.

One of the ways is to wind a short primary, Fig. 112a, so that
the difference of potential is not at that length great enough to
cause the breaking forth of the streams through the insulating
tnbe. The length of the primary should be determined by expe-
riment. Both the ends of the coil should be brought out on one
end through a plug of insulating material fitting in the tube as
illustrated. In such a disposition one terminal of the secondary
is attached to a body, the surface of which is determined with the
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greatest care so as to produce the greatest rise in the potential.
At the other terminal a powerful brush appears, which may be
experimented upon.

The above plan necessitates the employment of a primary of
comparatively small size, and it is apt to heat when powerful ef-
fects are desirable for a certain length of time. In such a case it
is better to employ a larger coil, Fig. 112b, and introduce it
from one side of the tube, until the streams begin to appear. In
this case the nearest terminal of the secondary may be connected
to the primary or to the ground, which is practically the same
thing, if the primary is connected directly to the machine. In the
case of ground conneetions it is well to determine experimentally
the frequency which is best suited under the conditions of the
test. Another way of obviating the streams, more or less, is to
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make the primary in sections and supply it from separate, well
insulated sources.

In many of these experiments, when powerful effects are
wanted for a short time, it is advantageous to use iron cores with
the primaries. In such case a very large primary coil may be
wound and placed side by side with the secondary, and, the near-
est terminal of the latter being connected to the primary, a lami-
nated iron core is introduced through the primary into the see-
ondary as far as the streams will permit. Under these conditions
an excessively powerful brush, several inches long, which may
be appropriately called “St. Elmo’s hot fire,” may be caused to
appear at the other terminal of the secondary, producing striking
effects. It is a most powerful ozonizer, so powerful indeed, that
only a few minutesare suflicient to fill the whole room with the
smell of ozone, and it undoubtedly possesses the quality of exeit-
ing chemical affinities.

For the production of ozone, alternating currents of very
high frequency are eminently suited, not only on account of the
advantages they offer in the way of conversion but also because
of the fact, that the ozonizing action of a discharge is dependent
on the frequency as well as on the potential, this being undoubt-
edly confirmed by observation.

In these experiments if an iron core is used it should be care-
fully watched, as it is apt to get excessively hot in an incredibly
short time. To give an idea of the rapidity of the heating, I
will state, that by passing a powerful current through a coil with
many turns, the inserting within the same of a thin iron wire for
no more than one second’s time is suflicient to heat the wire to
something like 100° C.

But this rapid heating need not discourage us in the use
of iron cores in connection with rapidly alternating currents.
I have for a long time been convinced that in the industrial distri-
bution by means of transformers, some such plan as the following
might be practicable. We may use a comparatively small iron
core, subdivided, or perhaps not even subdivided. We may sur-
round this core with a considerable thickness of material which
is fire-proof and conduets the heat poorly, and on top of that we
may place the primary and secondary windings. By using either
higher frequencies or greater magnetizing forces, we may by
hysteresis and eddy eurrents heat the iron core so far as to bring
it nearly to its maximum permeability, which, as Hopkinson has
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shown, may be as much as sixteen times greater than that at or-
dinary temperatures. If the iron core were perfectly enclosed,
it would not be deteriorated by the lLeat, and, if the enclosure of
fire-proof material wounld be sufficiently thick, only a limited
amount of energy could be radiated in spite of the high tem-
perature. Transformers have been constructed by me on that
plan, but for lack of time, no thorough tests have as yet been
made.

Another way of adapting the iron core to rapid alternations,
or, generally speaking, reducing the frictional losses, is to pro-
duce by continuous magnetization a flow of something like seven
thousand or eight thousand lines per square centimetre through
the core, and then work with weak magnetizing forces and pre-
ferably high frequencies around the point of greatest permeabil-
ity. A higher efficiency of conversion and greater output are
obtainable in this manner. I have also employed this prineiple
in connection with machines in which there is no reversal of
polarity. In these types of machines, as long as there are only
few pole projections, there is no great gain, as the maxima and
minima of magnetization are far from the point of maximum
permeability : but when the number of the pole projections is
very great, the required rate of change may be obtained, without
the magnetization varying so far as to depart greatly from the
point of maximum permeability, and the gain is considerable.

The above described arrangements refer only to the use of
commercial coils as ordinarily constrncted. If it is desired to
construnct a coil for the express purpose of performing with it
such experiments as I have deseribed, or, generally, rendering it
capable of withstanding the greatest possible difference of poten-
tial, then a construction as indicated in Fig. 113 will be found of
advantage. The coil in this case is formed of two independent
parts which are wound oppositely, the connection between both
being made near the primary. The potential in the middle being
zero, there is not much tendency to jump to the primary and not
much insulation is required. In some cases the middle point
may, however, be connected to the primary or to the ground. In
such a coil the places of greatest difference of potential are far
apart and the coil is capable of withstanding an enormous strain.
The two parts may be movable so as to allow a slight adjustment
of the capacity effect.

As to the manner of insulating the eoil, it will be found con-
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venient to proceed in the following way : First, the wire should
be boiled in paraffine until all the air is out; then the coil is
wound by running the wire through melted paraffine, merely for
the purpose of fixing the wire. The coil is then taken off from
the spool, immersed in a cylindrical vessel filled with pure melted
wax and boiled for a long time until the bubbles cease to appear.
The whole is then left to cool down thoroughly, and then the
mass is taken out of the vessel and turned up in a lathe. A coil
made in this manner and with care is capable of withstanding
enormous potential differences.

It may be found convenient to immerse the coil in parattine oil
or some other kind of oil ; it is a most effective way of insulating,
prineipally on account of the perfect exclusion of air, but it may
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be found that, after all, a vessel filled with oil is not a very con-
venient thing to handle in a laboratory.

If an ordinary coil can be dismounted, the primary may be
taken out of the tube and the latter plugged up at one end, filled
with oil, and the primary reinserted. This affords an excellent
insulation and prevents the formation of the streams.

