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A paper presented at the 255th meeting of the
American Institute of Electrical Engineers
New Yerk, Janwary 13, 1911,

Copyright 1911. By A. L. E. E,

OPEN ATMOSPHERE AND DRY TRANSFORMER OIL
AS HIGH-VOLTAGE INSULATORSYt

BY HARRIS J. RYAN

I. CAUSE OF THE GREAT DIELECTRIC STRENGTH OF AIR FILMs
ON THE SURFACE OF A CONDUCTOR AT HIGH-POTENTIAL

a. By the method that employs a conductor of circular sec-
tion mounted in the air -at the center of a hollow conducting
cylinder, the electric stresses at the conductor surface required
to start corona were observed and reported to the Institute.*
These observations are recharted, using kilovolts per inch,
in lieu of coulombs per inch-cube, for the stresses, soas to locate
the single curve, drawn in Figs. 1a and 15. These data apply
to the normal indoor atmosphere at a temperature of 70 deg.
fahr., barometer of 29.5 in. (750 mm.) and an elevation of 850 ft.
(259 m.) above sea level. The galvanized sheet iron cylinder
was new and clean, 3 ft. (91.4 cm.) long, 15 in. (38 cm.) diameter
and open at both ends. Approximate sine-wave, 133-cycle, high-
voltage alternating e.m.fs. applied the electric stresses between
the conductors and the cylinder. The maximum values of these
e.m.fs. were checked by needle spark-gaps. The conductors were
clean brass rods for the one quarter inch (6.35 mm.) and larger
diameters, and clean copper wires for the smaller diameters.{
The work was done indoors and at night to facilitate visual
observation of the complete corona-start. The size of the room
employed was approximately 40 by 40 by 15 ft. (12.2 by 12.2
by 4.5 m.), and the air in it reasonably dust free due to ordinary

*The Conductivity of the Atmosphere at High Voltages, Harris J.
Ryan. TRraNsacTiONs A. I. E. E,, Vol. XXI, p. 275, 1904.

tA paper submitted to the A. I. E. E. through the San - Francisco
Section, for the January 13, 1910 meeting at New York.

{The term clean here means ordinarily clean and not “clean’ a

present day corona term.
1
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settling.' The ions and radioactivity present in the air were not
observed because their existence and importance in corona forma-
tion were not understood at the time.

In the former paper it was shown that the relation of these
surface stresses to the corresponding conductor diameters was such
as to point strongly to the existence of a dielectrically stout thin
film of air next to the conductor surfaces as suggested earlier
by Steinmetz. The envelope method was employed to locate
the distances from the surfaces of the conductor to the zone
whereat the air behaved the weakest in relation to the diminish-
ing radial stresses. For sizes above one-quarter inch this
distance to the zone of supposed initial rupture was faund to be
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nearly uniform at about 0.07 in. (1.78 mm.); the corresponding
rupturing stress was found to be 76 kilovolts per in., or 30 kilo-
volts per cm. The fact that in a particular case the corona
starts with a definite minimum radial thickness and that this
thickness ends at an outer radial stress of 76 kilovolts per in.
was considered to be highly significant of the character of the-
strong air film; more especially so because this stress is the same
as that required to rupture air in a uniform field between two
parallel plate electrodes according to J. J. Thomson and other
authorities on the conduction of electricity through gases. It
indicated that initial corona is dependent not only on the ap-
plication of a certain minimum stress but also upon a certain
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minimum striking distance through which such stress must be
applied. As the stress about the charged conductor is radial
in direction its density diminishes as the distance from the
surface increases. Within the zone 0.07 in. (1.78 mm.) from the
surface of the conductor at which the corona forming critical
stress is 76 Lilovolts per in. the average stress'is, therefore,
higher. It appeared reasonable to expect if this striking distance
s necessary that it would be shorter for smaller diameters and
longer for the larger diameters, though the relation might not
be one of direct proportion.

With the smaller diameters owing to the greater rate of spread
of the stress as it extends from the surface of the conductor, the
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average stress applied between the surface of the conductor and
the zone of critical stress, 76 kilovolts per in. would be greater,
the corona striking effect would be greater, making it possible
to start corona through a shorter minimum range of action.
For the same reason larger diameters should employ somewhat
greater striking distances. With the larger diameters, however,
the spread of the stress is far more gradual which results in a
relatively smaller increase in striking distance with increase in
diameters. Below one-quarter inch the envelope method had
given results that were anomalous. It now seemed reasonable
to expect that these anomalies were due principally to the
graphical errors that can hardly be avoided for the small di-
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ameters, and that the coronas about such small diameters started
in the same manner as in the case of the larger diameters, vis.,
by a certain striking distance that terminates at the critical
stress, 76 kilovolts per in.

It was evident, if this view is correct, that the critical stress
zone, 76 kilovolt per in., should be found in each case at a certain
distance from the conductor surface in initial corona formation,
that in applying this test in Fig. 1, the striking distances for the
various diameters should have a continuous relation and cor-
respondingly locate a curve of striking distances and diameters
that should have a rational character throughout the whole
range of conductor sizes. The curve in Fig. 2 was thus located
from the data curve in Fig. la and 1b.

In one respect the form of the curve in Fig. 2 is at first a sur-
prise, that the striking distance should increase almost exactly
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in proportion to the diameter of the conductor from the smallest
sizes to a diameter of about 0.075 in. (1.9 mm.) ; that immediately
beyond this diameter and thereafter the striking distances
increase very slowly with the diameter, attaining a value of
0.07 in. (1.78 mm.) at a diameter of 0.5 in. (12.7 mm.) and finally
a value of about 0.25 in. (6.35 mm.) at a very great diameter.
This sudden bend in the curve occurs at the diameter whereat
the corona even under the influence of an ideally uniform radial
electric field does not form uniformly;it startsin a patchy fashion.
It has been observed that the factors that determine whether the
corona will or will not start uniformly over the entire surface of
the conductor are dependent upon:
1. The density of the gas, ¢.e., upon its temperature and
pressure.
2. Upon the degrees of uniformity of the electric stress
producing the corona.
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3. The spread of the electric stress in the air about the
conductor and, therefore, upon the radius of curvature
of the conductor.

These factors come into effect in such a manner for air at
normal temperature and pressure when the striking distance
attains a value of about 0.055 to 0.060 in. (1.39 to 1.52 mm.)
for conductor diameters of 0.075 in. to 0.10 in. (1.9 to 2.5 mm.),
such that thereafter the aggregate striking distances increase
very slowly with increase in diameters. At these diameters
above 0.10 in. (2.5 mm.) uniform corona never starts in air at
normal density. It always makes an irregular start.

b. Experiments above, below, and at normal atmospheric pres-
sure sustaining the view that corona and spark-discharges require
certain critical striking distances in which to be established at
minimum stress; below these distances the slresses required to pro-
duce coronas or spark-discharge are increased.

The relation in Fig. 2 of striking distances and diameters
strongly indicated that corona for all cases is simply a spark-
discharge phenomenon wherein the conductor is one electrode
and the air conducting by diffuston is the other. Under these
circumstances the spark itself must be spread out quite fully,
completely resulting in a glow-discharge of the familiar corona. -
The first verification experiment was undertaken as follows:

Two pair of concentric clean brass cylinders were provided,
electrically connected, and the normal air in the gaps between
the cylinders stressed by the application of sine-wave alter-
nating high voltage as indicated in Fig. 3. The diameters
of the inner cylinders were 0.251 in. (6.35 mm.) and the internal
diameters of the outer cylinders 0.375 in. (9.4 mm.), so that the
radial depths of air between the conducting cylinders was
0.062 in. (1.5 mm.) which is nearly equal to the corresponding
striking distance, 0.066 in. (1.67 mm.) given by the curve in
Fig. 2 for a diameter of 0.251 in. (6.35 mm.). It was found
in this experiment that the alternating voltages that produced
a pair of sparks in series from cylinder to cylinder across the
source terminals also produced a stress of 76 kilovolts per in.
at the inner surfaces of the outer cylinders. One pair of cylinders
was cut out and the high voltage applied to the remaining pair.
It was then found that exactly one-half of the former voltage had
to be applied to establish a single discharge between one pair of
cylinders. The stress at the inner surface of the outer cylinder
was 76 kilovolts per in. as before. Thus the identity of corona
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and a spark discharge between conductors at corresponding
electric stresses was established.

