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PREFACE

The fasecinating seience of electrostaties
was developed mainly in the 18th century at a
time when the technology and industry were too
primitive to put this science to practical uses.
As a result, serious research in electrostatics
soon lost its momentum and, except for a few
isolated efforts, was practically nonexistent
during the entire 19th century. Only very re-
eently practical aspects of electrostatics began
to make their impact on the indusiry and econ-
omy, and the onee glamorous but long forgotten
seience has again appeared at the focal point of
serious scientific investigations.

A peculiar obstacle stands, however, in the
way of many such investigations: because of the
one and one half century of neglect of electro-
static explorations there is a singular lack of
easily available quantitative and qualitative in-
formation on even the most basic electrostatic
phenomena, techniques, and devices, Whereas
experimental and theoretical data pertaining to
most modern sciences are well documented and
are easily retrievable from numerous reference
sources, many data in the field of electrostaties
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must be extracted through thorough and labor-
ious firsthand studies of old books and maga-
zines, the very existence of which is not gener-
ally known, and which are not readily available
in any of the present-day libraries or repositor-
ies,

It is precisely this kind of obstacle that the
author encountered, when several years ago he
started his research on electrostatic motors,
Luckily, however, the obstacle soon transformed
itself into a highly rewarding experience of
studying various “ancient” books and periodicals
and searching through electrostatic inventories
of various European and American seience mu-
seums. In the course of these studies he found
numerous forgotten publications on electrostatic
motors and found that several old electrostatic
motors ean actually be seen in some of the
museums. (It is interesting to note that the lat-
ter motors are usually not on public display, ap-
parently because of a lack of adequate informa-
tion about their purpose and mode of operation
available to museum personnel. It is algo inter-
esting to note that certain types of electrostatic
motors were frequently employed in various
animated toys during the second half of the 18th
century, and that, although some of these toys
are shown in museums, they are usually shown
without an explanation of what made them move
or how they were supposed to function.)

The purpose of this book is to describe the
various types of electrostatic motors reported in
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the scientific literature between 1700 and the
present, and to discuss in general terms their
various design features and principles of opera-
tion. The book is written for a wide circle of
readers, and care has been taken to avoid tech-
nieal details that would be useful only to a small
group of specialists. The readers interested in
additional scientific and techmnical data on the
various motors are referred to appropriate orig-
inal publications cited in this book.

The material is presented in several chapters,
each chapter describing a particular class of
motors. The sequence of the chapters corres-
ponds to the chronological order in which the
earliest motor belonging to each particular chap-
ter was invented. The sequence of material in
each chapter is normally arranged also in a
chronologieal order. The last chapter deseribes
some of the most recent research results on
electrostatic motors and extrapolates these re-
sults into the immediate future.

The author is grateful to his wife Valentina for
typing the manuscript and for otherwise helping
him to make the book ready for publication. He
iz also grateful to Dr. David K. Walker for read-
ing the manuseript and for drawing the illustra-
tions for the book.

Oleg D. Jefimenko
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PLATE 1

Here iz what H. B. Dailey wrote aboul this elec-
trostatic motor which he and his father buzll in
1880; “Whether or not there is about the in-
striment and itz history that which would ever
give it a clatm fo any measure or serious inter-
est, it is at least an electric motor most unigue.
A motor without magnetism, wirtng, or any fron
inite make up. A motor that runs by the action
of the direct push and pull of the pure unconveri-
ed electricily ilsell.



PLATE 2

It was Bewjamin Franklin who tn 1748 construct-
ed the first electrostatic motors. No original
drawings or models of kis motors are known o
exizl, bul hiz firsl motor must have looked very
similar to this replica desigmed by the author for
the Electret Scientific Company.
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PLATE 3
Franklin's second motor probably looked very
muck kke this replica also designed by the
author for the Electret Scientific Company.
Whereas the first motor operated from the elee-
iricity storved in Leyden jars, this molor operal-
ed from the electricity stored in the motor ilself,
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PLATE §

The first corona motor was designed arownd
18689 by the German physicist Poggendorff. Pog-
gendorff made a thorough study of the motor,
but failed to appreciate its possibilities in the
mistaken belef that no sources of electricity
conld supply enough power to any electric motor
to make it do useful work, Thiz simplified ver-
sﬁmhﬂuj Poggendorff’s motor was built by the
author.



PLATE 5

The electret—a permanently electrized dielec-
tric—is essentially a product of the 20th century.
When an electret i placed between slotted elec-
trodes to which a voltage is applied, the electret
experiences a force. This motor designed by the
author utilizes the slot effect. The rotor of the
motor 18 a carnaiba war electret made of two
oppositely polarized half-disks. The motor was
built in 1966,



PLATE &

A more practical design of an electret motor in-
corporates stationary electrets and rotating
electrodes. The electrels can be easily with-
draum from the motor for servicing or replace-
menl. The motor operates from approzimately
60 volts de. This particular motor was the first
ever operated from atmospheric electricity.



PLATE 7

In thiz electret motor developed i the author’s
laboratory (as were all the electrel motors re-
produced in these photographs) several thin
mrica electrets are used as active elements. This
arrangement of electrets makes good wse of the
avaiable space and allows one Lo construct rela-
tively powerful electret motors.




PLATE &
Thiz “hoop" electret motor built in 1967 by D. K.
Walker has a stationary cylindrical electret,
The rolor s made of four pairs of bent aluminum
plates enclozing the electret. The motor re-
guires no commutator. The motor has been op-
erated for several years without any servicing.



PLATE 3

Corona molors are probably the most promizing
electrostatic motors. This 0.1-hp modern ver
sion of the Poggendorff motor has a eylindrical
rotor instead of a disk. The motor operates from
a §0i-voll power supply as well as from an
earth field antenna,




PLATE 10

The operation of electrostatic motors from an-
tennas can be demonstrated with this lecture-
room apparatus. The Van de Graaff generator
produces electric charges in the air. The sharp-
point antenna collects the charges from the air
and delivers them to one terminal of an electro-
static motor whose other terminal 5 grounded.



PLATE 11
The author and D. K. Walker attempt to operate
an electret motor from a 20-fool pole antenna in
fromt of the Physice Building of the West
Virginia University. The tall building screened
the atmospheric field, and the motor did not run,
although it operated very well from the same
antenna in the nearby unobstructed parking lot.



FPLATE 12

The author operates electrostatic motors by
means of an airborne antennid



WHAT ARE
ELECTROSTATIC
MOTORS?

Conventional electric motors ecreate
mechanical motion as a result of magnetic forees
acting upon electric currents. These motors are
properly called electromagnetic motors. There
is, however, another type of electric motor, in
which the motion is created as a result of elec-
tric, or “electrostatic”, forees acting between
electric charges. Motors of this type are called
electrostatic motors.

It is interesting to note that in nature the elee-
trostatic forces are much stronger than the mag-
netic ones. There are many ways in which this
can be demonstrated. For example, although a
considerable effort may be needed to separate a
magnet from an object attracted by it, a much
greater effort is needed to break the magnet;
this is because the magnet and the object are
held together by magnetic forces, while the maol-
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ecules of matter in the magnet (as well as in
any other body) are held together by electro-
static forees,

Why, then, do we not use the elecirostatic
forees In our electric deviees, and in motors in
particular, at least on as wide a scale as we use
the “inferior” magnetie forees? There are two
main reasons for that. First, it is difficult to
establish appreciable concentrations of electric
charges without causing an electrie breakdown
in the medium surrounding or supporting the
charges (although with modern insulating
materials and techniques this difficulty becomes
progressively less serious). Second, powerful
electrostatie devices require voltages of many
kilovolts for their operation, and until recently
such voltages could not be produced convenient-
ly and economically.

Motors of great power, however, are not the
only ones needed. Equally important are low-
power motors capable of performing various
special tasks. In this respect electrostatic
motors may compete suceessfully with their
electromagnetic eousins even now.

Although electrostatic motors are not yet

widely known or used, they already hold at least
five very impressive records as compared with
the electromagnetic motors:
1. The first electric motor ever invented was an
electrostatic one. It was built about 100 vears
before the first electromagnetic motor was con-
ceived.
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2. The electric motor that operated without in-
terruption longer than any other electric motor
was an electrostatic one. This was a pendulum-
type motor, known as the “electric perpetuum
mobile”, installed at the University of Insbruck,
Austria, in 1823. Since then it operated contin-
uously at least until 1909, powered by a Zamboni
pile (an early high-voltage battery).

3. Electrostatic motors have been operated from
voltages in excess of 10% volts, which is much
higher than the voltages suitable for operating
electromagnetic motors.

4. Electrostatic motors have been operated by
using currents smaller than 10 """fr:'rq:r1 which is
much less than the currents needed to operate
electromagnetic motors.

4. The first electric motor that operated directly
from the atmospherie electricity was an electro-
static motor. None of the presently available
electromagnetic motors can operate directly
from this source.

Even this short list refllecting some of the
more obvious peculiarities of electrostatic
motors shows quite clearly that electrostatic
moters possess a number of unique properties.
These properties undoubtedly will make
electrostatic motors increasingly more impor-
tant for the science, engineering, and technology
of the future.