Of all the experiments which wmay be performed with rapidly
alternating currents the most interesting are those which concern
the production of a practical illuminant. Tt cannot be denied
that the present methods, thongh they were brilliant advances,
are very wasteful. Some better methods must be invented, some
more perfect apparatus devised. Modern research has opened
new possibilities for the production of an efficient source of light,
and the attention of all has been turned in the direction indicated
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by able pioneers. Many have been carried away by the enthusiasm
and passion to discover, but in their zeal to reach results, some
have been misled. Starting with the idea of producing electro-
maguetic waves, they turned their attention, perhaps, too much
to the study of electro-magnetic effects, and neglected the study
of electrostatic phenomena. Naturally, nearly every investigator
availed himself of an apparatus similar to that used in earlier
experiments. But in those forms of apparatus, while the electro-
magnetic inductive effects are enormous, the electrostatic effects
are excessively small.

In the Hertz experiments, for instance, a high tension indue-
tion ecoil is short circuited by an are, the resistance of which is
very small, the smaller, the more capacity is attached to the ter-
minals; and the difference of potential at these is enormously
diminished. On the other hand, when the discharge is not pass-
ing between the terminals, the static effects may be considerable,
but only gualitatively so, not quantitatively, since their rise and
fall is very sudden, and since their frequency is small. In neither
case, thercfore, are powerful electrostatic effects perceivable.
Similar conditions exist when, as in some interesting experiments
of Dr. Lodge, Leyden jars are discharged disruptively. It has
been thought—and I believe asserted —that in such cases
most of the energy is radiated into space. In the light of the
experiments which I have deseribed above, it will now not be
thought so. I feel safe in asserting that in such cases most of
the energy is partly taken up and converted into heat in the are
of the discharge and in the conducting and insulating material of
the jar, some energy being, of course, given off by electrification
of the air; but the amount of the directly radiated energy is very
small.

When a high tension induction coil, operated by currents alter-
nating only 20,000 times a second, has its terminals closed through
even a very small jar, practically all the energy passes throungh
the dielectric of the jar, which is heated, and the electrostatic
effects manifest themselves outwardly only to a very weak degree.
Now the external eirenit of a Leyden jar, that is, the are and the
conneetions of the coatings, may be looked npon as a circuit gen-
erating alternating currents of excessively high frequency and
fairly high potential, which is closed through the coatings and
the dielectric between them, and from the above it is evident
that the external electrostatic effects must be very small, even if a
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recoil circuit be used. These conditions make it appear that with
the apparatus usually at hand, the observation of powerful elec-
trostatic effects was impossible, and what experience has been
gained in that direction is only due to the great ability of the
investigators.

But powerful electrostatic effects are a sine qua non of light
production on the lines indicated by theory. Electro-magnetic
effects are primarily nnavailable, for the reason that to produce
the required effects we would have to pass current impulses
through a conductor, which, long before the required frequency
of the impulses could be reached, would cease to transmit them.
On the other hand, electro-magnetic waves many times longer
than those of light, and producible by sudden discharge of a con-
denser, could not be utilized, it would seem, except we avail our-
selves of their effect upon conductors as in the present methods,
which are wasteful. We conld not affect by means of snch waves
the static molecular or atomic charges of a gas, cause them to vi-
brate and to emit light. Long transverse waves cannot, apparently,
produce such effects, since excessively small electro-magnetic
disturbances may pass readily throngh miles of air. Such dark
waves, unless they are of the length of true light waves, caunot,
it would seem, excite luminous radiation in a Geissler tube, and
the luminous effects, which are producible by induction in a tube
devoid of electrodes, I am inclined to consider as being of an elec-
trostatic nature.

To produce such luminous effects, straight electrostatic thrusts
are required ; these, whatever be their frequency, may disturh
the molecular charges and produce light. Since current impulses
of the required frequency cannot pass through a conductor of
measurable dimensions, we must work with a gas, and then the
production of powerful electrostatic effects becomes an imperative
necessity.

It has occurred to me, however, that eleetrostatic effects are in
many ways available for the production of light. For instance,
we may place a body of some refractory material in a closed, and
preferably more or less exhausted, globe, connect it to a source of -
high, rapidly alternating potential, causing the molecules of the
gas to strike it many times a second at enormous speeds, and in
this manner, with trillions of invisible hammers, pound it until it
gets incandescent; or we may place a body in a very highly ex-
hausted globe, in a non-striking vacuum, and, by employing very
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high frequencies and potentials, transfer sufficient energy from it
to other bodies in the vicinity, or in general to the surroundings,
to maintain it at any degree of incandescence; or we may, by
means of such rapidly alternating high potentials, disturb the
ether carried by the molecules of a gas or their static charges,
causing them to viorate and to emit light.

Bat, electrostatic effects being dependent upon the potential
and frequency, to produce the most powerful action it is desira-
ble to increase both as far as practicable. It may be possible to
obtain quite fair results by keeping either of these factors small,
provided the other is sufficiently great; but we are limited in
both directions. My experience demonstrates that we cannot go
below a certain frequency, for, first, the potential then becomes
so great that it is dangerous; and, secondly, the light production
is less efficient.

I have found that, by using the ordinary low frequencies, the
physiological effect of the eurrent reqgnired to maintain at a cer-
tain degree of brightness a tube four feet long, provided at the
ends with outside and inside condenser coatings, is so powerful
that, I think, it might produce serious injury to those not accus-
tomed to such shocks; whereas, with twenty thonsand alterna-
tions per second, the tube may be maintained at the same degree
of brightness without any effect being felt. This is due prinei-
pally to the fact that a much smaller potential is required to pro-
duce the same light effect, and also to the higher efficiency in the
light produetion. It is evident that the efficiency in such cases
is the greater, the higher the frequency, for the quicker the pro-
cess of charging and discharging the molecules, the less energy
will be lost in the form of dark radiation. But, unfortunately,
we cannot go beyond a certain frequeney on account of the diffi-
culty of producing and conveying the effects.