If the critical striking distance required for initial corona
formation at minimum voltage is due to the headway require-
ments of fonization by collision, the variation of the pressure
of the air in which the concentric cylinders are mounted should
from general knowledge be equivalent to a certain corresponding
variation of the length of the air gap between the cylinders. A
pair of the above cylinders was placed under a large bell-jar
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of a laboratory air pump. The above experiment'was repeated
at various pneumatic pressures below and above that of the
normal atmosphere. The relation obtained between the ap-
proximate sine-wave 60-cycle alternating voltage and the air
pressure in inches of mercury at which the discharges occurred
were used to locate curve I in Fig. 4. Below one atmosphere,
29.5 in. (750 mm.) of mercury, the relation is curvelinear and
above that pressure, rectilinear. This result means that at one
atmosphere the critical striking distance is just equal to the
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depth of the air gap between the cylinders; above one atmosphere
the critical striking distance is shorter and below one atmosphere
it is longer than the air gap. When the critical striking distance
is longer than the distance between the electrodes the criti-
cal stress zone, 76 kilovolts per in., falls beyond the inner
surface of the outer cylinder, a higher average stress and,
therefore, voltage, must be applied to make up for the
lack of headway required to start the spark. Starting at a
low value of air pressure, the voltage rises at a more rapidly
diminishing rate than the air pressure because the shortage in
headway required for sparking at minimum stress is constantly
diminishing. At one atmosphere the shortage in required strik-
ing distance has just disappeared, and after that the air pressure
and sparking voltage increase in direct proportion. It is
obvious that when the shortage in striking distance disappears
there should be a change in the rela-
tion of voltage to air pressure but it is
not just yet obvious that it should
be the law of direct proportion. : We .
will return to g consideration of this
later on. To check such an under-
standing of these matters further and
to show that the striking distance
just equaled the air gap at one at-
mosphere because it was chosen in
conformity with the relation in
PFig. 2, gaps were provided between two pairs of concentric
cylinders having diameters differing from those employed above.
Cross sections of these cylinders with their dimensions are given
in Fig. 5. The experiment recorded in curve I, Fig. 4, was re-
peated with each of these pairs of concentric cylinders and the
results located curves II and I1I, Fig. 4. In each of these cases
the depth of air gaps were chosen so as not to conform with the
striking distance and their corresponding conductor diameters
found in Fig. 2. The changes from curve to right line in the
sparking-voltage to air-pressure relations as found for these two
cases occur at pressures differing from one another and from
that of the normal atmosphere just as should be the case if
the above view is correct.

The curves given in Fig. 4 have a bearing upon the manner in
which corona forming voltage will vary with barometric pressure
and, therefore, with altitude; this will be referred to later on.
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c. Confirmation results obtained by Baille, Paschen and Schuster*

Many years ago Baille and Paschen by means of continuous
e.m.fs. observed with great care the voltages required to spark
through various distances of normal indoor atmosphere between
metal spheres of various diameters and between parallel metal
plates. Later on Schuster calculated the corresponding electric
stresses at the surface of the spherical and plane electrodes. His
results stood originally in c.g.s. units.” They have been re-ex-
pressed in kilovolts per in., for surface stress and inches for
distance in Fig. 6.

We can readily make a mental picture of the electric fields
between pairs of concentric cylinders, spheres and parallel
planes. Invoking our judgment we can compare mentally
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the modern results by concentric cylinders in producing coronas

~ and related spark-discharges with the old Baille-Paschen-

Schuster results obtained by sparking between pairs of spheres
and parallel plates. In doing this we find a practical agreement
throughout. Between concentric cylinders the electric field
spreads uniformly; between spheres it spreads more rapidly to
the mid-point and then contracts in the same fashion to the near
surface of the opposite sphere. The differences between these
two classes of fields are largely of a compensating character,

*Baille, Annales de Chemie et de Physique XXV p. 486, 1882; Paschen,
Wied. Ann. XXXVII p. 79, 1889; Schuster, Phil. Mag. V. 29, p. 182,
1890; and quoted by J. J. Thomson, Conduction of Electricity through
Gases, first edition p. 287-9.
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so that in voltage—distance effects they are not widely different
after all. The fields between parallel planes are simply special
cases of either the concentric cylinders or opposing spheres
wherein the diameters are infinite. It must follow, therefore,
that a curve located by the Baille-Paschen-Schuster values of
diameters and the corresponding striking distances at minimum
surface stress should be reasonably in accord with the curve of
conductor diameters and corona striking distances, s.e., distances
from the surface of the conductor to the critical stress, 76 kilo-

_ volts per in. zone. Such a curve is located in Fig. 7. It is of

value and interest to note the almost exact agreement of these
curves for diameters under ome guarter inch (6.35 mm.). For
example by the Fig. 7 curve, the spark discharge distance at
minimum stress between spheres, 0.25 in. (6.35 mm.) diameter,
is 0.063 in. (1.6 mm.), while the corresponding corona striking
distance for a conductor, 0.25 in. (6.35 mm.) diameter, as given
by the curve in Fig. 2, is 0.066 in. (1.67 mm.). Though alike
in general character throughout, these curves differ totally in
regard to the diameter at which the effect corresponding to part-
corona makes its appearance. In corona formation about a
round conductor the part-corona effect appears when the diam-
eter has increased to about one quarter inch (6.35 mm.) while in
spark discharges between spheres of all sizes the corresponding
effect does not fully develop under a spherical diameter of
two and three-quarter inches (7 cm.). The difference is due to
the configuration of the two classes of electric fields. Thisis an
important matter that will be taken up again in accounting for
the descrepancies. between corona formation results obtained
by concentric cylinders in the laboratory, and by tests on the
actual transmission lines.

These results no longer permit doubt to remain in regard to
the fact that the electric stress required to rupture thin films is
greater than the critical stress of 76 kilovolts per in., which,
when uniformly distributed, is the stress required to rupture
air in bulk. These results, however, do not indicate that this
is due-to an inherent difference in dielectric properties of air in
a film and air in a bulk. They point strongly toward- some
dynamic action that requires a critical minimum combination
of stress and distance through which to bring about rupture
wherein any foreshortening of distance must be compensated
for by an increase in stress.

At this stage of the study it became increasingly evident that
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the initial corona striking distance is a factor of real importance
in the control of corona formation. It must be understood as
fully as the effects of stress are now understood in order to make
progress in the subject.

II. EVIDENCE THAT ELECTRIC STRESS IS BUT ONE OF SEVERAL
FACTORS OF IMPORTANCE IN THE PRODUCTION OF CORONA
AND SPARK-DISCHARGE IN AIR OR IN GASES GENERALLY

a. Recent Results and Views of Nipher. At this point a copy
of the second part of Professor Francis E. Nipher's classical
paper ‘ On the Nature of the Electric Discharge ".* was re-
ceived. For years, by methods that have been unique for their
directness and simplicity this eminent physicist has studied the
nature of the electric discharge. Most physicists who have
studied these phenomena employed air or other gases in a highly
attenuated state. The consequence is that great difficulties

Fi16. 8 Fi1G. 9

are encountered when the attempt is made to apply their
results to air under hormal conditions.

Nipher's work has been done in air under ordinary normal
indoor conditions. His results in the above paper show clearly
the several dynamic features of the electric discharge in air.
Among other important things he clearly establishes a direct
relation between the electric discharge phenomena observed by
him in normal air at a pressure of 29.5 in., (750 mm.) of mercury
and those obtained by others at 0.04 in. (1 mm.). This paper
made it possible to look to the authorities on the conduction
through gases in attenuated states for knowledge in regard to
corona striking distances, part-corona, discrepancies between
results by concentric cylinders and parallel cylinders, meteoro-
logical factors, et cetera.