Many different types and designs of electro-
static motors are possible. It is customary to
classify electrostatic motors in accordance with
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some prominent feature of their mode of opera-
tion or some prominent feature of their design.
Thus, in reference to the techniques used for de-
livering electric charges to the active part of a
motor one speaks of comtact motors, spark
maolors, covona motors, induction motors, and
electret motors. In reference to the medium in
which the active part of a motor is located one
speaks of Eguid- or gasdmmersed motors. In ref-
erence to the material and design of the active
part of & motor one speaks of diclectric motors
(the active part is made mainly of dielectric ma-
teriall] and conducting-plate, or capacitor,
motors (the active part is made mainly of metal
and resembles a variable capacitor). Finally, in
reference to the rate of rotation of a motor rela-
tive to the period of the applied voltage (for ac
operated motors) one speaks of symehronous
motors and asynchronous molors.

This classification of electrostatic motors does
not make it possible, however, to specify unique-
ly each individual motor. Also, two or more dif-
ferent operation modes are usually possible for
most electrostatiec motors (for example, certain
motors can be operated at will as contaet, spark,
or corona motors)., Therefore an assignment of a
particular motor to one or another of the above
types or categories is frequently more or less
arbitrary. This applies, of course, also to the
present book, where certain motors deseribed in
the chapters that follow could be equally well
discussed under different chapter headings, and
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where the inclusion of certain motors in a par-
ticular chapter was oceasionally dictated by the
fact that such an inclusion resulted in a more co-
herent development of the subjeet matter.



ELECTRIC
PENDULUM MOTORS;
CONTACT MOTORS

If “electric motor” is understood to be a
device converting electric energy into a contin-
uous mechanieal motion, then the first two elee-
tric motors were invented in the early 1740°s by
Andrew Gordon, a Seottish Benedictine monk
and professor of philosophy at Erfurt, Ger-
many.! Gordon's first motor was a device
known as the "eleetrie bells” (his second motor
will be described in the next chapter). The de-
viee and its operation were as follows. A metal-
lie elapper (pendulum) was suspended by a silk
thread between two oppositely charged bells
(Fig. 1). From an initial eontact with one of the
bells the clapper acquired a charge of the same
polarity as that of the bell. Due to repulsion of
like charges and attraction of opposite charges
the elapper was then repelled by this bell and at-
tracted by the second bell. As the clapper

(i
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struck the second bell, it gave off its initial
charge and acquired a charge of the same polari-
ty as that of the second bell. Then the clapper
was repelled by the latter and attracted by the
first bell, which it struck again, and so on.

Numerous variations of Gordon’s bells have
been deseribed by later authors, moestly as
devices for lecture-room demonstrations of elee-
trostatic forces. Such devices are widely used
for this purpose even now,

An ingenious application of Gordon's bells was
made by Benjamin Franklin in 1752. He connect-
ed the bells to an insulated lightning rod as a
warning deviee “to give notice when the rod
should be electrified”.? (It appears that at that
time neither Franklin nor any other scientist
suspected how dangerous this “warning” device
could be. The extreme danger of experiments
with insulated lightning rods became clear a year
later, when in 1753 the Russian physicist George
Wilhelm Richmann was killed by lightning that
entered his laboratory through such a rod, as he
approached it in order to measure its electrifica-
tion with a specially constructed electrometer.)

In a later modification of Gordon's invention
one of the two bells was mounted on a Leyden
jar (Fig. 2); the bells would then ring for as long
as there was enough electric energy stored in
the jar to move the clapper. (Franklin deseribed
the operation of an electric pendulum powered
by a Leyden jar in 1747; see Ref. 2, p. 189.)

Sometimes Gordon's bells were made as a set



FIGURE 1
The so-called “electric bells " constituted the first
device that converted electrical energy fnio a
continuwous mechanical motion. They were in-
vented in aboutl 1742 by Andrew Gordon, a pro-
fessor of philosophy at Evfurt, Germany.




FIGURE 2

In a later modification of Gordon's invention one
of the two bells was mounted on a Leyden jar.
The bells would then ring for as long as there
was enough electrical energy stored in the jar to
move the clapper.
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FIGURE 3

Sometimes Gordon's bells wevre made as a sel of
three bells and two clappers, all suspended from
a horizontal bar, the central bell being insulated
from the bar and grounded by means of a Lght
chain,




FIGURE 4

Another modification of Gordon's bells was a set
of bell chimes arranged on a wooden base in a
circular formation around the central bell A
geparate clapper was then present for eack of
the outside bells.
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FIGURE 5

The electrical and mechanical principle of Gor-
don's invention could be used not only for ring-
g bells bul for creating a mechanical motion in
general. In this “electric swing” this principle
was used to operate an animated toy.

E——
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FIGURE &
Various electrostatically aperated toys were in-
vented in the 18th and I19th centuries. This
“electric seesaw” was basically a conduciing bar
oscillating aboul a horizonial axis on the same
principle as the clapper of Gordon's bells.
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of three bells and two elappers, all suspended
from a horizontal bar, the central bell being in-
sulated from the bar and grounded by means of a
light chain (Fig. 3). Another modification of Gor-
don's bells was a set of bell chimes arranged in a
circular formation around the central bell (Fig.
4); a separate clapper was then present for each
of the outside bells, each clapper moving be-
tween one of the latter and the central bell (the
central bell was usually grounded, the outside
balls were connected to an electrostatie genera-
tor).

The electrical and mechanieal prineiple of Gor-
don's invention could be used, of course, not only
for ringing bells but also for a variety of other
purposes. In particular, this principle was later
used in two electrically operated toys: the “elec-
tric swing™ and the “electric seesaw™, which util-
ized, respectively, an insulated pendulum made
as a swing (Fig. 5) and an insulated conducting
swing bar capable of oscillating about a
horizontal axis (Fig. 6).34

Exeept for Franklin's bells, all of the above de-
viees were designed for operation from an
electrostatic generator or from Leyden jars
charged by such a generator. However, in 1806
a high-voltage chemical battery (“dry pile”, later
known as the “Zamboni pile”) was invented by
Georg Behrens, and in 1810 this pile was adapt-
ed by Giuseppe Zamboni to operate primitive
electrostatic motors.® Inasmuch as a Zamboni
pile could remain active for many years, the
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little motors that operated from it were known
as the “electric perpetuum mobile”. An ex-
ample of such a perpetuum mobile is shown in
Fig. T (see Chapter 4 for another design). The
apparatus consisted of a light rigid insulated
pendulum, pivoted just above the center of
gravity, with a light conduecting ring at the top.
The ring was located between the two knobs of a
Zamboni pile. When the ring contacted one of
the knobs, it acquired a charge from the knob
and was repelled from this knob and attracted to
the second knob, and so on, just like the clapper
in Gordon’s bells. One such perpetuum mobile
is reported to have operated without interrup-
tion for at least 86 years.®

The most sophisticated device derivable from
(Gordon’s electric bells was probably the recipro-
cating electrostatic motor (Fig. 8 and Plate 1)
buiit in 1880 by Howard B. Dailey and Elijah M.
Dailey.” The motor, which is now at the Museum
of History and Technology of the Smithsonian
Institution, was deseribed by one of its builders
as follows:

*“This machine operates by the direct action of
static electric attractions and repulsions. It is
constructed entirely of fine wood, glass and hard
rubber, there being no magnetic materials used.
The flywheel is of laminated, soft wood and runs
in journal bearings of very small diameter. The
moving balls, mounted on the wnll:ing heam aof
vulcanite, are made of wood, hollowed out so
that the walls are about 2 millimeters thick.
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FIGURE 7

This electric pendulum operated from a Zambeni
pile, an early kigh-voltage battery. Since the
pile remained active for years, the pendulim
was known as an “electric perpetuum mobie",

R
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FIGURE &

The most sophisticated device derivable from
Gordon's bells was probably this reciprocating

electrostatic motor built in 1880 by H. B. Dailey

and E. M. Dailey.
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They are covered with aluminum foil for static
conductivity. The stationary balls are of solid
wood.

“To operate the engine the stationary balls
are charged with electricity from a static elec-
tric generator, such as a Holtz machine, the up-
per balls being connected through the brass ball
to one pole of the machine while the lower
stationary balls are connected through the bind-
ing post on the bed frame to the opposite pole of
the machine. Under proper conditions, when
charged, the engine will make about 375 revolu-
tions per minute.

“The walnut base upon which the engine is
mounted is 14" long, 4" wide and 1% " thick. The
movable balls are about 12" in diameter; the
upper stationary balls are 13%4"in diameter: and
the lower stationary balls, 1%:". The four glass
rods, mounted vertically, are about 6" high and
spaced 6 apart along the bed. The diameter of
the flywheel is 5% . It is gilded and has small
wire spokes. The connecting rod is 7" in
length.™™

The electric principle of Gordon's bells could
be used also for producing a continuous unidir-
ectional motion. A fascinating device of this
type was the “electric racing ball”, or the “elec-
trie planetariom”, an excellent description of

*The author is grateful to Mr, Elliot M, Sivowitch, Smith-
sonian Institution Museum Specialist, for kindly providing
this description and the photograph of Dailey’s motor.
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FIGURE §
The electric principle of Gordon's bells could be
used also for producing a continuous wmidirec-
tional motion. This “electric racing ball” was
propelled along a conducting hoop by the same
‘E.netglmiﬁ'm that moved the clapper i Gordon's
ells,
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which has been provided by M. Guyot.? The
apparatus consisted of an insulated horizontal
conducting hoop positioned above a conducting
disk having a vertical rim concentric with the
hoop (Fig. 9). The arrangement constituted a
track for a light sphere of glass placed on the
disk between the hoop and the rim. When the
hoop and the disk were connected to an electro-
statie generator, the sphere ran along this track
due to attraction and repulsion exerted by the
hoop and the disk upon the points of the sphere
that acquired charges from contact with the disk
and the hoop (the rolling of the sphere usually
had to be initiated with a light push by hand, but
once the sphere had started to run, it continued
running for as long as the electrostatic genera-
tor was in operation).