I have stated above that a body inclosed in an unexhausted
bulb may be intensely heated by simply connecting it with a
source of rapidly alternating potential. The heating in such a
case is, in all probability, due mostly to the bombardment of the

- molecules of the gas contained in the bulb. When the bulb is
exhausted, the heating of the body is much more rapid, and there
is no difficulty whatever in bringing a wire or filament to any
degree of incandescence by simply conneeting it to one terminal
of a coil of the proper dimensions. Thus, if the well-known ap-
paratus of Prof. Crookes, consisting of a bent platinum wire with
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vanes mounted over it (Fig. 114), be connected to one terminal of
the coil—either one or both ends of the platinum wire being con-
nected—the wire is rendered almost instantly incandescent, and
the miea vanes are rotated as though a cnrrent from a battery
were used. A thin carbon filament, or, preferably, a button of
some refractory material (Fig. 115), even if it be a comparatively
poor conductor, inclosed in an exhaunsted globe, may be rendered
highly inecandescent; and in this manner a simple lamp capable
of giving any desired candle power is provided.

The suceess of lamps of this kind would depend largely on the
selection of the light-giving bodies contained within the bulb.
Since, under the conditions desceribed, refractory bodies—which
are very poor conductors and capable of withstanding for a long
time excessively high degrees of temperature—may be used,
such illuminating devices may be rendered successful.

It might be thought at first that if the bulb, containing the
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filament or button of refractory material, be perfectly well ex-
hausted—that is, as far as it can be done by the use of the best
apparatus—the heating would be much less intense, and that in
a perfect vacuum it conld not oceur at all. This is not confirmed
by my experience; quite the contrary, the better the vacunm
the more easily the bodies are brought to incandescence. This
result is interesting for many reasons.

At the outset of this work the idea presented itself to me,
whether two bodies of refractory material enclosed in a bulb ex-
hausted to such a degree that the discharge of a large induetion
coil, operated in the usual manner, cannot pass through, could be
rendered incandescent by mere condenser action. Obviously, to
reach this result enormous potential differences and very high
frequencies are required, as is evident from a simple caleula-
tion.
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But such a lamp would possess a vast advantage over an ordi-
nary ineandescent lamp in regard to efficieney. It is well-known
that the efliciency of a lamp is to some extent a function of the
degree of incandeseence, and that, conld we hut work a filament
at many times higher degrees of incandescence, the eflicieney
would be much greater. In an ordinary lamp this is impraectic-
able on aceount of the destruetion of the filament, and it has been
determined by experience how far it is advisable to push the in-
candescence. It is impossible to tell how mueh higher eflicieney
could be obtained if the filament could withstand indefinitely,
as the investigation to this end obviously cannot be carried be-
yond a certain stage ; but there are reasons for believing that it
would be very considerably higher. An improvement might be
made in the ordinary lamp by employing a short and thiek ear-
bon; but then the leading-in wires would have to be thick, and,
besides, there are many other considerations whieh render such a
modification entirely impracticable. DBut in a lamp as ahove de-
scribed, the leading in wires may be very small, the incandescent
refractory material may be in the shape of blocks offering a very
small radiating surface, so that less energy would be reqnired to
keep them at the desired incandeseence ; and in addition to this,
the refractory material need not be carbon, but may be manufae-
tured from mixtures of oxides, for instance, with earbon or other
material, or may be selected from bodies which are practically
non-conduetors, and capable of withstanding enormous degrees of
temperature.

All this would point to the possibility of obtaining a much
higher efficieney with such a lamp than is obtainable in ordinary
lamps. In my experience it has been demonstrated that the
blocks are brought to high degrees of incandescence with much
lower potentials than those determined by caleulation, and the
bloeks may be set at greater distanees from each other. We may
freely assume, and it is probable, that the moleenlar bombard-
ment is an important element in the heating, even if the globe
be exhausted with the utmost care, as I have done ; for although
the number of the molecules is, comparatively speaking, insign-
ificant, yet on acecount of the mean free path being very great,
there are fewer collisions, and the moleenles may reach nuch
higher speeds, so that the heating effect due to this cause may
be counsiderable, as in the Crookes experiments with radiant
matter,



HIGH FREQUENCY AND HIGH POTENTIAL CURRENTS. 179

But it is likewise possible that we have to deal here with an
increased facility of losing the charge in very high vacuum, when
the potential is rapidly alternating, in which case most of the
heating would be directly due to the surging of the charges in
the heated Dbodies. Or else the observed fact may be largely
attributable to the effect of the points which I have mentioned
above, in consequence of which the blocks or filaments contained
in the vacuum are equivalent to condensers of many times
greater surface than that calculated from their geometrical dimen-
sions. Scientific men still differ in opinion as to whether a
charge should, or should not, be lost in a perfect vacuum, or in
other words, whether ether is, or is not, a conductor. If the
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former were the case, then a thin filament enclosed in a perfectly
exhausted globe, and conneeted to a source of enormous, steady
potential, would be bronght to incandescence.

Various forms of lamps on the above described principle, with
the refractory bodies in the form of filaments, Fig. 116, or blocks,
Fig.117, have been constructed and operated by me, and investi-
gations are being carried on in this line. There is no difficulty in
reaching such high degrees of incandescence that ordinary car-
bon is to all appearance melted and volatilized. If the vacnum
could be made absolutely perfect, such a lamp, althongh inopera-
tive with apparatus ordinarily used, would, if operated with cur-
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rents of the required character, afford an illuminant which would
never be destroyed, and which would be far more eflicient than
an ordinary incandescent lamp. This perfection can, of course,
never be reached, and a very slow destruetion and gradnal diminu-
tion in size always occurs, as in incandescent filaments ; but there
is no possibility of a sudden and premature disabling which oc-
curs in the latter by the breaking of the filament, especially
when the incandescent bodies are in the shape of blocks.