Nipher says that ‘‘ the dissymmetry in discharge effects at

*Nipher, Trans. Acad. Sci. St. Louis, Vol. XIX, p. §7, June, 1910.
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the positive and megative terminals of an electric machine is
now ascribed to the difference in the size of the carriers of the
electric discharge,” and that the evidence presented in his
papers “ shows that the dissymmetry is due to the fact that
the negative electrons are being forced out under ‘ pressure’
at the negative terminal and that they are being drawn in at
the positive terminal under conditions which may be likened to
those on the exhaust side of a pump.” Figs. 8 and 9 were traced
from sections of Nipher's photographs of negative and positive
discharges splashed from electrodes over the sensitive films of
ordinary photographic plates. One sees at once in these records
some cause for the above conclusion. In the megative splash,
Fig. 8, the discharge lines are characteristic of an outward fluid
flow in a vigorous dynamic state or stiff, almost unbending
forms. In the corresponding positive splash the reverse dynamic
condition holds—that of an in- ’
ward gravity fluid flow in a weak
state, dynamically, and easily
deflected.

The results recorded by Nipher- Q
in the photographs reproduced I
in Pigs. 11, 12q, 125,13, 14a, 145, aTe
and 14c¢, are of especial interest |
in connection with the corona L
problem of the high-tension engi- P16, 10
neer. These photographs were
produced in the following manner: In each case a common
photographic plate was supported, film side up, on proper
insulators a few inches above. the surface of a laboratory
table. At the center of the plate about 4 in. (10 cm.)
apart, two common pins ‘‘ dry-goods " type, were mounted
vertically. The pin heads were in contact with the film of the
plate and the points were soldered to wires, one leading through
a short air gap between metal balls to the negative terminal of
the electrostatic machine, and the other to the ground; the
positive terminal of the machine was also grounded. This
general arrangement is shown diagramatically in Fig. 10. By
trial and experience in driving the machine a great variety of
discharges could be made to pass between the pin-heads through
the air-over the surface of the photographic plates. The dis-
charges could be made by rushing one or two sparks across the
air gap in the negative circuit and the photographic plates

—
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would record all the more important effects, since such effects
are fortunately photo-active. The spark-gap length between
the balls was adjustable and by turning the machine at various
speeds every desired strength of discharge could be splashed
through the air over the surface of the photographic plate. In
this manner, then, the discharges were made that are photo-
graphically reproduced in Figs. 11, 12a, 12b, 13, 14a, 14, and 14c.

This short series illustrates beautifully, practically every
essential form of electric discharge that can occur through air
except the ordinary arc, a near approach to which has occurred
in Fig. 14c. One sees at once in these records cause for the above
conclusion quoted from Nipher. The details of what hap-
pened in the discharge records of Figs. 11, 12a, 12b, and 13, as
they are understood by the author, after a study of Nipher's
and of other physicists work in air highly attenuated for ex-
perimental convenience, and the recent corona results of Mer-
shon, Watson, Whitehead and others under an approach to engi-
neering conditions, are as follows:

Figs. 11, 12a, 12b, and 13 are records of the same discharge
phenomenon, each differing from the other merely in magnitude.
They can properly be discussed together. The application of
an e.m.f. between the pin-head electrodes results initially in the
formation through the surrounding air of a field of electric stress.
The glass photographic plate intensifies the field in the air next
to it because of its high inductive capacity. The form of this
field under the circumstances is fairly familiar to us all. In the
air next to the photographic plate the initial electric field set up
is very much the same as that produced in the open air between
. two identical parallel round conductors and mapped by the
familiar Faraday tubes of force in Fig. 27. Irregular through-
out as this field is, it is nevertheless practically uniform in any
concentric zone near each electrode. When an e.m.f. is applied
between the pin-head electrodes high enough to produce one
of these splashing discharges the electric field formed through
the air film under and over the edge of the pin-head, between
it and the glass photographic plate is strong enough to detach
some electrons from the negatively charged pin-head and
eject them outward through the near-by radially uniform electric
field. These initially ejected electrons strike everywhere within
ultramicroscopic distances atoms or molecules of air which they
‘‘ tonize by collision,” i.e., each electron that strikes an atom of
air in a stress above 76 kilovolts per in. does so at sufficient
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velocity to detach from such atom an electron. Two new ions
are thus formed; the negative electron, and the neutral atom that
lost it and which was thereby given a corresponding positive
charge and became a positive ion. This new positive ion, being
large, winds its way inward rather slowly to the negative electrode
taking little part in the process of ionization by collision as will
be seen later; the electron or negative ion, being small and in a
field of ionizing stress is accelerated radially outward to collide
with the next atom thus taking up its part in the spread of the
ionizing process which in this fashion builds up rapidly by
geometric progression. Ionization by collision is always ac-
companied by luminosity and is the cause of visible corona, part-
corona, brush discharge, sparks and ultimately arcs.

Beyond the zone of luminous discharge at the negative
pin-héad the electric stress has fallen below 76 kilovolts per in.
and new ions are no longer formed. By migration in the dark
or *‘ diffusion "' as the physicists call it, in weaker portions of the
electric field, this crop of electrons just formed continues to
move toward the positively charged pin-head. Such migration
is inherently an erratic process, setting up unstable forms of
progress through the air, always following, turbulent fashion,
the line of least resistance just as a batch of water does when
splashed over an incline. The electrons in advance push aside
the atoms of air and thus core out routes by which it is easier
for those behind to pass. When it is remembered that these
streams of electrons are the equivalent of conductors carrying
currents it is easy to comprehend the manner in which they
enormously alter and concentrate the normal stress of the elec-
tric field along their routes leading in erratic fashion toward the
positive electrode. Such inward flow electron streams form
about themselves magnetic fields that take up the role of closed
elastic contractile envelopes that contract them into thin
streams. The dark passage of electrons through the air is thus
seen to be an erratic, turbulent process that in advanced stages
cores out certain narrow channels of flow which simultaneously
and completely modify the distribution of the electric field.

The electrons migrating in diffusion toward the positive elec-
trode, are impelled everywhere by the stress of the electric field
as modified by their presence; they strike everywhere atoms of
air; everywhere they repel one another because they are each a
negative charge of electricity. A turbulent process of this sort
has its mechanical tendency to core out certain routes. Such
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tendency is augmented by the magnetism that must, from the
start, accompany the formation of each electron-stream. Every-
where, when the stream-forming role of the magnetic-mechanic
action is stronger than the diffusion role played by the electro-
static attraction of neutral atoms and of mutual repulsion, the
electron streams will form. The magnetic-mechanic actions tend
to unite the little streams into larger ones while the-electrostatic
forces will tend to keep them apart. In air, at a density of
one atmosphere and with a suffictent crop of electrons, the magnetic-
mechanic contractile role exceeds the electrostatic diffusion
role, streamers form, unite and produce a solid spark. In air
at 1/760 of an atmosphere, even with the largest crops of elec-
trons, the magnetic-mechanic contraction forces fall below the
electrostatic repulsion forces and glow discharge, only, results.

When electrons conducted by diffusion unite to form streams,
the stresses of the field are enormously localized through such
streams which act as conductors, with a corresponding increase
in the driving force applied to the electrons in the streams.
When these velocities thereby produced exceed the velocity
required to ionize by collision, the banks of the streams become
luminous through such process. On the banks new electrons
are liberated to join the stream and a corresponding lot of
positive ions of atomic size are created and migrate counter
current fashion. When conduction by diffusion remains as
such and fails to form streams, as it will fail to do in a sufficiently
attenuated atmosphere, ionization by collision will also form when
the field is strong enough to produce the ionizing velocity of the
electron in its run between collisions, 4.e., in its free path. Glow
discharge is then witnessed and there are formed diffused, op-
posing * electrical winds "' of the positive and negative carriers.
In beautiful experiments Nipher has demonstrated the presence
of these winds.