Since the moving elements in the above de-
scribed motors were charged by contact, the
motors may be classified as “contact motors".
This method of charging, however, is neither the
only possible nor the most expedient one.
Therefore contact motors will probably always
be subordinate to most of the motors deseribed
in the following chapters. In this conneetion it
may be useful to note that, upon a closer examin-
ation of the operation of Gordon's bells and other
similar devices, one recognizes that the charging
of the moving elements in these devices usually
occurs by means of a spark that jumps from a
stalionary electrode (bell) to & moving element
(elapper) as soon as the latter comes close




21

enough to the former. Thus the actual physical
contact between the moving and stationary com-
ponents in these devices is not at all necessary
for their operation. In fact, such a contaet is
harmiul insefar as it resulis in energy losses
from impact and friction.
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ELECTRIC WIND
MOTORS

As already mentioned in the preceding
chapter, Andrew Gordon invented two electrie
motors. His second motor was the “electrie
fly".1% also known as the “electric whirl”,
“glectric pinwheel”, or “electrie reaction wheel”
(Fig. 10). The electric {ly consisted of one or
more light metal arms with sharp-point ends
bent at right angles to each arm and in the same
eircumferential direetion. The fly was pivoted at
its center on an insulated needle. When the
needle was connected to an electrostatic gen-
erator, a corona discharge* took place from the
sharp points of the fly. The air near these points
became charged with charges of the same polar-

*Corona discharge is a spontanecsus eleetrie condnetion in &
ias (air) originating [rom sharp conducting bodies whose eles-
trostatic potential relative to the ground s 3000 volts or high-
er.

22
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ity as that of the fly and was then repelled from
the points due to repulsion of like charges (the
resulting motion of the air is known as the “elec-
triec wind"). Similarly, the points themselves
were repelled from the charges in the air, and
the fly rotated therefore in the opposite sense to
that in which the points were directed,

Also the electric fly was used for ringing bells
or chimes. This was accomplished by suspend-
ing from the fly a clapper, which, as the fly ro-
tated, struck in turn several bells positioned in a
circular formation underneath the fly (Fig. 11).2

In 1760, Hamilton, professor of philosophy at
Dublin, suggested to use a similar device as an
electrometer. In this electrometer small
weights were suspended from the fly. As the fly
turned, the weights were deflected from the ver-
tical direction by centrifugal forees. This de-
flection was a measure of the fly's speed and,
hence, of the strength of the source to which the
fly was connected. A more sophisticated
electrometer utilizing the electric fly was de-
seribed by Jakob Langenbucher.® a silversmith
at Augsburg, Germany, who spent a large part
of his time and fortune on improving electro-
static generators and studying electrostatie
phenomena. In this electrometer the fly was
mounted on a thin vertical cylinder. A fine
string was fastened to the cylinder. The string
passed over a small pulley and had a light pan
attached to its free end. A small weight was
placed on the pan. As the fly turned. the string



FIGURE 10

Andrew Gordon invented two electric motors,
His second motor was the so-called “electric fly".




FIGURE 11

Alzo the electric fly was used for ringing bells
with the aid of a clapper suspended from it
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wound itself on the eylinder lifting the pan and
the weight. The maximum weight that could be
lifted by this electrometer was a measure of the
strength of the source from which the fly was
operated.

The principle of the electric fly was later used
to operate an orrery depiecting the orbital mo-
tions of the Sun, the Moon, and the Earth (Fig.
12).% Insuch an orrery, also known as the “elec-
trical tellurium”, the longer bent arm carried a
large sphere at one end, while at the other end it
earried a similar but smaller bent arm, each end
of which also carried a small sphere. The three
spheres represented the Sun, the Moon, and the
Earth. The arms were pivoted on sharp points,
and each arm had a perpendicular sharp point in
the horizontal plane. When the instrument was
connected to an electrostatic generator, the two
systems rotated about their points of support,
the smaller system, being lighter, rotated more
rapidly than the larger one. The relative masses
of the spheres were adjusted to make the
Earth-Moon system rotate twelve times for
every single rotation of the Sun.

An interesting variation of the electrie fly was
constructed in 1761 by Ebenezer Kinnersley, a
Philadelphia school teacher and close friend of
Benjamin Franklin. Kinnersley called his device
the “electrical horse-race™. ™ This was a cross
formed by Ltwo pieces of wood of equal length
(probably about 18 inches long) supported hori-
zontally on a eentral pin. A light [igure of horse

L
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FIGURE 12

The principle of the electric fly was later used to
operate an orrery depicting the orbital motions
of the Sun, the Moon, and the Earth. The
masses of the spheres were adjusted fo make
the Earth-Moon system rotate twelve times for
every single rotation of the Sun.



FIGURE 13

An mteresting varialion of the electric My was
constructed in 1761 by Ebenezer Kinnersley, a
friend of Benjamin Franklin. Kinnersley called
his device the “electrical horse-race”. The elee-
trical horse-race was a popular toy in the latier
part of the 18th century.
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with his rider was placed upon each extremity of
the ¢ross. The motion was produced by corona
discharge from the spurs of the riders (Fig. 13).
The electrical horse-race was a popular toy in
the latter part of the 18th century. Interesting
descriptions of this toy have been provided by
Langenbucher (Ref. 5, p. 206 and Plate 8), and
by Guyot.d

To show more convincingly that the electric
fly converted electrical energy into mechanical
energy, electric flies were placed on horizontal
axes and were arranged to lift small weights
(Fig. 14) or to climb inelined rails (Fig. 15).7

Operation of the electric fly in liguids was in-
vestigated by Aime.!’ A historical account of
electric fly studies was presented by Tomlin-
son. ! The mechanism of the fly was discussed
at some length by Maseart.!® A quantitative
study of the forees acting upun the electrie fly
was performed by Kampfer

A more efficient modification of the electric fly
was proposed in 1887 by Bichat.!'® Bichat's elec-
tric “tourniquel” consisted of a light vertieal
frame eapable of turning about a vertical axis
and supporting two thin vertical wires produe-
ing a corona discharge along their entire length.
The wvertical sides of the frame acted as
“spoilers” preventing a corona discharge from
the “back side” of the wires. A simple motor
based on Bichat's deviee is shown in Fig. 16.

In recent years the principle of the electric fly
(reaction force experienced by a sharp point as a
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FIGURE 14

Electric fly converied electrical energy inio
mechanical energy and counld lift small weights.
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FIGURE 15

Eleetric fly developed enough mechanical
energy for climbing tnelined rails.



FIGURE I8

A more efficient modification of the electric fly
was proposed in 1887 by Bichat, who called his
device the “electric tourniguel™.
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result of a corona discharge from it) has been
suggested for a flying machine [“corona-krafi
levitation").2%  The lift realizable from such a
machine does not, however, appear Lo be of prae-
tieal significance, 18

Closely related to the eleetric fly were the
“electric wind wheels" and the “electric wind
turbines”. Like the electric fly, they were
invented in the 1740's and utilized a corona dis-
charge from sharp points for their operation.
Benjamin Franklin studied these deviees in 1747
{(he first learned of them from his friend Philip
Syng). Aceording to Franklin (Ref. 7, p. 184)
they were “light windmill-wheels made of stiff
paper vanes; also. . . little wheels, of the same
matter, but formed like water-wheels”. Their
probable appearance was as shown in Figs. 17
and 18. Later versions of these devices have
been deseribed by Guyot (Ref. 8, pp. 274, 275
and Plate 27), by Langenbucher (Ref. 5, pp. 75,
76 and Plate 3), by Gale,!” and by Neubur-

er. 18

A delightful eleetrie toy using the electrie
wind for its propulsion was made by W. R. King,
an associate of James Wimshurst (the designer
of the electrostatic machine earrying his name).
This toy, which may be called an “electrical rab-
bit hunt”, now at the Secience Museum in
London, is shown in a simplified form in Fig. 19.
It consists of a small electric wind turbine
mounted on a vertical shaft carrying five light
metal arms on its upper end; the arms support



FIGURE 17

Closely related to Gordon’s electric fly was the
“electric wind wheel”. Like the eleciric fly, it
was fmvented in the 1740 and utilized a corona
discharge from two sharp points for its opera-
tiom,
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FIGURE 1&

Benjamin Franklin studied this “electric wind
turbine” in 1747. He concluded that its action
depended not as much on the electric wind as on
the forces belween the charges present on ils

moving and stalionary parts.



FIGURE 18

A delightful electric toy uwbilizing the electric
wind for its propulsion was made by E. R. King,
an associate of James Wimshurst, This Loy,
which may be called an “electrical rabbit hunt”,
is now af the Science Museuwm n London,
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figurines of a rabbit, three dogs, and a horse-
man, who chase each other in a beautiful little
garden, as the arms turn powered by the turbine
below.

In studying the electric wind motors, Benja-
min Franklin econcluded that their action
depended not as much on the electric wind as
such, but on the repulsion and attraction of elec-
tric charges present on the moving and station-
ary parts of the motors (Ref. 7, p. 184). It is very
probable that this conelusion led him to the in-
vention of his big electric motors, the famous
“glectrical wheels"”, which are deseribed in the
next chapter.
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FRANKLIN'S SPARK
- MOTORS AND
1 THEIR DESCENDANTS

If one defines the “electric motor” as a
machine capable of converting substantial
amounts of electrical energy into mechanical
energy, then it was Benjamin Franklin who in-
vented the electric motor, for he was the first
person to design and to construet a machine
capable of accomplishing such a conversion.