With these rapidly alternating potentials there is, however, no
neeessity of enclosing two blocks in a globe, but a single block,
as in Fig. 115, or filament, Fig. 118, may be used. The poten-
tial in this case must of course be higher, but is easily obtainable,
and besides it is not necessarily dangerons.

The facility with which the button or filament in such a lamp
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is brought to incandescence, other things being equal, depends
on the size of the globe. If a perfeet vacuum could be obtained,
the size of the globe would not be of importance, for then the
heating would be wholly due to the surging of the charges, and
all the energy would be given off to the surroundings by radia-
tion. But this can never oceur in practice. There is always
some gas left in the globe, and although the exhaustion may be
carried to the highest degree, still the space inside of the bulbh
must be considered as conducting when such high potentials are
used, and I assnme that, in estimating the energy that may be
given off from the filament to the surroundings, we may consider
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the inside snrface of the bulb as one coating of a condenser, the
air and other objects surrounding the bulb forming the other
coating. When the alternations are very low there is no doubt
that a considerable portion of the energy is given off by the elec-
trification of the surrounding air.

In order to study this subject better, I carried on some experi-
ments with excessively high potentials and low frequencies. I
then observed that when the hand is approached to the bulb,—
the filament being connected with one terminal of the coil,—a
powerful vibration is felt, being due to the attraction and repul-
sion of the molecules of the air which are electrified by induc-
tion through the glass. In some cases when the action is very
intense I have been able to hear a sound, which must be due to
the same cause.

When the alternations are low, one is apt to get an excessively
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powerful shock from the bulb. In general, when one attaches
bulbs or objects of some size to the terminals of the coil, one
should look out for the rise of potential, for it may happen that
by merely connecting a bulb or plate to the terminal, the poten-
tial may rise to many times its original value. When lamps are
attached to the terminals, as illustrated in Fig. 119, then the
capacity of the bulbs should be such as to give the maximum
rise of potential under the existing conditions. In this man-
ner one may obtain the required potential with fewer turns of
wire.

The life of such lamps as deseribed above depends, of course,
largely on the degree of exhaustion, but to some extent also on
the shape of the block of refractory material. Theoretically it
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would seem that a small sphere of carbon enclosed in a sphere of
glass would not suffer deterioration from molecular bombard-
ment, for, the matter in the globe being radiant, the molecules
would move in straight lines, and would seldom strike the sphere
obliquely. An interesting thought in connection with such a
lamp is, that in it “electricity”” and electrical energy apparently
must move in the same lines.

The use of alternating currents of very high frequency makes
it possible to transfer, by electrostatic or electromagnetic indue-
tion through the glass of a lamp, sufficient energy to keep a fila-
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ment at incandescence and so do away with the leading-in wires.
Such lamps have been proposed, but for want of proper appara-
tus they have not been successfully operated. Many forms of
lamps on this principle with continuous and broken filaments
have been constructed by me and experimented upon. When
using a secondary enclosed within the lamp, a condenser is ad-
vantageously combined with the secondary. When the transfer-
ence is effected by electrostatic induction, the potentials used are,
of course, very high with frequencies obtainable from a machine.
For instance, with a condenser surface of forty square centimetres,
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which is not impracticably large, and with glass of good quality
1 mm. thick, using currents alternating twenty thousand times
a second, the potential required is approximately 9,000 volts.
This may seem large, but since each lamp may be included
in the secondary of a transformer of very small dimensions, it
would not be inconvenient, and, moreover, it would not produce
fatal injury. The transformers would all be preferably in series.
The regulation would offer no difficulties, as with currents of such
frequencies it is very easy to maintain a constant current.

In the accompanying engravings some of the types of lamps of
this kind are shown. Fig. 120 is such a lamp with a broken fila-
ment, and Figs. 121 a and 121 B one with a single outside and
inside coating and a single filament. I have also made lamps
with two outside and inside coatings and a continuous loop con-
necting the latter. Such lamps have been operated by me with
current impulses of the enormous frequencies obtainable by the
disruptive discharge of condensers.

The disruptive discharge of a condeuser is especially suited for
operating such lamps—with no outward electrical connections—
by means of electromagnetic induction, the electromagnetic in-
ductive effects being excessively high; and I have been able to
produce the desired incandescence with only a few short turns of
wire, Incandescence may also be produced in this manner in a
simple closed filament.

Leaving now out of consideration the practicability of such
lamps, I would only say that they possess a beautiful and desir-
able feature, namely, that they can be rendered, at will, more or
less brilliant simply by altering the relative position of the out-
side and inside condenser coatings, or inducing and induced eir-
cuits.

When a lamp is lighted by connecting it to one terminal only
of the source, this may be facilitated by providing the globe with
an outside condenser coating, which serves at the same time as a
reflector, and connecting this to an insulated body of some size.
Lamps of this kind are illustrated in Fig. 122 and Fig. 123.
Fig. 124 shows the plan of connection. The brilliancy of the
lamp may, in this case, be regulated within wide limits by vary-
ing the size of the insulated metal plate to which the coating is
connected.

It is likewise practicable to light with one leading wire lamps
such as illustrated in Fig. 116 and Fig. 117, by connecting one
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terminal of the lamp to oune terminal of the source, and the
other to an insulated body of the required size. In all cases
the insulated body serves to give off the energy into the sur-
rounding space, and is equivalent to a return wire. Obviously,
in the two last-named cases, instead of connecting the wires to
an insulated body, connections may be made to the ground.

The experiments which will prove most suggestive and of
most interest to the investigator are probably those performed
with exhausted tubes. As might be anticipated, a source of such
rapidly alternating potentials is capable of exciting the tubes at
a considerable distance, and the light effects produced are re-
markable.