The behaviors in the normal atmosphere above referred to
are photographically recorded by Nipher as shown in Figs. 11,
12a, 12b and 13, each being a different degree of the same splashing
discharge phenomenon. As stated before, one can best see all
the features noted above for himself by studying these records .
carefully. The formation of small non-uniting streams occurs
at the in-flow of the positive electrode in Fig. 11. In the
slightly larger corresponding discharges of Fig. 12a these streams
have united to some extent just before reaching their goal; their
numerous sources are in the general outer region of non-luminous
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diffuse electron migration. Fig. 120 is a record made by a
slightly larger discharge. In the discharge recorded in Fig. 13
the magnetic-mechanic forces exceed the electrostatic forces
among the outward streams at the negative electrode on the side
facing the positive electrode. Diffusion in that region was
thereby not permitted. A group of electron streams is held
together at first somewhat compactly, later more loosely as
they extend to the positive goal. This is the approach to the
formation of a spark.

The discharge that is recorded in Fig. 14a is most interesting
because it shows up so clearly the mechanism of a spark in the
normal air. The magnetic-mechanic forces closely confined a
part of the electron crop on the side of the negative electrode
immediately opposite the positive electrode, and caused such
electrons to core an irregular route through the air extending
somewhat over half the distance between the electrodes to a
point where the forces of repulsion gained the ascendency and
the spark broke, discharging its ions in diffusion toward the
positive goal. The velocities remained great enough to produce
luminosity. It is of great interest to note the shadow in this
luminous electric wind that was cast by the positive pin and pin
head in line with the discharge from the muzzle of the spark.
Nipher recorded hundreds of these discharges that included
sparks in all stages. He says that in every case the spark never
completely extended to the positive electrode. Upon occasion
sparks were recorded that extended but a fraction of an inch,
i.e., 4 in. (6.35 mm.) more or less, from the negative electrode
then broke into diffusion to complete the discharge over the
rest of the distance to the positive electrode.*

A rational relation has now been established between electric
discharge phenomena in the normal atmosphere that concern
the electrical engineer and the corresponding phenomena that
occur in highly attenuated atmospheres that have been studied
with great care by many able physicists. The engineer can,
therefore, confidently look to the results obtained by these men
for much assistance in the further solution of the corona prob-
lem.

b. Townsend's theory of ionigation by collision and its experi-
mental verification; accounting for the great dielectric strength of

*An appendix to this paper reprints Nipher's resume of his papers on.
“ The Nature of the Electric Discharge '’ published in Science, N. S.,
Vol. XXXII, p. 608, Oct. 1910.
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thin envelopes of air covering conductors and the details of corona
formation.*

Townsend, after a thorough study of the whole range of
phenomena produced by the conductivity of gases formulated
and successfully verified the following theory of tonization
by collision to account for a large and important class of these
phenomena. For the present purpose this theory will be best
understood by the consideration of a particular example:

Two parallel plane-faced electrodes are riounted with an
atmosphere between them sufficiently attenuated to permit a
convenient experimental study of these matters. By any suit-
able means, v1z., ultra-violet light, condensed radium or thorium
emanation et cetera, electrons are liberated from the inner sur-
face of the negative electrode at a definite rate, s.e., a definite
number of electrons liberated per square centimeter per second.
A uniform electric field can be established between the plate
electrodes and varied from zero to any desired maximum by
connecting to the electrodes a source of correspondingly variable
em.f. The parallel plate electrodes are so arranged that their
distances apart may be adjusted accurately through any desired
range. . A proper form of galvanometer is conneécted in series
with the e.m.f. circuit leading to the electrodes so that the
current carried by dons through the column of air between the
plates may be correctly observed. The negative ions are the
electrons, 1. e., definite negative charges of electricity attached
or unattached to neutral atoms dependent upon circumstances
of a turbulent character and the positive ions are neutral atoms
having lost each one or more electrons—generally only one.
The section of the air column between the plates is confined by
suitable solid dielectric walls so that its section is equal to the
face of either electrode.

With electrons being liberated at a certain rate from the face
of the negative electrode, as the field between the plates is in-
creased from zero, the electrons are made to migrate toward the
positive electrode and a corresponding current is indicated by
the galvanometer. For a certain extent the current increases
with the increase in the electric field. A strength of field is soon
attained, however, that is sufficient to permit no electrons to go
astray and to make them all migrate to the positive electrode.
Further increase in the electric field produces for a time no cor-

*The Theory of Ionization by Collision by J. S. Townsend. Trans.
Int. Elec'l Congress. I. p. 108. St. Louis, 1904.
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responding increase in the electric current passing between the
plates; this relation continues until the electric field has been
increased to the amount sufficient to accelerate the electrons
to ionizing velocity while being driven through the intra-atomic
distances in the attenuated atmosphere. After that, further
increase in the electric field is accompanied by a rapid increase
in the current indicated by the galvanometer as flowing between
the plates and the discharge which, throughout has been con-
tinuous, is now accompanied by luminosity. The last is the
corona stage. These relations of the current to the electric field
are given by the curve drawn in Fig. 15a. This general state-
ment of the facts has been necessary in order to appreciate
Townsend’s theory of ionization by collision and its verification.

At the beginning of the corona forming stage, the strength
of the field has become sufficient to accelerate the electrons in
their free paths among the
atoms of the air or other gases
to the velocity that produces
new ions when they collide
with atoms in their paths. At
each collision, as stated above
in discussing the Nipher
records, two new ions are
formed; one, negative, i.e., the

E. M. F. " newly detached electron, and
F1G. 15a the other positive, 4.e., the
neutral atom that lost such electron by the collision. Under
the action of the electric field these new ions begin their migra-
tion toward their respective electrodes of opposite polarity;
in so doing each will collide with other atoms and will produce
correspondingly at every such collision a new pair of ions when
the free path traversed has been sufficient to gain ionizing ve-
locity. Often an electron and a positive ion meet at a relative
velocity low enough to permit recombination when a pair of
ions is lost in the formation of a neutral atom.

Since the mass of the positive ion is far greater than that of
the negative ion, the electron, and since the driving forces
applied by the field are alike in each case it follows that a positive
ion will attain ionizing velocity only when accident gives it a
free path between the atoms that is sufficient, and which in
any event must be much above the free path required by the
electron to produce new ions. The number of ionizing collisions

DISCHARGE CURRENT
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made by a positive ion in migrating a unit distance will, there-
fore, be far less than the number of such collisions formed by an
electron migrating through the same gas, field and distance.
In all other ways the positive ions take part in the phenomena
of ionization by collision as do the electrons.

It follows that the increase of ions by collision must occur in
geometrical proportion with the distance through which the
action extends. In any given case, therefore, there must always
be a limiting distance at which this increase approaches infinity,
i.e., a distance between the electrodes in which all of the atoms
are ionized, resulting in the formation of a spark or arc. This is
the upper limit at which the theory of Townsend ceases to apply;
the lower limit began at departure from the saturation current
caused by the production of additional ions by collision. See
Fig. 15a. If the striking distance between the electrodes is
shortened the same result, i.e., a fully developed discharge, can
only be produced by increasing the strength of the field by a
compensating amount. The effect of so doing is to lessen the
interatomic distance required to produce the ionizing velocity
of the electrons: The number of collisions is thus increased to a
degree sufficient to compensate for the loss in distance in which
to bring about general ionization. To perceive this clearly one
must remember that the paths between the atoms open to the
free movement of the electrons or other ions are of all variable
lengths, from zero to some average maximum. The lowest
electric field or electric stress at which ionization is possible is
that which accelerates the electron to the ionizing velocity when
traversing these longest free paths; the great majority of other
free paths are too short to effect sufficient acceleration. With
increase of the electric field shorter paths become effective so
that increase in field strength or electric stress makes available
shorter free paths, increases intensity of ionization and lessens
the minimum corona or spark-striking distance. The greatest
limiting distance within which a spark can not form except with
increased field occurs when the electric field or electric stress
is at the critical value below which all ionization must cease be-
cause the velocities imparted to the electrons between collisions
are not sufficient to detach electrons from neutral atoms.