Franklin built two electric motors, which he
called “electrical wheels”. He described them in
a letter to Peter Collinson, Fellow of the Roval
Ecrcieipy of London, written in Philadelphia in
1748,

His first motor was a big machine. about 40
inches in diameter. The main part of this motor
was a wooden disk mounted herizontally on a
vertical wooden axle and carryving 30 glass
spokes with brass thimbles on their ends (Fig, 20
and Plate 2). The axle turned on a sharp point of
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FIGURE 20

Franklin's first “elecirical wheel” was the eark-
est device converting substantial amounts of
electrical energy tnlo mechanical energy.
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FIGURE 21

Frankhin's zecond “electrical wheel” was more
efficient than the first. [t was powered by the
electric charge stored in ifs capacifor-rofor.
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iron fixed in its lower end and was kept in the
vertical position by a strong wire mounted in its
upper end and passing through a small hole in a
thin stationary brass plate. Two oppositely
charged Leyden jars (bottles) were placed in
elose proximity to the thimbles on the spokes, so
that when the wheel turned, the thimbles bare-
ly mizsed the knobs of the jars.

As the thimbles moved past the Leyden jars, a
spark jumped between a jar knob and the
passing thimble, charging the latter with a
charge of the same polarity as that of the knob.
Therefore each knob attracted the oncoming
thimbles {(“opposite charges attract”) and
repelled the departing thimbles (“like charges
repel”), causing the motor to turn. The motor,
being perfectly symmetric, could turn in either
direction, and usually required a starting push
by hand to initiate the charging of the thimbles.

Here is how Franklin himsell described the
operation of his motor:!

“If now the wire of a bottle, electrified in the
common way, be brought near the ecircumfer-
ence of this wheel, it will attract the nearest
thimble, and so put the wheel in motion; that
thimble, in passing by, receives a spark, and
thereby being electrified, is repelled, and so
driven forwards; while a second being attracted,
approaches the wire, receives a spark, and is
driven after the first, and so on till the wheel has
gone once round, when the thimbles before
electrified approaching the wire, instead of
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being attracted as they were at first, are repel-
led, and the motion presently ceases. But if an-
other bottle, which had been charged through
the coating (e.i. charged oppositely to the first,
0. J.), be placed near the same wheel, its wire
will attract the thimble repelled by the first, and
therehy double the force that carries the wheel
round; and, not only taking out the fire {electric
charge, 0. J.) that had been communicated to
the thimbles by the first bottle, but even rob-
bing them of their natural quantity, instead of
being repelled when they come again towards
the first bottle, they are more strongly attract-
ed, 50 that the wheel mends its pace, till it goes
with a great rapidity, twelve or fifteen rounds in
a minute, and with such strength, as that the
weight of one hundred Spanish dollars, with
which we once loaded it, did not seem in the
least to retard its motion”.

Franklin was nol quite pleased with this
motor, however, because it required “a foreign
foree, to wit, that of the bottles” for its opera-
tion. He constructed therefore a second, “sell-
moving”, motor, which itself contained the elee-
trical energy to be converted into the meechani-
cal motion.

The second motor was made as follows (Fig.
21 and Plate 3). A disk of window glass, 17
inches in diameter, was gilded on each side,
except for narrow areas next to the edge. Sever-
al lead spheres (bullets) were fixed to the edge
of the disk and were connected in alternation to
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the two gold layers. The disk was mounted on a
vertical axle consisting of two pieces of strong
wire, each about 9 inches long: the upper wire
being in contact with the top layer of gold, the
lower wire being in contact with the bottom
layer. The lower wire terminated in a sharp
point resting on a piece of brass cemented within
a glass salt-cellar. The upper wire passed
through a hole in a thin brass plate cemented on
a long strong piece of glass. This wire carried a
small ball on its upper end for preventing a
corona discharge from it. Several glass pillars
with thimbles on their tops were positioned in a
circle around the disk, so that the spheres on the
edge of the disk barely missed the thimbles
when the disk was in motion. The motor was
powered by electricity stored in the disk itself,
which, due to the two layers of gold, constituted
a ecapacitor capable of storing an appreciable
quantity of charge (to charge the rotor, the two
layers of gold were temporarily connected Lo an
electrostatic friction generator).

The motor operated on the same principle as
Franklin's first motor, except that now the
thimbles were stationary and received positive
or negative charges from the passing spheres,
rather than the other way around. As in the
first motor, the rotation persisied as long as
there was enough charge stored in the capacitor
(rotor) to produce sparks between the spheres
and the thimbles.

Franklin reported that his second motor
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{which was more powerful than the first one)
eould make 50 turns in a2 minute and could run
for up to 30 minutes on a single charging of the
rotor.! Experiments with replicas of Franklin's
motors performed by the author indicate that
the original motors developed a power of the
order of 0.1 watt,*? which was a very impres-
sive achievement for that very early period in
the history of electric science.

Several authors have described simplified
versions of Franklin's motors.*®  Miniature
Franklin-type motors have been constructed and
described by A. D. Moore® (Fig. 22). One such
motor consists of a Plexiglas disk about 4 inches
in diameter with small conducting balls embed-
ded in the rim. The disk turns on a horizontal
axis supported by a base behind the disk. The
motor runs when placed between two conduet-
ors connected to an electrostatic generator. To
make the motor self-starting and one-way
running, the conductors may be provided with
short auxiliary rods tangential to the disk; sinee
the rods dispatch sparks predominantly in the
direction of their free ends, the disk also turns in
this direction. Another little motor of the same
type designed by Moore is shown in Fig. 28.

An obvious improvement of Franklin's motors
would be to use a eylindrical rotor with elee-
trodes in the shape of long strips. Such elec-
trodes would accept more charge than thimbles
or spheres, and the power of the motor would be
increased considerably. Motors of this type



FIGURE 22

Several authors have described simplified ver
sions of Franklin's motors. One such molor con-
sists of a Plexiglas disk about 4§ inches in di-
ameter with small conducting balls embedded in
the rim. The disk turns on a horizontal axis sup-
ported by a base behind the disk.
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FIGURE 23
This inexpensive miniature Franklin-type motor
of recent degign can be wsed for lecture-room
demonstrations of electrostatic forces. The
rotor disk can be made from cardboard, wood, or
plastic. For the volor electrodes ome can use
thumbtacks or small aluminum foil disks.
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have indeed been construeted. Here is a
deseription of a “bell jar" motor taken from a
book published in 1847 (Fig. 24):

“On a pivot, a, suspend a bell jar having four
pieces of tinfoil pasted on its sides, b, ¢ &
eonnect the jar, by means of the insulated wire,
% with the prime conductor (high-veltage
terminal of an electrostatic friction generator, 0.
J.) so that the pieces of tinfoil may receive
sparks. On the opposite side arrange a
conductor, x, in connection with the ground by a
ehain. On putting the machine into activity, the
jar will commence rotating on its pivet."7

Small motors closely related to both Frank-
lin's first motor and to pendulum motors were
used in the rotary-type “perpetuum mobile” (see
Chaptier 2} operated from a Zamboni pile.® The
main part of these motors (Fig. 25) was a light
insulated arm pivoted on a sharp point and
carrying a piece of tinsel on each end. The tin-
sels could just touch the knobs of the pile when
the arm was moving on its pivot. The device
functioned in the same manner as Franklin's
first motor, the two tinsels corresponding to the
thimhles of the latter.

An analogous design has recently been de-
scribed as a “millifleapower motor" operating
from a nuclear battery.? In this motor a light
aluminum vane with pointed ends (Fig. 26) bent
50 as to form an inverted V is mounted at its
midpoint on the tip of a sharp needle protruding
from the positive terminal of the battery. As the
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FIGURE 24

Thiz “bell jar" Franklin-type motor had a cylin-
drical rotor with tinfoil electrodes in the shape of

long strips.
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FIGURE 25

Thizs small motor was used as a rotary-type “per-
petunm mobile” operating from a Zamboni pile.
Such motors turned for years withowt stopping.



FIGURE 26

An analogous design has recently been de-
seribed ag a “millifleapower motor™ operating
from a nuclear battery.



a2

vane turns, its ends come close to two spheres
connected with the ground through a high resis-
tance and become attracted by them. A dis-
charge from the ends of the vane charges the
two spheres, and the spheres then repel the
ends of the vane. During the time it takes the
vane to complete one half of its revolution, the
charges of the spheres leak off to the ground, so
that the spheres can again attraet the ends of
the vane, accept new charges from them, and
then again repel them. The motor is expected to
run for many years.

An interesting motor derivable from Frank-
lin's first motor and from pendulum motors was
suggested for operation from an electrophor-
us.!0 The main part of this motor (Fig. 27) was a
light conducting ring supported in a wvertieal
plane on an insulated needle. In front of the ring
there were two insulated spheres, which were so
positioned that the ring just missed them as it
turned on its needle. The spheres were either
charged oppositely by the electrophorus, or only
one sphere was charged, in which case the sec-
ond sphere was grounded. The device operated
on the same principle as Franklin's first motor.

Of all the motors discussed above, Franklin's
original motors and the bell jar motor were the
most powerful ones. One can make such motors
even more powerful by inereasing the number of
moving and stationary electrodes. But this can
be done only up to a limit, because if the elee-
trodes are too close to one another, sparks will




FIGURE 27

This motor devivable from Franklin's first motor
and from pendulum motors was suggested for
operation from an electrophorus.
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jump all around from one electrode to the next,
thus short-circuiting the motor. The motor will
then not work at all, unless the operating volt-
age is lowered. But by lowering the voltage one
also lowers the power, so that the gain obtained
by increasing the number of electrodes becomes
offset by the decrease in the operating voltage.
Franklin type motors have therefore an inherent
limitation in their power characteristics, and the
fact that they depend for their operation on the
presence of many metallic electrodes is one of
their disadvantages.