During my investigations in this line I endeavored to excite

Fre. 122. Fia. 123.

tubes, devoid of any electrodes, by electromagnetic induction,
making the tube the secondary of the induction device, and
passing through the primary the discharges of a Leyden jar.
These tubes were made of many shapes, and I was able to
obtain luminous effects which I then thought were due wholly
to electromagnetic induction. But on carefully investigating
the phenomena I found that the effects produced were more
of an electrostatic nature. It may be attributed to this cir-
cumstance that this mode of exciting tubes is very wasteful,
namely, the primary circuit being closed, the potential, and
consequently the electrostatic inductive effect, is much dimin-
ished.
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When an induction coil, operated as above deseribed, is used,
there is no doubt that the tubes are excited by electrostatic in-
duction, and that electromagnetic induction has little, if any-
thing, to do with the phenomena.

This is evident from many experiments. For instance, if a
tube be taken in one hand, the observer being near the coil, it is
brilliantly lighted and remains so no matter in what position it is
held relatively to the observer’s body. Were the action electro-
magnetic, the tube could not be lighted when the observer’s
body is interposed between it and the coil, or at least its lumi-
nosity should be considerably diminished. When the tube is
held exactly over the centre of the coil—the latter being wound
in sections and the primary placed symmetrically to the sec-
ondary—it may remain completely dark, whereas it is rendered
intensely luminous by moving it slightly to the right or left
from the centre of the coil. It does not light because in the
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middle both halves of the coil neutralize each other, and the
electric potential is zero. If the action were electromagnetic,
the tube should light best in the plane through the centre of the
coil, since the electromagnetic effect there should be a maximum.
‘When an arc is established between the terminals, the tubes and
lamps in the vicinity of the coil go out, but light up again
when the are is broken, on aceount of the rise of potential. Yet
the electromagnetic effect should be practically the same in both
cases.

By placing a tube at some distance from the coil, and nearer to
one terminal—preferably at a point on the axis of the coil—one
may light it by touching the remote terminal with an insulated
body of some size or with the hand, thereby raising the potential
at that terminal nearer to the tube. If the tube is shifted nearer
to the coil so that it is lighted by the action of the nearer termi-
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nal, it may be made to go out by holding, on an insulated sup-
port, the end of a wire connected to the remote terminal, in the
vicinity of the nearer terminal, by this means counteracting the
action of the latter upon the tube. These effects are evidently
electrostatic. Likewise, when a tube is placed at a considerable
distance from the coil, the observer may, standing upon an insu-
lated support between coil and tube, light the latter by approach-
ing the hand to it; or he may even render it lnminous by simply
stepping between it and the coil. This wonld be impossible with
electro-magnetic induction, for the body of the observer would
act as a screen.

‘When the coil is energized by excessively weak currents, the
experimenter may, by touching one terminal of the coil with the
tube, extingnish the latter, and may again light it by bringing it
out of contact with the terminal and allowing a small are to form.
This is clearly due to the respective lowering and raising of the
potential at that terminal. In the above experiment, when the
tube is lighted through a small are, it may go out when the are is
broken, because the electrostatic inductive effect alone is too
weak, thongh the potential may be much higher; but when the
arc is established, the electrification of the end of the tube is
much greater, and it consequently lights.

If a tube is lighted by holding it near to the coil, and in the
hand which is remote, by grasping the tube anywhere with the
other hand, the part between the hands is rendered dark, and the
singular effect of wiping out the light of the tube may be pro-
duced by passing the hand quickly along the tube and at the
same time withdrawing it gently from the coil, judging prop-
erly the distance so that the tube remains dark afterwards.

If the primary coil is placed sidewise, as in Fig. 112 ® for in.
stance, and an exhausted tube be introduced from the other side
in the hollow space, the tube is lighted most intensely because of
the increased condenser action, and in this position the strize are
most sharply defined. In all these experiments described, and in
many others, the action is clearly electrostatic.

The effects of screening also indicate the electrostatic nature
of the phenomena and show something of the natnre of electri-
fication through the air. For instance, if a tube is placed in the
direction of the axis of the coil, and an insulated metal plate be
interposed, the tube will generally increase in brillianey, or if it
be too far from the coil to light, it may even be rendered lumin-
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ous by interposing an insulated metal plate. The magnitude of
the effects depends to some extent on the size of the plate. But if
the metal plate be connected by a wire to the ground, its interpo-
sition will always make the tube go out even if it be very near the
coil. In general, the interposition of a body between the coil and
tube, increases or diminishes the brilliancy of the tube, or its
facility to light up, according to whether it increases or dimin-
ishes the electrification. When experimenting with an insulated
plate, the plate should not be taken too large, else it will generally
produce a weakening effect by reason of its great facility for giv-
ing off energy to the surroundings.

If a tube be lighted at some distance from the coil, and a plate
of hard rubber or other insulating substance be interposed, the
tnbe may be made to go out. The interposition of the dielectric
in this case only slightly increases the inductive effect, but dimin-
ishes considerably the electrification through the air.

In all cases, then, when we excite luminosity in exhausted
tubes by means of such a coil, the effect is due to the rapidly
alternating electrostatic potential ; and, furthermore, it must be
attributed to the harmonic alternation produced directly by the
machine, and not to any superimposed vibration which might be
thought to exist. Such superimposed vibrations are impossible
when we work with an alternate currentmachine. Ifa springbe
gradually tightened and released, it does not perform independ-
ent vibrations; for this a sudden release is necessary. So with
the alternate currents from a dynamo machine ; the medinmn is
harmonically strained and released, this giving rise to only one
kind of waves; a sudden contact or break, or a sudden giving
way of the dielectric, as in the disruptive discharge of a Leyden
jar, are essential for the production of superimposed waves.

In all the last deseribed experiments, tubes devoid of any elec-
trodes may be used, and there is no difficulty in producing by
their means sufficient light to read by. The light effect is, how-
ever, considerably increased by the use of phosphorescent bodies
such as yttria, uranium glass, ete. A difficulty will be found
when the phosphorescent material is used, for with these power-
ful effects, it is carried gradually away, and it is preferable to use
material in the form of a solid.