This then is the underlying cause for the existence of the
limiting corona striking distances charted in Fig. 2 or for those
effects that lead one earlier to assume the existence at the surface
of the conductor of a thin zone of air having remarkably great
dielectric strength.
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From such theoretical considerations Townsend derived
the following expression for the relation between conductivity
and distance through a gas wherein the electric stress and me-
chanical pressure of the gas, the initial ions and the rate of
ionization by collision in excess of recombination are all known
and fixed at possible values or values convenient for experimental
purposes:

o (x— B) =M .

gAY o
Wherein
the number of negative ions starting from a
small surface of the negative plate electrode.
the number of ions passing through the corres-
ponding section of the gas between the parallel
plain conducting electrodes; this number is
proportional to the current set up.
8 = the number of new ions produced per centimeter
in passage of a positive ion through the gas to
the negative electrode.
the same corresponding value for electrons or
negative ions.

d = the distance between the plates in centimeters.
€ = logarithmic base.

X
]

X

Townsend showed that sparking must ensue when the de-
nominator of the fraction in this expression vanishes for then the
number of ions migrating per second from conductor to conductor
becomes infinite. As a matter of fact the value of # can not
actually become infinite; it is limited to the number of actual
migrating ions when most of the atoms or molecules of the gas
have become ionized. However, since such number is neverthe-
less very great the distance d’ for such very great number of »
and’'d for an infinite number of the same is so slight due to the
nature of this expression that it is not necessary to distinguish
practically between the two.

Placing

X — B ex=Md = (

the value of d for which # becomes infinite is, therefore,
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This distance d is therefore the minimum through which a
spark or corona can be struck by the given electric stress. To
strike a spark or corona through a shorter distance a higher
electric stress must be applied that will increase the values of
x and B and, therefore, diminish d.

Townsend made careful experiments to test the integrity
of this theory. In one experiment the values of 7o, 3, X,
pressure and siress were as follows:

no = 1 negative ion per definite small portion of negative
electrode surface produced by impact of ultra-violet
light.

f = 0.0141 new ions produced per centimeter travel of each
positive ion.

X = 5.25 new ions per centimeter correspondingly produced
by each negative ion; the new ions thus produced being
precisely similar to those produced by the positive
ions, except as stated above. '

Kind of gas, air; pressure,one millimeter of mercury; above-
critical electric stress, 350 volts per cm. applied between parallel
plate electrodes at various observed distances apart, resulting
in the establishment of an observed conduction or 1 ions per
given small cross section of gas column corresponding to the
small surface of the negative plate electrode whence originated
by impact of ultra violet light, one electron or negative ion per
second. The currents corresponding to #, in arbitrary units of
experimental convenience and to the distances that separated
the plate electrodes as observed in experiments and correspond-
ingly calculated from the above theory by Townsend are tabu-
lated in the following table:

TOWNSEND'S EXPERIMENTS WITH AIR AT ONE MILLIMETER PRESSURE
AND A CONTINUOUS ELECTRIC STRESS OF 350 VOLTS PER CENTIMETER.

d in centimeters.............. 0 0.2 0.4 06 0.8 1.0 1.1
Current determined experi-

mentally................... 2.86 8.27 24.2 81 273 2250
Current calculated by above

formula for m.............. 1 2.87 8.3 24.6 80 380 2150

The results by experiment have been charted in Fig. 15b.
They speak for themselves and constitute a remarkable con-
firmation of the theory of ionization by collision.

c. (1) Application of the theory of ionization by collision under
normal atmospheric conditions. (2) Densuy of air and gas and
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form of electrodes as factors controlling and limiting ionisation.
by colliston. (Includes limits due to stresses sufficient to detach
free electrons from the metal electrodes, critical sharpness of needle
points and corona quantity in relation to rupturing gradients.)

Curve I, Fig. 6 of the Baille-Paschen-Schuster results ob-
tained long ago with no knowledge of electrons and gas ions
locates the corona striking distances at critical electric stress in
the normal atmosphere at about 0.76 cm. or 0.3 in., as against
the above value of 1.1 cm. in air at a pressure of one millimeter
of mercury. The corresponding critical stress was found to be
31.5 kilovolts per cm. or 80 kilovolts per in., a little higher than
the value generally accepted by physicists, viz.,, 30 kilovolts
per cm., or 76 kilovolts per in. From this it follows that the
minimum striking distance at
. N critical stress changes but
so00f 1 little for wide changes in
| cuLsmarina in pressure. Townsend's experi-
a7 Townaano ments make it 1.1 cm. at
1 mm., (0.434 in. at 0.0394
N in.) and the Baille-Paschen-
; Schuster results make it 0.76
cm. at 750 mm. (0.3 in. at
—— 29.51in.). These results were

f obtained by the use of uni-
0.1 3 K form' fields to produce dis-
DISTANCE IN INCHES charges between parallel plane
Fi6. 156
plate electrodes.

“The same slow variation of critical striking distances between
concentric cylinders at a given air pressure and critical stress
made a great change in pressure at which the striking distance
again became critical at critical stress.

Before going further in this use of the Baille-Paschen-Schuster
results it may be well to note that at the time these observations
were made as nothing was known of electrons, no radioactivity
of the surface of the negative electrode was produced by ultra-
violet light or other agency that would cause an initial source of
electrons as was done by Townsend in his theory verification
experiments. These results are on a parity with those of
Townsend nevertheless, because they were obtained in the normal
air, which under all ordinary circumstances contains radio-
active material sufficient to ionize it somewhat. The necessary
initial crop of electrons to be liberated at the cathode, is provided

©
»
i N
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by the impact of the incoming positive ions. Ionization by
impact will be taken up later. Electrons thus liberated at the
cathode are expelled from its surface and thereby made to begin
the process of ionization by collision that culminates, when the
field is sufficient, in the production of corona or spark discharge.
.The origin and importance in the corona problem of this universal
radioactivity in the atmosphere will also be considered later.
" From Townsend's theory as verified, it follows that in uniform
electric fields between plane-faced parallel electrodes the mini-
mum stress required to produce an electric discharge, i.e., the
critical stress, must vary directly as the pressure of the air or
other gas. The critical stress is the one that can accelerate
the electron in the average maximum free path to ionizing
velocity. Such free path must vary inversely as the density
of the gas, requiring in consequence that the accelerating force,
t.e., the electric field must vary inversely as the free path and
directly as the gas pressure at a given temperature or inversely
as the absolute temperature at a given pressure. This relation
holds between the following limits:

For uniform electric field-stresses between parallel plane-faced
electrodes.

The law holds for pressure down to somewhat less than
1 mm. (0.0394 in.) of mercury whereat the gas is too attenuated to
maintain a definite average maximum distance between the atoms
or molecules; the long free paths become indgsﬁhitely long and
luminous discharge or corona ceases. The pressure limit up-
wards extends indefinitely. The relation holds correspondingly
for electric stress downward—and upward likewise, until, be-
cause of the great density of the gas, the stress is great enough
to produce a crop of electrons at the electrodes without being suffi-
cient to increase their number by collision-ionization. Thisisin
one of the wholly unexplored divisions of electrical knowledge.
However, many things point to about 2300 kilovolts per in.
(900 kilovolts per cm.) as the stress at which the electric dis-
charge will be produced by ions torn from the metal electrodes
-largely regardless of the density of the air or other gas. This
behavior will be considered further on.

For divergent eleciric field and stress between non-planar elec-
trodes: .