Since in Franklin's motors and in other motors
described in this chapter the rotor is charged by
means of eleetrie sparks, these motors may be
classified as “spark motors”. Toward the end of
the 19th century a way was found to construct

electrostatic motors based on the same mechan-
ism of attraction and repulsion between electric
charges as in Franklin's motors, but with rotors
{or stators) charged more efficiently than it is
possible to do by means of the sparks. These
motors are deseribed in the next chapter.
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CORONA MOTORS
AND MOTORS
SIMILAR TO THEM

In 1867, W. Holtz, the inventor of the
electrostatic “influence” machine (generator)
earrying his name, discovered that this machine
eould funetion as a motor when powered by
another similar machine.l In order to study this
effect in some detail, the famous German phys-
icist J. C. Poggendorff ordered the construction
of a special device, analogous to Holtz's machine,
but designed to operate only as a motor and pro-
vided with numerous adjustable components so
as to operate under a wide range of conditions.2

The basic part of this motor was a vertical
glass-disk rotor placed between two ebonite
crosses carrying metallic sharp-needle “combs™
(Fig. 28 and Plate 4). The sharp points of the
ecombs almost touched the surface of the disk, so
that the disk could be charged by means of a cor-
ona discharge from the combs when they were
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connected in alternation to an electrostatic
generator. Each comb could be oriented so as to
make an arbitrary angle with respect to a radial
direction.

Just like the sparks in Franklin's motors, the
corona discharge from a eomb deposited on the
rotor a charge of the same polarity as that of the
comb. Each comb repelied therefore the seg-
ment of the rotor carrying charges which it
sprayed onto the rotor and attracted the seg-
ment earrying charges sprayed onto the retor by
the preceding comb. Because of a continuous
discharge between the combs and the rotor, al-
most the entire surface of the rotor was sprayed
with electric charges. The repulsion and at-
traction between the eombs and the rotor, were
therefore not only much stronger than in Frank-
lin's motors, (where only the electrodes were
charged) but were also much steadier, since the
distances between the combs and the charges on
the rotor were always the same. As a result, the
torque and power obtainable with this motor
were far greater than those obtainable with
Franklin's motors of similar dimensions.

Poggendorff made a thorough study of his
motor, varying all its important parameters (his
artiele comprises 32 pages). He used several ro-
tors of different thickness and surface character-
istics, whose weight ranged from 2.5 to 4.5
pounds (all rotors were 15 inches in diameter).
He varied the number, the orientation, and the
polarity of the combs.



FIGURE 28

Poggendorff’s corona motor had a glass-disk ro-
tor placed belween two ebonile crosses carrying
metallic sharpneedle “combs™.
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He found that a motor with combs arranged
along the radii of the rotor could rotate equally
well in either direction but was not self-starting,
sinee such combs sprayed charges onto the rotor
in a perfectly symmetric fashion. Howewver, if
the combs were slanted relative to the radii, the
motor beecame sell-starting and unidirectional,
because such combs sprayed charges predom-
inantly in one direction. He also fould that the
performance of the motor could be improved by
placing pieces of glass, eardboard, or metal close
to the surface of the rotor (this is the principle of
the modern “backing plate” or “lining”; see
Chapter 10). When properly adjusted, the
motor could run at better than 300 rpm.

Poggendoril had fully appreciated the super-
iority of his motor in eomparison fo Franklin's
motors, and had stated so at the end of his arti-
ele. In faect, he had indicated that his motor
used from 1200 to 1800 times as much current as
Franklin's motors, in which case, assuming that
the operating voltage of his motor was the same
as that of Franklin's motors (approximately 100
kilovolts), the power of his motor must have
been close to 100 watts.

At the time when Poggendorils article was
written, however, it was considered unseientific
to expect that electricity (any electricity) could
ever become a significant source of motive
power. This may be the reason why Poggen-
dorff, speaking of the rotation phenomenon
that he investigated, declared at the end of
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his article: . . .it would be a sanguine hope if
one wanted to believe that any useful mechani-
cal effect could be achieved with it. That this is
not possible, follows already from the considera-
tion of how small is the quantity of electricity
that is here put into play in comparison to that
developed by a voltaie battery, with which one
nevertheless, even with the help of the magne-
tismus produced by it, has so far achieved
nothing substantial {*Erkleckliches”)”. The ar-
gument was obviously weak, but taking into ac-
eount Poggendorils reputation as an eminent
seientist, it was probably sufficient to discour-
age further serious investigations of the corona-
induced rotation for many years to come.

Sinee Poggendoril's motor depended on a cor-
ona discharge for its operation, the motor may
be classified as a “corona motor”.

Holtz's rotation phenomenon was also studied
by the Danish physicist C. Christiansen (whose
interest in the phenomenon had been aroused by
a preliminary repert of Poggendorif's investiga-
tions published in 1867).8 Christiansen de-
scribed two motors based on Holtz's discovery.
His first motor consisted of a horizontal disk
rotor and two stationary eorona-producing
combs. His second motor was similar to the first
except that in it the glass disk was stationary
and the combs constituted the rotor. The rotor
combs in this second motor were located below
the glass disk and were charged by means of two
foil strips hanging from them and sliding along
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FIGURE 29

This self-starting corona motor with a cylindrical
rotor was described in 1871 under the nome of
“electric towrbillion”,



FIGURE %0

In thiz hand-held coroma motor (attribuled to
Rubmbkorff) the horizontal wire, by a corona dis-
charge, extracted charges from the power
source, and the vertical needle connected to this
wire, also by a corona discharge, sprayed these
charges onto the rotor.
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two horizontal concentric contact rings mounted
on the base of the motor.

Cylindrical and spherieal motors operating on
the same principle as Poggendorif's motor were
deseribed in 1871 by W. Gruel (Fig. 29), who
ealled them the “electric tourbillions” 4 Gruel
pointed out that these motors could be made
self-starting and unidirectional by inclining the
combs in the same rotational direction with
respect to the surface of the rotor. He also
suggested that by providing the rotors with a
series of holes, the motors could be used as
sirens.

A disk motor not noticeably different from
Poggendoril's motor was patented in the U.S.A.
in 1891 by J. W. Davis and J. B. Farrington.5

An interesting hand-held corona motor (at-
tributed to Ruhmkorff) was deseribed in 1876 by
M. E. Mascart.® The motor had a horizontal
mica disk rotor (Fig. 30) supported on & vertical
needle by a jewel bearing, such as are used for
supporting compass needles. Below the disk
there were two vertical corona-producing
needles mounted on a hard rubber base. One of
the latter needles was connected to a metal han-
dle, the other was connected to a long, stiff, hori-
zontal wire terminating in a sharp point. To set
the motor in motion, the operator held the motor
s0 that the sharp point of the horizontal wire
was in the proximity of a charged conductor. By
a corona discharge, the horizontal wire then ex-
tracted charges from the conduetor, and the ver-
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FIGURE 51

This motor had two insulated coroma-producing
points tangeniial to the rotor disk and oriented
in the same rolational direction.



FIGURE 52

Thiz corona moter with a compound glass rotor
conld run at about 2000 rpm and had a power of
about 90 watts.
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tical needle connected to this wire, also by a cor-
ona discharge, sprayed these charges onto the
rotor. The second vertical needle discharged the
rotor and conducted its charges to the ground
through the hand and body of the operator.

A number of experiments with Poggendorii
type corona mntcrrs were reported in 1921 by V.
E. Johnson.” One of his motors was similar to
Ruhmkorff's motor (Fig. 31). This was a hori-
zontal mica disk, about 6 inches in diameter, sup-
ported on a vertical needle point. At the edge of
the disk there were two insulated corona-pro-
ducing points tangential to the disk and oriented
in the same rotational direction. Another of
Johnson's motors was a big machine consisting
of two stationary glass disks and a three-piece
glass rotor that could rotate on ball bearings
between the stationary disks. The rotor was
made of two large glass disks separated by a
smaller disk 50 as to have a deep slot along its
edge. Two flat sharp-point combs were insert-
ed diametrically opposite to one another into
the slot of the rotor (Fig. 32). Johnson estim-
ated that his motor could run at about 2000 rpm
and had a power of about 90 watis.

Just as Poggendoril's motor was derived from
Holtz's electrostatic machine, a series of electro-
static motors were similarly derived [rom
Wimshurst's electrostatic machine.

In 1891 five such motors were constructed by
William McVay of New York City.f MecVay's
first motor (Fig. 33) consisted of two horizontal
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glass disks, about 12 inches in diameter, one
stationary and the other rotating on the vertical
axis just above the first. The lower disk had two
quadrants of tinfoil, and the upper disk had 16
tinfoil sectors, as shown in the figure. The
power (from a Wimshurst machine) was deliv-
ered to the motor by means of two insulated
arms, each of which terminated in two brushes,
one touching eontinually one of the lower quad-
rants, the other charging a sector on the upper
disk just clear of the edge of the quadrant.
Charges of the same polarity were thus
deposited on the guadrant and on the sector,
causing them to repel each other. An “equaliz-
er” reduced the charge of the sectors belore
they passed over the further edge of an oppos-
itely charged quadrant, thus reducing the back
torque on the rotating disk. An important new
feature of this motor was the simultaneous
charging of the stationary quadrants and of the
moving seetors, which assured a relatively
strong starting torque and, together with the
neutralizing system, assured a reliable unidic-
ectional operation. McVay also constructed
motors of cylindrical geometry, one of which is
shown in Fig. 34. In this motor the quadrants
were located on the inner eylinder, while the
charging and neutralizing brushes were on the
neck of the outside eylinder.