Instead of depending on induction at a distance to light the
tube, the same may be provided with an external—and, if de-
sired, also with an internal—condenser coating, and it may then
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be suspended anywhere in the room from a conductor connected
to one terminal of the coil, and in this manner a soft illuminati_on
may be provided.

The ideal way of lighting a hall or room would, however, be

Fia. 125.

to produce such a condition in it that an illuminating device
could be moved and put anywhere, and that it is lighted, no mat-
ter where it is put and without being electrically connected to
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anything. I have been able to produce such a condition by creat-
ing in the room a powerful, rapidly alternating electrostatic
field. For this purpose I suspend a sheet of metal a distance
from the ceiling on insulating cords and connect it to one termi-
nal of the induction coil, the other terminal being preferably con-
nected to the ground. Or else I suspend two sheets as illustrated
in Fig. 125, each sheet being connected with one of the terminals
of the coil, and their size being carefully determined. An ex-
hausted tube may then be carried in the hand anywhere be-
tween the sheets or placed anywhere, even a certain distance
beyond them ; it remains always luminous.

In such an electrostatic field interesting phenomena may be
observed, especially if the alternations are kept low and the po-
tentials excessively high. In addition to the luminous phenomena
mentioned, one may observe that any insulated conductor gives
sparks when the hand or another object is approached to it, and
the sparks may often be powerful. When a large conducting
object is fastened on an insulating support, and the hand ap-
proached to it, a vibration, due to the rythmical motion of the
air molecules is felt, and luminous streams may be perceived
when the hand is held near a pointed projection. * When a tele-
phone receiver is made to touch with one or both of its terminals
an insulated conductor of some size, the telephone emits a loud
sound ; it also emits a sound when a length of wire is attached to
one or both terminals, and with very powerful fields a sound may
be perceived even without any wire.

How far this principle is capable of practical application, the
future will tell. It might be thought that electrostatic effects
are unsuited for such action at a distance. Electromagnetic in-
ductive effects, if available for the production of light, might be
thought better snited. It is true the electrostatic effects dimin-
ish nearly with the cube of the distance from the coil, whereas
the electromagnetic inductive effects diminish simply with the
distance. But when we establish an electrostatic tield of force,
the condition is very different, for then, instead of the differen-
tial effect of both the terminals, we get their conjoint effect.
Besides, [ would call attention to the effect, that in an alternat-
ing electrostatic field, a conductor, such as an exhausted tube,
for instance, tends to take up most of the energy, whereas in an
electromagnetic alternating field the conductor tends to take up
the least energy, the waves being reflected with bnt little: loss.
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This is one reason why it is diffieult to excite an exhausted tube,
at a distance, by electromagnetic induction. I have wound coils
of very large diameter and of many turns of wire, and connected
a Geissler tube to the ends of the coil with the objeet of exciting
the tube at a distance; but even with the powerful inductive
effects producible by Leyden jar discharges, the tube could not
be excited unless at a very small distance, although some judg-
ment was nsed as to the dimensions of the coil. I have also
found that even the most powerful Leyden jar discharges are
capable of exciting only feeble luminous effeets in a closed ex-
hausted tube, and even these effects upon thorough examination
[ have been foreed to consider of an electrostatic nature.

How then can we hope to produce the required effects at a
distanee by means of eleetromagnetic action, when even in the
closest proximity to the source of disturbance, under the most
advantageous conditions, we can excite but faint luminosity ¢ It
is true that when acting at a distance we have the resonance to
help us out. We can connect an exhausted tube, or whatever
the illuminating deviee may be, with an insulated system of the
proper capacity, and so it may e possible to inerease the efleet
nalitatively, and only qualitatively, for we would not get more
energy through the device. So we may, by resonance effect,
obtain the required eleetromotive foree in an exhausted tube, and
excite faint lnininous effects, hut we eannot get enough energy to
render the light practically available, and a simple ealculation,
based on experimental results, shows that even if all the energy
which a tube would receive at a eertain distance from the source
should be wholly converted into light, it would hardly satisty the
practieal requirements. Henee the necessity of directing, by
means of a conducting circuit, the energy to the place of trans-
formation. But in so doing we cannot very sensibly depart from
present methods, and all we could do would be to improve the'
apparatus.

From these considerations it would seem that if this ideal way
of lighting is to be rendered practicable it will be only by the use
of electrostatic effects. In such a case the most powerful electro-
static induetive effects are needed ; the apparatus employed must,
therefore, be capable of producing high electrostatic potentials
changing in value with extreme rapidity. High frequeneies are
espeeially wanted, for practical considerations make it desirable
to keep down the potential. By the employment of machines,
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or, generally speaking, of any mechanical apparatus, but low
frequencies can be reached ; recourse must, therefore, be had to
some other means. The discharge of a condenser affords us a
means of obtaining frequencies by far higher than are obtainable
mechanically, and I have accordingly employed condensers in the
experiments to the above end.

‘When the terminals of a high tension induetion coil, Fig. 126,
are connected to a Leyden jar, and the latter is discharging dis-
ruptively into a cireuit, we may look upon the are playing be-
tween the knobs as being a source of alternating, or generally
speaking, undulating currents, and then we have to deal with
the familiar system of a generator of such eurrents, a cireunit con-
nected to it, and a condenser bridging the cirenit. The condenser
in such case is a veritable transformer, and since the frequency is
excessive, almost any ratio in the strength of the currents in both
the branches may be obtained. In reality the analogy is not quite
complete, for in the disruptive discharge we have most generally
a fundamental instantaneous variation of comparatively low fre-
quency, and a superimposed harmonic vibration, and the laws
governing the flow of currents are not the same for both.

In converting in this manner, the ratio of conversion should
not be too great, for the loss in the arec between the knobs in-
creases with the square of the current, and if the jar be discharged
through very thick and short conductors, with the view of ob-
taining a very rapid oscillation, a very considerable portion of the
energy stored is lost. On the other hand, too small ratios are not
practicable for many obvious reasons.