Between equal parallel cylinders and between spheres the
critical striking distances are dependent upon certain factors
that are controlled ultimately by the curvature of these elec-
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trodes. This class of critical striking distances have been
referred to earlier and are charted in Figs. 2 and 7. Critical
striking distances for points, i.e., electrodes having very small
faces but of definite radii of curvature, have not been determined.
The determinations are difficult and in the corona problem not of
much importance. With pointed electrodes, however, two
items of especial collateral importance in the corona problem
have been brought out experimentally; and they are related
to these critical distance-stress limits:

1. Fisher found that there exists a critical degree of sharp-
ness for needle electrodes whereat the sparking voltage for a
given gap is minimum being increased when this sharpness of
the needle is either increased or decreased.* He found, for
example, that with the voltage fixed at 6.2 kilovolts, (effective
sine-wave) the 0.0015-in. (0.038 mm.) diameter fine needle point
gave the longest sparking distance amounting to 0.422 in.
(10.67 mm.) and with the voltage at 10 kilovolts (effective sine-
wave), the 0.0017-in. (0.043 mm.) fine needle point gave the
longest sparking distance amounting to 0.646 in. (16.4 mm.).
The cause of this critical sharpness of needles used for sparking
with a given voltage through a certain distance was found
recently by the following method to be due to the amount of the
corona formed at the electrodes in relation to the sparking distance
and vollage:

The classical series of observations of Steinmetz was studied
to secure data relating to electric discharge through the normal
air using alternating high voltages and electrodes of opposing
pairs of brass spheres of various diameters.t{

It was noted that as long as the spheres of whatever size were
so near together that the electric field between them was fairly
uniform, the discharges were set up at about the normal critical
stress of 76 kilovolts per in., produced of course by the maximum
of the voltage waves. As the gaps were lengthened and the
electric stress between the spheres became divergent the rup-
turing gradient, s.e., kilovolts perinch between the spheres would
drop rapidly to some low value, 10 to 4 kilovolts per in., (3.9 to
1.6 kilovolts per cm.), dependent upon the diameter of the
spheres, bemg lowest for the largest spheres, and that it stayed

*H. W Fisher, Spark Distances Corresponding to Dlﬂerent Voltages,
Trans. Int. Elec’l Congress, Vol. II, p. 204, St. Louis, 1904.

{Steinmetz, Dielectric Strength of Air, TRANsAcTIONS A. I. E. E., Vol.
XV, p. 281, 1898.
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at that value as the distance between the spheres was further
increased as long as the balls were evidently not entirely en-
veloped in corona. Related phenomena of this character were
then studied widely through the literature, including Fisher’s
careful observations on the electric discharge between needle
points above referred to, the recent observations of Moody and.
Faccioli* on the voltage required to rupture the air between
a round conductor mounted parallel to and at a distance from a
metal plate as electrodes; including also unpublished com-
mercial tests of high-tension suspension type, six to eight unit
insulators, and accidents that produce discharges of great
magnitude in the power houses and substations connected to
high-tension networks.

This study in the light of our present day knowledge of such
matters developed the following understanding as to the causes
that effect the breaking down of the normal air in bulk by elec-
tric stresses that are so much below the critical stress. These
bulk stresses range from 10 kilovolts per in. (3.9 kilovolts per
cm.) for long gaps between needles, to 4 kilovolts per in. (1.6
kilovolts per cm.) or less between large spherical electrodes. The
understanding of the matter is perhaps best presented by con-
sidering first the particular case of sparking between large
spherical electrodes: As the gap between the spheres is length-
ened, sooner or later, dependent upon the diameter of the
spheres, the field becomes divergent. When the electric field
has become decidedly divergent and the voltage required to dis-
charge between the spheres exceeds that which is required to
establish a critical stress in the envelopes of air covering the
spheres to a critical depth, corona will be formed. It will
appear first over limited portions of the opposing surfaces of the
spheres. In this state at the negative sphere electrons are lib-
erated by impact at its surface of incoming positive ions,—the
first of these positive ions were of natural or ‘‘ antecedent
origin. Ionization by collision follows and a crop of electrons
results that is great enough to cause the magnetic-mechanic
contractile forces to form an electron core against the diffusion
forces of mutual repulsion, the attraction of neutral atoms and
the counter electric winds of incoming positive ions. Such a
core is the equivalent of a current in a conductor. The size of
this core and its density of driven electrons are measures of the

*Moody and Faccioli, Corona Phenomena in Air and Oil. TRANSAc-
TIoNS A. I. E, E,, Vol. XXVIII, II, p. 769, 1909.



1911] RYAN: AIR AND OILYAS INSULATORS 25

equivalent current and the conductivity of the equivalent con-
ductor. If the corona formation at the negative electrodes
is sufficiently great, the core will have so high a conductivity
that there will be voltage enough between the spheres to drive
it clear across the air gap thus producing a-discharge or arc.
Now the greater the diameter of the spheres, the greater will be
the area over which the corona will be formed and the greater
the supply of electrons in stock, therefore, with which to drive
the electron core or spark from the negative to positive sphere, the
higher, then, will be the conductivity of the core and the lower
the corresponding voltage gradient. It is a quantitative result
that is quite independent of the figure and strength of the inter-
vening field-stress which in many pdrtions is less than one per
cent of the critical stress. No evidence could be found that the
intervening strength and figure of the electric field is more than
a small factor among those that determine the voltage gradient
required to rupture the normal atmosphere in bulk.

To assist the judgment which is ones chief resource in a study
of this sort, the available data were charted in the order de-
termined by rupturing gradients. This chart is reproduced in
Fig. 16.

Returning now to Fisher's critical sharpness of needles:
From a very finely tapered and pointed needle, corona is pro-
duced more easily but in smaller amounts at given voltages and
spark gaps, than from the points of needles that are not so finely
tapered and pointed. Thus it is seen that changing the sharpness
of the needles affects oppositely the two most important factors
that bring about the electric discharge through air or any gas,
vz.:

(1) Coroma starting facility, dependent directly upom voltage
and (2) rupturing facility, dependent directly upon corona quan-
tity.

An increase in the sharpness of the needle electrodes raises the
former facility and lowers the latter, and vice versa. Thus at a
given voltage there must always be some compromise degree of
needle sharpness that will cause the discharge at such voltage
to cross the longest gap—a discovery made experimentally by
Fisher nearly ten years ago. With this understanding of the
factors that control the (needle point gap) to (sparking voltage)
relation the peculiarities of our standard A.I.E.E. spark gap
voltage curve are easily comprehended as inherent and there-
fore necessary. The more or less definite degree of ‘‘ sharps No.
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6 "’ bluntness of point, end taper, main taper, straight shank and
mounting all take their part in changing the supply corona and
therefore of electrons as the gap lengthens and the discharge
voltage increases.

The other item referred to above related to the critical distance-
stress limits that is of interest in the corona problem may now
be considered.

2. Some years ago experimental studies were made of the
dielectric strengths of compressed air and carbon dioxide by
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the needle point spark-gap method.* A little later Mr. E. A.
Ekern as a graduate student continued the experimental study
along the same lines, with greatly improved facilities.t{

In advance of these experiments it was expected that the
dielectric strength of air and other gases increased directly

*Conductivity of the Atmosphere by H. J. Ryan. Sibley Journal of
Engineering, Vol. 18, p. 267, 1904; amplified in lecture reported in The
Electric Journal, Vol. 1I, p. 429, 1905.

t* Conditions which Influence Spark-potential Values,’ by E. A. Ekern.
Sibley Journal of Eng., Vol. 18, p. 391, 1904.
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as the density without limit under the approach to liquefac-
tion. The experiments determined, however, that quite inde-
pendently of the actual density of the gas the discharges would
always pass between the needle points at a voltage that would
be approximately ten times the voltage required correspondingly
to produce the discharge through the gas at normal atmospheric
pressure. For the most part needle points were used as elec-
trodes. The sharpness of the needle points was varied; the
electrodes were changed altogether from needles to thin rods
with round or conical ends and to small spheres; in each instance
the discharge distances were varied. In all cases fundamentally
the results were always much the same. As the density of the
gas was increased at ordinary temperatures by increasing the
pressure and with the conditions fixed as to length of gap,
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kind and condition of electrodes, the sparking voltage would
increase uniformly until it became about 10 times the voltage
required to produce a spark discharge at a pressure of one at-
mosphere. At this stage a great change in these relations would
always occur. A set of results obtained by observations made
with air at pressures varying from 1 to 100 atmospheres or
15 to 1500 1b. per sq. in. (1.05 to 105 kg. per sq. cm.) using needle
points, sharps No. 6, at three different gaps are reproduced in
Pig. 17a from the little paper by Ekern referred to above. The
results of another set of observations in this class are charted
in Fig. 18 reproduced from the lecture just referred to. The
electrodes used in making this set were of aluminum wire, diam.,
0.09375 in. (2.38 mm.), ‘‘ points’’ spherical; gap 0.096 in.
(243 mm.). The gas was carbon dioxide and the pressure was
carried through from one atmosphere to 700 lb. per sq. in.
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(49.2 kg. per sq. cm.). It was the last and best set of observa-
tions made in this class. Care was taken to eliminate dis-
turbances introduced by the insulating supports of the electrodes,
the walls of the container, et cetera. These results are funda-
mentally typical of all others obtained throughout the entire
investigation. .