McVay's first motor was later modified for
charging by combs, rather than by brushes (Fig.
35). The motor then operated essentially as
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FIGURE 33
MeVay's firsi moter consizted of two horizental
glass disks, about 12 inches in diemeter, one
stationary and the other rotating on the vertical
arxis just above the first.



FIGURE' 24

In this Me Vay's motor the quadrants were beat-
ed on the inner cylinder (shown as two seg-
wments), while the charging and neutralizing
brushes were on the neck of the outside cylinder.
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FIGURE' 35

MeVay's first motor was later modified for
charging by combs, rather than by brushes, The
motor then operated essentially as Poggen-
dorffs coroma motor, relaining, however, s
selfstarting and wnidirectional qualities,
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Poggendoril's corona motor, retaining, however,
its self-starting and unidirectional gqualities.

Instructions for building a Poggendorf{f motor
may be found in the May 1971 issue of Popular
Seience.? Instructions for building a simple
MeVay motor may be found in the January 1914
issue of Electrical Experimenterl0 (the author is
grateful to Mr. Thorn L. Mayes tor this infor-
mation).

Sinee a corona discharge in air at atmospher-
ie pressure requires a minimum voltage of about
3000 volts, ordinary corona motors can operate
only from sources capable of supplying a voltage
of thizs magnitude. Such voltages are, of course,
easily attainable at the present time, and since
the corona motors are very simple and efficient
devices, they have been further developed and
studied in recent years. We shall return to them
in the last chapter of this book.
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___| CAPACITOR MOTORS

In 1889, Karl Zipernowsky, a Hungarian
engineer (co-inventor of praetical electrical
transformers), constructed a new type of elec-
trostatic motor,! which was derived from Thom-
son's quadrant electrometer.® The rotor of this
motor (Fig. 36) consisted of two pairs of alum-
inum sectors insulated from each other and
from the rest of the apparatus. The stator con-
sisted of four double (hollow) sectors of brass en-
closing the rotor. The rotor was fitted with a
commutator in four parts, by means of which the
sectors of the rotor were charged oppositely to
those sectors of the stator into which they were
entering and identically to those sectors of the
stator which they were leaving. An interesting
property of this motor was that it could operate
from high-voltage de as well as from high-volt-
age ac sources,

73
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FIGURE 36
Thiz motor was built in 1889 by Karl Zipernow-
sky, o Hungarian engineer. [t opervated from de
as well as from ac sources.
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FIGURE &7

This capacitor motor was described in 1904 by
van Huffel. Its rotor could be charged by con-
tact or by sparks.
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Inasmuch as Zipernowsky's motor operated as
a result of the eleciric forces exerted by one
charged conducting plate upon a second charged
conducting plate (which are the same forces that
act upon the two plates of a capacitor) it consti-
tuted what is now called an electrostatic “capac-
itor motor™,

A simpler version of a capacitor motor was de-
scribed in 1904 by van Huffel.? This motor was
based on the so-called Thomson's replenisher.d
The motor had an essentially eylindrical geome-
try (Fig. 37) and consisted of a rotor with two in-
sulated bent brass plates mounted on a vertical
axle and located between two similar, but slight-
ly larger, plates of the stator. The rotor plates
{which were not quite coaxial) were charged by
means of two metallic tongues connected to the
stator plates; the tongues touched the rotor
plates just as the latter began to clear the stator
plates. The charging of the rotor plates could
occur by a direct contact as well as through a
spark, depending on the adjustment of the
tongues,

Since capacitor motors do not require sparks
or a corona discharge for their operation, they
ean operate, at least in prineiple, from as low a
voltage as one desires to use, This is one of their
important advantages and is one of the reasons
that such motors have been given considerable
attention in recent years. Furthermore, as al-
ready indicated, ecapacitor motors ean operate
not only from de sources, but also from ac

-
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sources, Finally, when powered by an ac source,
they ean operate both as synchronous and
asynchronous motors (Zipernowsky's original
motor operated from ac as an asynchronous
maotor).

A synchronous eapacitor-lype electrostatic
motor is merely a multi-electrode capacitor
motor without a commutator, the proper
charging of the rotor being accomplished by
continuously supplying an ae voltage of proper
frequency between the stator and the rotor (Fig.
38). It is easy to see that if the rotor moves by
one electrode in one period of the supply
voltage, then the ac voltage accomplishes the
same effect as that accomplished by a de voltage
with a commutator. The synchronous velocity is
therefore 2 n /N, where fis the frequency of the
supply voltage and N is the number of the elec-
trodes.

Several precision-made synchronous motors
were deseribed in 1969 by B. Bollee,5 One of
these motors ran on sapphire bearings and had a
eylindrical aluminum rotor 1 centimeter long
and 0.45 eentimeters in diameter; the rotor and
the stator had 60 electrodes each, with a 0.001
centimeter gap between stator and rotor elee-
trodes. The maximum power of this motor was
about 100 microwatts at 220 volts and 50 hertz.
Another motor (for an electric elock) had a di-
eleetrie disk rotor, with four rows of 100 elee-
trodes on each side, located between two
bearing covers, each with five rows of 100 elec-
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FIGURE %8
n a synchronous capacitor-type electrostatic
malor the proper charging of the rolor s ac
complished by continuously supplying an ac volt-
age of proper frequency between the stalor and
the rotor.



FIGURE 32

Thiz symchronous electrostatic motor is essent-
tally a variable capacitor with a rotatable shaft.
The design of this motor is similar to the design
of an electrostatic variable-capacitance genera-
tor,
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trodes; the gap width in the axial direction was
0.01 eentimeter. At 200 volts this motor had a
maximum output of 600 mierowatis. An in-
teresting feature of this motor was that it had no
slip ring on the rotor shaft, and that the roter
was therefore not connected to the power
source,. Instead, the stator was divided into two
mutually insulated halves. This arrangement
reduced the friction of the rotor and improved
the performance of the motor. Still another
motor was essentially a variable eapacitor with a
rotatable shaft. [t had 15 plates in the stator and
14 in the rotor, each 0.03 centimeters thick; the
gaps between stator and rotor plates were 0,015
eentimeters (Fig. 39). The design of this moter
is similar to the design of the electrostatic vari-
able-capacitance generator described by N. J.
Feliei.8

According to Bollee, the maximum average
torque on the rotor in a eapacitor-iype electro-
statie motor is Tmax = ENVE where k is a geo-
metrical constant, and Vis the peak voltage ap-
plied. A motor with many electrodes is there-
fore slow but produees greater torque. The
power of the motor is propertional to the square
of the applied voltage and to the frequency but
does not depend on the number of electrodes,

An important parameter in capaecitor-type
eleetrostatie motors is the capacitance differ-
ente Cpax — Cmin, Where €,y is the greatest
capacitance between the rotor and the stator
and €y, 15 the smallest capacitance as they oc-
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FIGURE 40

Thiz interesting motor has been deseribed by
Moore, who calls it the “Interdigital Motor”
The stater consisls of a glass bowl with strips of
aluminwm foil glued to it. The rotor is a single
conducting ball inside the bowl
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cur when the rotor turns. The larger this para-
meter s, the better are both the torgue and the
power. The main objective in the design of such
motors is therefore to obtain the greatest
possible variation of the capacitance.

An interesting motor which ean be classified
either as a modified Franklin's second motor or
as a modified capacitor-type motor has been de-
scribed by Moore,” who calls it the Interdigital
Motor. The stator consists of a glass bowl with
strips of aluminum foil glued to it (Fig. 40). The
rotor is a single condueting ball inside the bowl;
the ball runs along the sloping side when the
strips are connected to an electrostatic gener-
ator {positive and negative strips are connected
in alternation). Several balls can be placed into
the bowl at the same time, and all of them will
then run.
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INDUCTION MOTORS

In 1892-1893, electrostatic motors of a
fundametally new kind were described by Rie-
cardo Arno'< and by W. Weiler.? Their motors
operated on the principle that the polarization of
a dielectrie in a variable electric field lags behind
the field inducing the polarization. Therefore if
a dielectric body is placed into a rotating electric
field, the polarization charges®* induced on the
body will experience a force causing the body to
follow the rotation of the field.

Arno's motor (Fig. 41) had a eylindrical stator
formed by four insulated copper segmenis
enclosing the space in which the rotating field
was to be produced. The rotor was a hollow
closed ebonite eylinder supported on two steel

*Zce, for cxample, O, Jefimenko “Electricity and Magne
tism", Appleton-Century-Crofis, Ine, (10668), pp. 246-249.
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points turning in holes in glass; the cylinder
weighed 40.33 grams, was 18 centimeters long
and 8 centimeters in diameter. The rotating
field was produced by means of a high-voltage
transformer (3800 volts output), an RC-cireuit,
and a mereury commutator. The rotor attained
a speed of about 250 rpm and developed a torque
of 176 centimeter? x gram X second —2,

Weiler used a hand-operated double commuta-
tor for his motors. The eommutator delivered
high voltage from an electrostatic generator in
sequenee to the four segments of a stator, thus
producing the needed rotating electric field.
Weiler deseribed four different motors utilizing
rotating fields. One of his motors was similar to
Arno's motor. The operation of this motor {and
that of Arno's motor) can be explained with the
aid of Fig. 42, representing the top view of the
motor. When segment A of the stator is posi-
tive, and segment B is negative, the electric field
of the stator induces in the dielectric rotor
(assumed to be at rest) polarization charges as
shown in the figure. After the commutator has
completed & revolution, segment C is positive
and segment D is negative. Thus the field has
rotated by 902, and now it polarizes the rotor in
a new direction (at %0° with respect to the first).
However, since it takes a certain time for the
polarization charges to relax to zero, some of the
initial polarization charges are still on the rotor,
go that the distribution of the polarization
charges on the rotor is not symmetrical relative



FIGURE 41

Arno's induction motor operated on the principle
that the polarization of a dielectric in a variable
electric field lags behind the field.