As the converted currents flow in a practically closed ecireuit,
the electrostatic effects are necessarily small, and I therefore con-
vert them into currents or effects of the required character. I
have effected such conversions in several ways. The preferred
plan of conneations is illustrated in Fig. 127. The manner of oper-
ating renders it easy to obtain by means of a small and inexpen-
sive apparatus enormous differences of potential which have been
usually obtained by means of large and expensive coils. For this
it is only necessary to take an ordinary small coil, adjust to it a
condenser and discharging eireunit, forming the primary of an
auxiliary small coil, and convert upward. As the indnctive effect
of the primary currents is excessively great, the second coil need
have comparatively but very few turns. DBy properly adjusting
the elements, remarkable results may be secured.



192 INVENTIONS OF NIKOLA TESLA.

In endeavoring to obtain the required electrostatic effects in
this manner, I have, as might be expected, encountered many
diffieulties which I have been gradually overcoming, but I am not
as yet prepared to dwell upon my experiences in this direction.

I believe that the disruptive discharge of a condenser will play
an important part in the future, for it offers vast possibilities,
not only in the way of producing light in a more efticient manner
and in the line indicated by theory, but also in many other re-
spects.

For years the efforts of inventors have been directed towards
obtaining electrical energy from heat by means of the thermo-
pile. It might seem invidious to remark that but few know
what is the real trouble with the thermopile. It is not the in-
efficiency or small output—though these are great drawbacks—
but the fact that the thermopile has its phylloxera, that is, that
by constant use it is deteriorated, which has thus far prevented its
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introduction on an industrial scale. Now that all modern re-
search seems to point with certainty to the use of electricity of ex-
cessively high tension, the question must present itself to many
whether it is not possible to obtain in a practicable manner this
form of energy from heat. We have been unsed to look upon
an electrostatic machine as a plaything, and somehow we couple
with it the idea of the ineflicient and impractical. ~ But now we
nmst think differently, for now we know that everywhere we
have to deal with the same forces, and that it is a mere question
of inventing proper methods or apparatus for rendering them
available.

In the present systems of, electrical distribution, the employ-
ment of the iron with its wonderful magnetic properties allows
us to reduce considerably the size of the apparatus; but, in spite
of this, it is still very enmbersome. The more we progress in
the study of electric and magnetic phenomena, the more we be-



HIGH FREQUENCY AND HIGH POTENTIAL CURRENTS. 193

come convineed that the present methods will be short-lived. For
the production of light, at least, such heavy maehinery would
seem to be unneeessary. The energy required is very small, and
if light ean be obtained as eflieiently as, theoretically, it appears
possible, the apparatus need have but a very small output.
There being a strong probability that the illuminating methods
of the future will involve the use of very high potentials, it seems
very desirable to perfeet a contrivanee eapable of converting the
energy of heat into energy of the requisite form. Nothing to
speak of has been done towards this end, for the thought that
eleetrieity of some 50,000 or 100,000 volts pressure or more, even
if obtained, would be unavailable for praetical purposes, has de-
terred inventors from working in this directiou.

In Fig. 126 a plan of eonuections is shown for converting
eurrents of high, into eurrents of low, tension by means of the
disruptive discharge of a condenser. This plan has been used by
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me frequently for operating a few ineandescent lamps required
in the laboratory. Some diffieulties have been eneountered in the
arc of the discharge whieh I have been able to overcome to a great
extent ; besides this, and the adjustment necessary for the proper
working, no other diffieulties have been met with, and it was easy
to operate ordinary lamps, and even motors, in this manner.
The line being eonneeted to the ground, all the wires could be
handled with perfeet impunity, no matter how high the potential
at the terminals of the eondenser. In these experiments a high
tension induetion eoil, operated from a battery or from an alter-
nate current maehine, was employed to charge the eondenser ; but
the induetion eoil might be replaeed by an apparatus of a differ-
ent kind, eapable of giving eleetrieity of such high tension. In
this manner, direct or alternating eurrents may be eonverted, and
in both eases the eurrent-impulses may be of any desired fre-
queney. When the eurrents charging the condenser are of the
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same direction, and it is desired that the converted ecnrrents
should also e of one direction, the resistance of the discharg-
ing cirenit should, of course, be so chosen that there are no
oscillations.

In operating devices on the above plan I have observed curi-
ous phenomena of impedance which are of interest. For instance
if a thick eopper bar be bent, as indicated in Fig. 128, and shunted
by ordinary incandescent lamps, then, by passing the discharge
between the knobs, the lamps may be brought to incandescence
although they are short-cirenited. When a large induction coil
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is employed it is casy to obtain nedes on the bar, which are
rendered evident by the different degree of brillianey of the
lamps, as shown roughly in Fig. 128, The nodes are never clearly
defined, but they are simply maxima and minima of potentials
along the bar. This is probably dne to the irregularity of the are
between the knobs. In general when the above-described plan
of conversion from high to low tension is used, the behavior of
the disruptive discharge may be elosely studied. The nodes may
also be investigated by weans of an ordinary Cardew voltmeter
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which should be well insulated. Geissler tubes may also be
lighted across the points of the bent bar; in this case, of course,
it is better to employ smaller capacities. I have found it prac-
ticable to light up in this manner a lamp, and even a Geissler
tube, shunted by a short, heavy block of metal, and this result
seems at first very eurious. In faet, the thicker the copper bar
in Fig. 128, the better it is for the success of the experiments, as
they appear more striking. When lamps with long slender fila-
ments are nsed it will be often noted that the filaments are from
time to time violently vibrated, the vibration being smnallest at
the nodal points. This vibration seems to be due to an eleetro-
static action between the filament and the glass of the bulb.