At the time, no satisfactory explanation of the matter could
be found. Now, however, the cause for the electrical failure
of the gas at any density that requires for rupture about ten
times the voltage that must correspondingly be applied to rup-
ture at one atmosphere is understood to be as follows:

The conductivity of metals is due to the presence among their
atoms of a certain stock of free electrons. In the metals the
atoms and free electrons are very close to one another. The
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electrostatic attractions between the atoms and the free electrons
are very great and do not allow the latter to leave the surface
of the metal.* When the stress delivered from the metal
electrode surface to the adjacent zone of gas is great enough some
of the free electrons in the metal will be detached from the elec-
trode and will migrate through the gasto theanode. From princi-
ples of action brought out above when this source of electrons be-
comes sufficient the magnetic-mechanic forces will retain them in
a core that will develop a spark-discharge regardless of the stress
required to ionize by collision at any particular density of the
gas that may happen to be employed for the experiment. Doubt-
less the actual density of the gas is on some accounts, a factor

*The behavior of the discharge when the plate electrodes are very
close together observed by Erhart and discussed by J. J. Thomson in
‘* Conductivity of Electricity Through Gases.” First edition, p. 386.
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assisting, and on other accounts opposing this process and
would, if thoroughly studied, completely account for the par-
ticular form of sparking voltage-pressure characteristic obtained
for a particular form of electrodes. Such study should account
for the drop in gradient that-follows the first stop of its increase
and of its subsequent recovery. These forms in the upper ranges
vary widely as the shapes of the electrodes and the gases are
changed. Throughout, for the most part, at approximately
ten times the normal sparking voltage, the density of the gas ceases
to be a factor, i.e., ionization by collision or corona controlled
by the gas density ceases to be a factor because a new source of
electrons has developed, viz., the liberation of those within the
metal electrode. Once formed,
clectrons and positive ions
migrate with great facility

through gases at high densi- T
ties under all values of elec- , Lo
tric stress. 3 L 'i“"ﬁ"'_l
The factors that bring about E i M
the detachment of the free f -1t '
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aspects of the corona problem. ¥ DIAMETER, 0.08378
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ter from a single view is not | | I r I

likely to be reliable unless
it can be checked in various
other and as far as possible
independent situations. The conductors themselves as a
source of ionization have been given almost no direct attention.
The only data available in relation hereto have been obtained
incidentally without conscious motive through efforts directed
for other purposes. Erhart in the work just referred to mounted
polished stee! spheres at minute adjustable distances in air at
various pressures from 0.02 to 3 atmospheres and observed the
continuous e.m.f. required to spark between them. After the
distances were so small that ionization by collision was no longer
possible a discharge could always be produced when the air
pressure was one atmosphere and when the stress was about
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The shortest distance and the lowest e.m.f. used were 0.000011
in. (0.00027 mm.) and 28 volts. In the one preceding this case
there is no way of knowing with any reasonable degree of exact-
ness the value of the stress at which the free electrons in the
needle points were detached principally on account of the great
disturbance of the field by the presence of a few native ions.
An approximation may be made as follows: The discharge
or corona striking distances for small spheres were determined
from the Baille-Paschen-Schuster results, Figs. 6 and 7, to be
about the same as those found for small round conductors given
in Fig. 2.

From Fisher's results it was evident that the diameter of the
sharps No. 6 needles used to obtain the Fig. 17a results had a
diameter of about 0.002 in. (0.05 mm.), requiring as seen in
Fig. 2 a striking distance of 0.02 in. (0.5 mm.) which is well
within the shortest gap used in that set and requiring a surface
gradient as seen in Fig. 1, of

2300 kilovolts per in. (90 kilovolts per cm.)

to rupture at one atmosphere. This makes the stress at which
free electrons left the steel meedle points in air 2300 kilovolts
per in., (900 kilovolts per cm.). Using the later results obtained
with one-tenth inch (2.54 mm.) aluminum wire, spherical points,
one-tenth-inch gap in carbon dioxide, the pressure-sparking
voltage relation started at 8 kilovolts at one atmosphere and
went flat at 110 kilovolts, and 700 1b. per sq. in (42.2 kg. per
sq. cm.). The striking .distance is 0.06 in. (1.5 mm.), again well
inside the length of the gap, the initial rupturing surface stress
at one atmosphere is 160 kilovolts per in. (63 kilovolts per cm.)
and the ratio of initial and final voltages is 13.7, making the
" surface stress at which the free electrons left the aluminum wire
hemispherical electrodes in carbon dioxide 160 x 13.7 =

2200 kilovolts per in. (862 kilovolts per cm.)

These three cases occupy widely different situations and the
results are in close agreement considering the circumstances. It
appears a reasonable conclusion therefore that when the electric
stress about a metal conductor in a gas exceeds 2000 kilovolts
per in. (800 kilovolts per cm.) or therabouts, that the free
electrons of the metal cathode will escape profusely into the gas
and form a heavy discharge between the electrodes.
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d. Stress from metallic electrode surfaces to dry high-tension
insulating oil required to ionize and, therefore, to approach rupture
by detaching free electrons from the metals of the electrodes. )

It is of much collateral interest to know at what corresponding
surface stress the electrons that are free within the metal elec-
trodes will escape when such electrodes are immersed in a highly
fluid dielectric such as high-tension insulating oil that has
been carefully treated so as to remove all free ions as far as
possible, 1.e., treated so as to raise its specific resistance under
the stress of a continuous e.m.f. to the highest attainable limit.
The intermolecular spaces of such oil are very much less thanin
gases except when the latter are near the point of liquefaction.
The molecules of the oil would be in the aggregate much nearer
the metallic atoms of the electrodes than in the case of a gas-
immersed electrode. The free electrons in the metal would be
attracted by the molecules of the oil as well as the atoms of the
metal in greater degree than in the case of gas immersion. It
seems reasonable to expect, therefore, that in oil at its very best
the electrons should be drawn from the metal by the oil at a
decidedly lower stress than the corresponding stress when gas
is used. This view is supported by the fact that when gas
is used the electron extracting stress drops considerably as
the point of liquefaction is approached. Moody and Faccioli*
experimentally studied the formation of corona about conductors
immersed in high-tension insulating oil. The electrodes were
wires, 15 in. (38 cm.) long and metal plates, mounted parallel, at a
distance of 6.5 in. (16.5 cm.) from the center of the conductor to
the face of the opposing plate. The diameters of the wires and
the corresponding effective sine-wave corona producing voltages
arz givean bzlow:

Diameter : Kilovolts !
|
Milimeter | Inch \
0.50 0.02 50
1.00 0.04 60 :
1.27 | 0.c5 | 80 }
3.05 , 0.125 I 100

The corona formed about each of the first three small wires
was maintained continuous, producing about them a highly

*Moody and Faccioli, * Corona Phenomena in Air and Oil.”” TRAN:AC-
TioNs A. I. E. E., XXVIII, p. 769, 1909.
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ionized gaseous envelope. In regard to corona formation about
the last wire, considerably larger than the others, it was said
“ the brush will appear at about 100,000 volts, and if we raise
the potential the brush will appear and disappear again irregu-
larly; that is we have an intermittent luminous phenomenon
which represents more of an interrupted arc than the regular
corona.”” * * * * ! The large wires under oil, as we have
said, give very unsteady and, therefore, unsatisfactory results.”’