FIGURE 42

The operation of Arno's and Weiler's induction
motors can be explained with the aid of this

diagram.
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to the charges on the stator. The rotor experi-
ences therefore a torgue due to attraction and
repulsion between the rotor charges and stator
charges, and the rotor turns.

Weiler also experimented with motors having
noncylindrical rotors. One such motor is shown
in Fig. 43. Rotaling fleld electrostatic motors
with disk-shaped rotors were built and studied
bel.w*e:an 1894 and 1901 in Japan by Hiderato
Ho.

Sinee Arno's and Weilers motors depend for
their operation on induced polarization charges,
they may be called “induction motors”.

Induction mators, too, have a number of ap-
pealing features which attracted considerable in-
terest to such motors in recent years: the
motors can operate from both de and ac; the
motors can operate from low-voltage sources;
since the motors require no brushes or slip rings,
friction losses in these motors are very small.

Several carefully designed induction motors
(both eylindrical and flat) were deseribed in 1969
by Bollee.5 One such motor of eylindrical geom-
etry operated from a three-phase power supply
at 220 volts and 50 hertz. The stator had 12 elec-
trodes, which surrounded a rotor 15 centimeters
in diameter. A disk-type induction motor oper-
ating from a three-phase power supply had a ro-
tor consisting of 10 glass disks, each 6 ecenti-
meters in diameter, coated with a thin layer
of slightly conductive material and mounted on a
common axle. The rotor turned inside a ring



FIGURE 43

In 1892-1888, Weiler also experimented with
induction motors having noneylindrical rotors,
such as the motor shown m this drawing. [In-
duction molors have a number of appealing fea-
tures which attracted considerable imterest to
such motors in recent years.
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formed by 60 comb-shaped stator electrodes.
The maximum torgue was 2000 centimeter® X
gram X second -2 at 220 volts and 50 hertz.

Another interesting motor described by
Bollee was a linear induction motor, which “may
be regarded as a segment of rotating-field motor
bent straight™.5

An extensive mathematical analysis of the in-
duction motors was published in 1970 by Soon
Dal Choi and D. A. Dunn.® They tested their
theoretical results on a eylindrical motor with 72
electrodes. The motor was 14 inches wide, 14
inches high, and 19% inches long. It had a Plexi-
glas rotor that turned at a maximum rate of
about 1000 rpm when powered by a 10-kilovolt
SOUCE.
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LIQUID-IMMERSED
MOTORS

In 1803, W. Weiler discovered that a
glass cylinder placed in a poorly conducting
liguid between two spherieal electrodes began to
rotate when the electroedes were connected to an
electrostatie generator.! He then constructed a
small motor based on this discovery (Fig. 44).
The prineciple of the operation of this motor was
essentially the same as that of a eylindrical cor-
ona motor, except that the charges were now de-
posited on the rotor not by a corona discharge,
but by the conduction current in the liguid.

In 1896, G. Quincke reported the same phen-
omenon and published a very comprehensive
experimental study of it.2 His device is shown in
a simplified form in Fig. 45. It is interesting to
note that Quincke, rather than Weiler, has been
credited by subsequent investigators with the
discovery of the rotation of dieleciric bodies in
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FIGURE 44
In 1883, W. Weiler discovered that a glass cyl-
inder placed in poorly conducting liguid befween
two spherical electrodes began to rotate when
the electrodes were connected to an electrostat-
ic generator.



FIGURE 45

In 1856, G. Quincke reported the same phenom-
enon of rotation and published a very compre-
hensive experimental study of it. His Eiepueicd-
tmmersed motor is shoun i a simplified form in

the above drawing.
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poarly eonducting liquids.

Weiler-type liquid-immersed dielectric motors
were recently studied in eonsiderable detail by
P. E. Secker and his co-workers.®*  Their
motors operated in various semi-insulating
liquids such as hexane, hexane doped with amyl
aleohol or ethyl aleohol, and iscamyl aleohol.

In one of their motors the electrodes were
stainless steel squares 1.8 centimeters on a side.
Their separation was varied from 1 to 2.5 centi-
meters. The rotor, of ebonite or Perspex, was
0.95 centimeters in diameter and 2.2 centimeters
long. The operating voltage was from 3 to 30
kilovolts. The speed of the motor was found to
be a linear function of the applied voltage, with
the maximum recorded speed of about 2500 rpm.

In another motor, a stator with six electrodes
was used (Fig. 46). The rotor was made of Pers-
pex and was T/8 inches in diameter and 2 inches
long; it had a layer of high-permittivity material
on its surface (titanium ceramic in polystyrene).
Powered by a 30-kilovolt source, the motor
turned at 1700 rpm, and the total power input
amounted to b4 watts, of which 2.7 watis ap-
peared at the rotor shaft.

A discussion of electrohydrodynamic effects
that may take place during an operation of liquid-
immersed motors has been presented by J. R.
Melcher and G. I. Taylor.5

Beeause of considerable hydrodynamical loss-
es, the motors of this type will apparently al-
ways have a relatively low output torgue.



FIGURE 46

This liguidimmersed dielectric moter was re-
cently studied in considerable detail by P. E.

Secker and Mz co-rvorkers.
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ELECTRET MOTORS

In general, an electret is a permanently
charged dielectric body. In a more restricted
sense of the word, an electret is a permanently
polarized dielectric body and may be considered
to constitute the electrical counterpart of a
permanent magnet. It is this latter type of elec-
tret that has been used for constructing electro-
statie motors.

In 1961, the Russian physicist A. N. Gubkin
desecribed an electret motor ! shown schematical-
ly in Fig. 47. The motor consisted of a stator
formed by two horizontal, axially symmetric,
parallel-plate capacitors and a rotor formed by
two flat, axially symmetric, oppositely polarized
electrets mounted on a vertical axle and capable
of passing between the plates of the eapacitors.
The motor operated as follows. When a volt-
age was applied to the two capacitors, so that
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FIGURE &7

fn 1561, the Russion physicist A. N. Gubkin de-
seribed this motor with two electrets in the
rotor and two parallel-plate capacitors in the
stator. A commutator was used to change the

polarity of the capacitors.
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plates A and D were positive and plates B and C
were negative, the ecapacitors attracted the
electrets as soon as the latter came close to the
plates, and the electrets were pulled into the
capacitors. A commutator changed the polarity
of the plates just as the electrets were coming
out from the capacitors, and the electrets were
then repelled from them, and so on. Thus the
rotor was set in a continuous rotation.

A well-known property of electrets is that
they lose their polarization in the absence of ade-
quate shielding. Electret motors with almost
perfect shielding were deseribed by this author
and by D. K. Walker in 1970.2 These motors
were based on the so-called “electret slot ef-
fect™.? The slot effect works as follows (Fig. 48).
An electret is placed between two pairs of elec-
trodes, each pair forming a slot. If a voltage is
applied to one or both electrode pairs, the elee-
tret (or the electrodes) experiences a foree in a
direction perpendicular to the slot and parallel
to the plates. This arrangement insures both a
nearly perfect shielding and a relatively large
foree.

A simple eleetret motor utilizing the slot ef-
feect is shown in Fig. 49 and Plate 5.* It uses a
disk-shaped carnauba wax eleetret rotor consist-
ing of two oppositely polarized hali-disks. The
stator has two pairs of electrodes connected Lo a

*The motor was desigmed by the author and bullt by one of
hi students, Charies Lynn Walls, in 1968,



FIGURE 48

The slot effect works as follows. An electrel is
placed between two pairs of electrodes, each
pair forming a slot. If a voltage is applied to one
or both electrode pairs, the electret experiences
a force in a direction perpendicular to the siot
and parallel to the plates.
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FIGURE 48

This simple electrei motor ulilizes the sloi ef
fect. The rotor is made of a disk-shaped ¢lectret
consisting of two oppositely polarized half-disks,
The stalor has two pairs of slotled electrodes
conmected to a cylindrical commutator, which 1s
charged by contact or by sparks.
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cylindrical commutator. The thickness of the ro-
tor is Yz inch, the diameter is 5 inches. The
motor operates from an 8-kilovelt power supply
and rotates at 1500 rpm.

Similar motors with stationary electrets and
rotating electrodes are shown in Plates 8 and 7.

A more sophisticated slot-effect motor? uses a
cylindrical electret (Fig. 50 and Plate 8). The
electret is stationary; it is shaped as a hollow
eylinder and has four sections of opposite radial
polarization. The rotor is made of four internal
and four external aluminum electrodes forming
two cylinders with four slots in each. The inner
electrodes are cross-connected with the outer
ones, and all eleetrodes are supported by a Plexi-
glas disk mounted on a steel axle. This motor
nses no commutator. The power is delivered to
two adjacent external electrodes by means of
two sharp points which charge the rotor through
a corona discharge. The overall diameter of this
motor is 3 inches, the operating voltage is 6 kilo-
volts, the speed is up to 5000 rpm, the power is
about 20 milliwatts.