In some of the above experiments it is preferable to use special
lamps having a straight filament as shown in Fig. 129. When
such a lamp is used a still more eurious phenomenon than those
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described may be observed. The lamp may be placed across the
eopper bar and lighted, and by using somewhat larger capacities,
or, in other words, smaller frequencies or smaller impulsive im-
pedances, the filament may be brought to any desired degree of
incandescence. But when the impedance is increased, a point is
reached when comparatively little current passes through the
carbon, and most of it through the rarefied gas; or perhaps it
may be more correct to state that the current divides nearly
evenly through both, in spite of the enormous difference in the
resistance, and this would be true unless the gas and the filament
behave differently. It is then noted that the whole bulb is bril-
liantly illuminated, and the ends of the leading-in wires become
incandescent and often throw off sparks in consequence of the
violent bombardment, but the carbon filament remains dark.
This is illustrated in Fig. 129. Instead of the filament a single
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wire extending through the whole bulb may be used, and in this
case the pllenomenon would seem to bé still more inter: esting.

From the above experiment it will be evident, that when ordi-
nary lamps are operated by the converted currents, those should
be preferably taken in which the platinum wires are far apart,
and the frequencies used should not be too great, else the dis-
charge will oceur at the ends of the filament or in the base of the
lamp between the leading-in wires, and the lamp might then be
damaged.

In presenting to you these results of my investigation on t]lL
subject under conmdcl‘atlou, I have paid only a passing notice to
facts upon which I eonld have dwelt at length, and among many
observations I have selected only those which I thought most
likely to interest you. The field is wide and completely unex-
plored, and at cvery step a new truth is gleaned, a novel fact
observed.

How far the results here borne out are capable of practical
applications will be decided in the future. As regards the pro-
duction of light, some results already reached are encouraging
and make me confident in asserting that the practical solution of
the problem lies in the direction I have endeavored to indieate.
Still, whatever may be the immediate outcome of these experi-
ments I am hopeful that they will only prove a step in further
development towards the ideal and final perfection. The possi-
bilities which are opened by modern research are so vast that
even the most reserved must feel sanguine of the future. Emi-
nent scientists consider the problem of utilizing one kind of
radiation without the others a rational one. In an apparatus de-
signed for the produetion of light by conversion from any form
of energy into that of light, such a result can never be reached,
for no matter what the process of producing the required vibra-
tions, be it electrical, chemical or any other, it will not be possi-
ble to obtain the higher light vibrations withont going throungh
the lower heat vibrations. It is the problem of imparting to a
body a certain velocity without passing through all lower veloei-
ties. DBut there is a possibility of obtaining energy not only in
the form of light, but motive power, and energy of any other
form, in some more direet way from the medium. The time will
be when this will be accomplished, and the time has come when
one may utter such words before an enlightened audience with-
out being considered a visionary., We are whirling throngh
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endless space with an inconceivable speed, all around us every-
thing is spinning, everything is moving, everywhere is energy.
There nust be some way of availing ourselves of this energy
more direetly. Then, with the light obtained from the medium,
with the power derived from it, with every form of energy
obtained without effort, from the store forever inexhaustible,
humanity will advance with giant strides. The mere contempla-
tion of these magnificent possibilities expands our minds, strength-
ens our hopes and fills our hearts with supreme delight.



CHAPTER XXVIIL

ExpPErIMENTS WITH ALTERNATE CURRENTS oF HieH PoTENTIAL
anp Hicn Frequency.!

1 canvor find words to express how deeply I feel the honor of
addressing some of the foremost thinkers of the present time,
and so many able scientific men, engineers and electricians, of
the country greatest in scientific achievements,

The results which I have the honor to present before such a
gathering I cannot call my own. There are among you not a
few who ean lay better claim than myself on any feature of
merit which this work may contain. I need not mention many
names whieh are world-known—names of those among you who
are recognized as the leaders in this enchanting science; but one,
at least, I must mention—a name which eould not be omitted in
a demonstration of this kind. It is a name associated with the
most beautiful invention ever made: it is Crookes!

When I was at college, a good while ago, I read, in a translation
(for then I was not familiar with your magnificent langnage), the
description of his experiments on radiant matter. I read it only
once in my life—that time—yet every detail about that charm-
ing work I can remember to this day. Few are the books,let me
say, which can make such an impression upon the mind of a
student.

But if, on the present occasion, I mention this name as one of
many your Institution ean boast of, it is because [ have more
than one reason to do so. . For what I have to tell you and to
show you this evening concerns, in a large measure, that same
vague world which Professor Crookes has so ably explored; and,
more than this, when I trace back the mental process which led
me to these advances—which even by myself cannot be consid-
ered trifling, since they are so appreciated by you—I believe
that their real origin, that which started me to work in this

1. Lecture delivered before the Institution of Electrical Engineers, London,
February, 1892.
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direction, and brought me to them, after a long period of con-
stant thought, was that fascinating little book which I read many
years ago.

And now that I have made a feeble effort to express my
homage and acknowledge my indebedness to him and others
among you, I will make a second effort, which I hope you will
not find so feeble as the first, to entertain you.

Give me leave to introduce the subject in a few words.

A short time ago I had the honor to bring before our Ameri-
can Institute of Eleetrical Engincers some results then arrived
at by me in a novel line of work. T need not assure you that
the many evidences which I have received that English scientific
men and engineers were interested in this work have been for
me a great reward and encouragement. I will not dwell upon
the experiments already described, except with the view of com-
pleting, or more clearly expressing, some ideas advanced by me
before, and also with the view of rendering the study here pre-
sented self-contained, and my remarks on the subjeet of this
evening’s lecture consistent.

This investigation, then, it goes without saying, deals with
alternating currents, and to be more precise, with alternating
currents of high potential and high frequency. Just in how
much a very high frequency is essential for the production of
the results presented is a question which, even with my present
experience, would embarrass me to answer. Some of the experi-
ments may be performed with low frequencies; but very high
frequencies are desirable, not only on account of the many effeets
secured by their use, but also as a convenient means of obtaining,
in the in