Before giving the electrode surface stresses produced by the
voltages at which these coronas under oil were produced it is
necessary to understand the basis for comparing stresses that
must be employed when changing dielectrics. All dielectric
stress must be understood in terms of the strain it produces,
i.e., the displacement quantity or time-integral of charging cur-
rent, viz.,, the coulombs per unit-cube. In no other way can
the terminal effects due to the substitution of dielectrics be
properly compared. This system of designating strain as a
result of stress is not as yet generally understood hence the
necessity of stating resulting strain in terms of stress in air, the
standard dielectric, that would produce the same strain in
coulombs of charging current per unit air-cube. The specific
inductive capacity of oil is about twice that of air. The strain
in oil produced by a given electric stress is, therefore, about
twice the corresponding strain produced by the samestrain in air.
To use the air as a standard for gauging electric strains it is nec-
essary to multiply stress in other media expressed in voltage
gradients, kilovolts per in., by their specific inductive capacities.

The following electrode surface stresses required to produce
corona under oil were calculated from the above observations
of Moody and Faccioli:

\ Stress in oil adjacent Corresponding strain using
Diam. Kilovolts to electrode surface air as standard

! Inch | Kilovolt; perin. Kilovolts per in.
0.02 ‘ 50 987 1974

i 0.04 1 60 1040 | 2080
0.05 80 830 1660
0.125 100 670 1340

The first three average a strain of 1900 kilovolts per in.,
(750 kilovolts per cm.) in the thin gas envelope surrounding the
wires. The average of the above Erhart-Ryan-Ekern electron
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extracting strains obtained in air was 2330 kilovolts per in.
(917 kilovolts per cm.) These results are inter:sting though
they are not those that are wanted. Ordinarily there must
always be a few electrons escaping from metals immersed in oil
to form ions that give rise to its so called insulation resistance
because under thermal agitation some of the oil molecules
must be driven close in among the metallic atoms so as to meet
and capture some of the free electrons regardless of the amount
of electric stress extending from the conductor into the oil.
This escape of electrons into the oil is very small. When a suffi-
cient electric stress is applied from the electrode to the oil the
average maximum amplitude of the electrons swinging in an out
of the surface of the conductor-cathode will be increased so as
to bring them near enough to the oil molecules to be captured and
prevented from returning to the conductor. This is the critical
libetating stress that is wanted. Taking all the circumstances
into account it seems reasonable to expect that such critical
stress must be much below that which will be strong enough
not only to liberate the electrons from the cathode but will
also drive the ions thus formed in the oil away from the con-
ductor with such violence as to resolve the oil into a luminous
envelope covering the conductor with highly ionized and heated
gas. With these considerations in mind the behavior of the
0.125-in. (3.05 mm.) conductor, the last in the above series, is
not surprising. With this much larger diameter the stress
is far less divergent, which facilitates the magnetic-mechanic
electron core-forming process. Before general corona could
be established one or more of these cores or brushes appeared
at 100 kilovolts which the authors accepted as the corona
starting voltage; it is, however, probably much less than that
which would have enveloped the 0.125-in. (3.05 mm.) conductor
with a covering of corona pervaded oil gas. The correspond-
ing stratn is much lower than the average of the three
preceding cases, v#z., 1300, being but little more than one-half
of the value found for the liberation of electrons from metal
to air.

If oil-immersed electrodes of much larger diameter were used
the electric fields would be much less divergent and the core
forming would follow promptly upon the initial start of the
electron liberation process as the stress is increased. It was
found that Tobey had made dry oil rupturing tests using brass
spheres as electrodes having two-inch (5-cm.) diameters set for
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various gaps from 0.4 to 4 in. (one to 101 mm.).* The Baille-
Paschen-Schuster results may be employed to obtain the con-
stants that depend upon the figure of the electric field when
spheres are used for electrodes. This saves a lot of mathematical
work. In this way the. stresses in the oil adjacent to the op-
posing faces of the spherical electrodes corresponding to the
voltages that ruptured the oil were easily computed. In Fig. 19
Tobey’s original voltage to distance curve has been re-drawn
and the results obtained as above were used to locate in the same
illustration the surface siress to distance, or kilovolts per in. to
inches curve. It is natural that this relation should be totally
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rectilinear because the turbulent ionization by collision, the all
important factor in electric discharge through air and gases
generally, is absent or practically absent in oil. In air when
electrons are liberated in corona formed only over the face of the
electrodes the relation is rectilinear—a matter discussed earlier
in this paper: . : o £
This right-line relation of surface stress and .distance be-
tween the two-in. (5-cm.) brass spheres holds upwards from 0.4
to 4 in. (one to 101 mm.); if it also holds downwards indefinitely,

*W. H. Tobey. Dielectric Strength of Oil. PROCEEDINGs A. I. E. E.,
July 1910, p. 1171, Fig 6.
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as it seems reasonable to expect that it should, then the stress
at which electrons are liberated from metals into dry high-
tension insulating oil is 140 kilovolts per in. (55 kilovolts per
em.).* This is a most surprisingly low value—and if fully
verified will form a basis upon which to account for the behavior
of the il switch; it may also have an important bearing upon the
design of oil-filled insulation spaces in high-tension transformers
to prevent the slow disintegration of oil and solid insulation.

III. ELECTRONS, IONS AND IONIZATION

6. The fundamental purpose of this paper is to discuss the high-
tension transmission corona problem in the light of the evidence
available at the date of its preparation. The foregoing founda-
‘tion was placed to support this discussion and is necessarily
incomplete. In some respects it is incomplete for lack of
further knowledge, while in other respects it is incomplete be-
Cause it is not effective to treat too many related things at one
time. For this reason certain things have heretofore been
merely mentioned or consciously omitted and will now be con-
sidered more fully. . _

The important part that ionization plays in all phenomena
that lead to the formation of corona is now clear. The corona
phenomena that remain to be accounted for are of such a charac-
ter as to require for their ultimate understanding a thorough
knowledge of the origin, inherent qualities and characteristic
behaviors of ions, i.e., of the electricity carriers in gases.

Every material substance is made up of atoms or their ele-
mental aggregations, molecules. Each kind of substance has
certain distinctive characteristics because of some structural

*Attention was not directed to these phenomena in oil until well toward
the close of the preparation of the present paper. Time did not then
permit a careful laboratory study to determine whether the rupturing
sfll‘faee stress to distance curve, II, Fig. 19, does or does not remain a
right line locating a limiting surface stress, in this particular case, of
140 kilovolts per in. (56 kilovolts per cm.) at zero distance between the
Spheres. Some experiments of this sort were hurriedly performed using
de transformer oil between two-in. (5-cm.) polished steel cylinders at
distances varying from 5 to 20 mils. Difficulty was encountered in an
effort to obtain consistent results, apparently because of the ease with which
t!“ metallic surfaces would capture films of ionized gas at the first applica-
tion of the electron-detaching stress. The results indicated, however,
that. the right line, Pig. 19, curve I, descends to the vertical axis locating
8 critical stress of 140 kilovolts per in. (55 kilovolts per cm.) from brass
Surfaces to high-tension insulating oil as stress and strain required to

tach free electrons from metals.
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character of its atoms. All kinds of atoms have one feature in
common. Each atom holds through electrostatic attraction a
certain number of relatively minute particles. The number of
these particles is different for different atoms. Each particle
is the ultimate and non-detachable terminus of a certain definite
tube of electric force or, as some would say, it is the seat of a
certain definite electric charge. The amount of this char