Synchronous electret motors for electric
clocks have been recently announced by the
General Time Corporation. The motors are
about 1'% inches in diameter and 4 inch thick.
In these motors (Fig. 51) a thin plastic electret
disk with 15 aetive sectors and 15 equally large
cut-outs is the rotor. The rotor is placed be-
tween two stator plates fabricated as printed
circuit boards. Each stator plate has 30 elec-

S
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FIGURE 50

This more advanced slol-effect motor uses a sla-
tionary cylindrical eleciret and works without a
commutator. The rotor has & slots,
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FIGURE 51
In this stmplified version of a symchronous elge-
tret motor for electric clocks a thin plastic elec-

tret disk with several active sectors and several
cicl-onls 1 uged gz the rofor.
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trodes connected in alternation to the two input
terminals. The operation of this motor is similar
to that of the first slot-effect motor described
above (Fig. 49) except that the reversal of polar-
ity of the electrodes is accomplished directly by
the applied ac voltage rather than by a commu-
tator.

Of all presently known types of electrostatic
motors, electret motors are the newest and (to-
gether with corona motors) the most highly
promising ones. We shall return to them onee
again in the next chapter.
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WHAT

TO EXPECT FROM
ELECTROSTATIC
MOTORS

Having described the various types of
electrostatic motors we shall now present a brief
diseussion of the eurrent aims in the electrostat-
ic motor research and a briefl discussion of the
mast probable future uses and applications of
these motors.

It has been pointed out by Bollee! that elee-
tromagnetic motors rapidly lose their efficiency
in scaled-down versions (which is due to the rel-
ative increase in energy dissipation in the mag-
net coils) and that very small eapacitor-type and
induction-type electrostatic motors may be a
better choice for miniaturized systems. There-
fore one may expect that miniature electrostatic
motors of these types will find applications in
various sensor and control deviees where only
very small torques and power are needed.

Experiments with electret motors condueted

106
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in the author's laboratory? indicate that these
motors may be very useful in systems where
powers of up to 1 walt are needed.

The most promising electrostatic motors ap-
pear to be, however, the corona motors. These
maotors possess a number of highly desirable fea-
tures. Here are some of them: the motors are
extremely simple in design; they require no
expensive materials; their maintenanee is very
simple; having only few metal parts they pos-
sess a very good power-to-weight ratio; they are
fully capable of developing appreciable amounts
of power; and they can attain very high speeds.

Our present-day awareness of the many at-
tractive properties of corona motors is to a great
extent due to the work of the Russian engineers
Yu. Karpov, V. Krasnoperov, and Yu. Okunev
published in 1958 and 1960.** They described a
f-watt eylindrical corona motor of improved
design (Fig. 52) operating from a T-kilovolt pow-
er supply and turning at a rate of 6000 rpm.
This motor had a hollow Plexiglas rotor 10.5
centimeters in diameter and 17 centimeters long
with a econdueting lining on its inner surface.
The stator supported 16 knife-like electrodes in-
clined relative to the surface of the rolor in the
direction of the desired rotation. The lining of
the rotor served to increase the electric field in
the gap between the electrodes and the surface
of the rotor and thus to enhance the corona dis-
charge from the electrodes.

A high-speed corona motor with a disk rotor
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FIGURE 52

In 1958, the Russian engineers Yw Karpov, V.
Krasnoperov, and Yu., Okunev described a 6-
wall cylindrical coroma motor of an improved
design operating from a T-kilovelt power supply
and turming at a rate of 6000 rpm. This motor
had a Plexiglas rolor,



FIGURE 53
This corona motor with a disk rofor and circuwm-
ferential electrodes was described by J. D, N.
Van Wyck and G. J. Kuhn of South Africa in
1961, It had a rotor 1.5 inches in diameter furn-
ing i jewel bearings. Operating from 13

kilovolts, the motor ran at 12000 rpm.
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FIGURE 54
The performance of a coroma motor depends on
the shape and arrangement of electrodes and the
gtructure of the rotor. The curved electrodes of
this motor produce an especially large lorque.
The lining of the rotor increases the power.
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and circumferential electrodes was described by
J.D.N.Van Wyek and G. J. Kithn of South Afri-
¢a in 1961.5 The motor (Fig. 53) had a rotor 1.5
inches in diameter turning in jewel bearings.
The stator supported 6 sharp-point electrodes.
Operating from 8-13 kilovolts, the motor devel-
oped speeds of up to 12000 rpm,

A gimilar motor was studied in Poland by B.
Sujak and W. Heffner in 1963.5

A number of advanced corona motors were
studied in the author’s laboratory:7 an example
of these motors is given in Fig. 54 and Plate 9.
A diagram of a linear corona motor designed by
the author is shown in Fig. 55. Instructions for
building the corona motors of the author's
design may be found in the May 1971 issue of
Popular Science.®

It appears that corona motors with input
power of 100 to 1000 watts and efficiency of at
least 60% can be constructed without any diffi-
eulty. There seems to be no reason why even
more powerful corona motors could not be built,
It is likely that the motors can be further im-
proved by using rotors immersed in a gas other
than the air at atmospheric pressure.

Ferformance characteristies of corona motors
strongly depend on the design and geometrical
configuration of the electrodes spraying charges
onto the rotor. Several typical electrode types
and electrode configurations for corena motors
are shown in Fig. 56. Especially interesting is
the electrode arrangement shown in Fig. 56c.
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FIGURE 56
(a) Slanted electrodes and disk votor with a con-
ducting lining in the middle; (b) Straight elec-
trodes; (¢) Foil electrodes shielded on ome side;
(d) Curved electrodes and cylindrical rotor with
a conducting lning.
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This arrangement is used in conjunction with
thin disk-shaped rotors “sandwiched” between
two insulating stator plates. An even number of
windows is eut in each stator plate, and metal
foil electrodes are glued to the walls of the holes,
as shown by heavy lines in Fig. 56e, In this
arrangement there is a dielectric medium on one
side of each electrode, and there is air on the
other side. Therefore the electrodes spray
charges predominantly in the direction of the
side facing the air. Thus a motor with elec.
trodes of this type is unidirectional and self-
starting. Furthermore, the entire “sandwich”
eomprising the rotor and the two stator plates
may be very thin. Therefore many such “sand-
wiches"” can be placed on a single axle thus form-
ing a compound motor in which good use is made
of the entire volume occupied by the motor.
There are indications that compound motors of
this type ean develop up to 1000 horsepower for
each cubic meter of their volume.

An important property of electrostatic motors
is that they can operate from a much greater
variety of sources than the electromagnetie
motors. It is, of course, obvious that any sources
used for operating conventional electromagnet-
ie motors can be used to operate the electrostat-
ic motors. However, the electrostatic motors
ean operate also from sources from which no
other motors can operate. The reason for this is
that the electrostatic motors are extra-high im-
pedence devices and thus require extremely
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small currents for their operation.

(ne very interesting source of electricity for
electrostatic motors is the ordinary eapacitor. It
is true that capacitors, as we know them now, do
not store appreciable amounts of electric ener-
gy. However, if high-permittivity low-loss di-
electric materials were developed, then the
capacitor would become a very useful device for
storage of electric energy, and possibly could be
used in place of the chemical batteries for oper-
ating electrostatic motors.

Another possible source of power for electro-
static motors are high-impedance high-voltage
batteries of the type of Zamboni pile.

A potentially very important source of elec-
tricity for powering electrostatic motors are
electrostatic generators. Considerable advances
in the development of such penerators have
been made in recent vears®™'%and it is conceiv-
able that electrostatic motor-generators will be
used to convert the high-voltage de produced by
such generators into the conventional low-volt-
age de or ac.

Finally, a very interesting source for power-
ing electrostatic motors is the atmospheric elee-
trie field. In fact, it appears possible to extract
the energy contained in this field by means of
clectrostatic motors. Experiments on such an
energy extraction have been conducted by the
author. 1'12  In these experiments an electret
motor and a corona motor were powered by
simple earth-field antennas (Fig. 57; Plates 10 fo
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FIGURE 57

Small electrostatic motors can be powered from
atmospheric electricity by means of simple
garth-field antennas. Whether or not it will be
poggible o operate large motors i this manner
will depend on how successful we are in de-
sigming antennas capable of extracting apprec-
iable power from the earth electric field
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12). The corona motor was the one shown in
Plate 9. The electret motor was similar to that
shown in Fig. 49, but with the electret station-
ary and the electrodes rotating (Plate 6). These
experiments indicate that it is entirely possible
to operate small electrostatic motors from at-
mospheric electricity. Whether or not it will be
possible to operate large motors in this manner
will depend on how successful we will be in
designing and building earth-field antennas cap-
able of extracting appreciable power from the
earth electric field.

In conclusion it may be useful to mention that
a quantitative electrostatic motor research is
now only in its very rudimentary stage. Almost
all papers on electrostatic motors published thus
far deal with the qualitative aspects of the per-
formance of the various types of motors. Only
very few papers deal with the optimization of
design and with the gquantitative aspects of the
operation of the motors, likewise only very few
papers present a theoretical analysis of the elec-
trostatic motors. It is clear therefore that the
electrostatic motors still constitute an essential-
ly unexplored area of physics and engineering,
and that the electrostatic motor research is
presently one of the potentially most rewarding
research fields in modern electrostaties.
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