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PREFACE TO THIRD EDITION

Laboratory and field data on high voltage phenomena have
been considerably extended and consequently the mechanism
of many of the phenomena has become better understood since
the second edition of this book. For this reason, it seemed
desirable to make a thorough revision at this time and to add
the most recent material.

The new material includes the results of recent studies of
corona, extensive investigations of the impulse breakdown of
gases and insulation, the bredkdown of solid and liquid insulation,
and the sparkover voltages of different gaps and insulators at
very high voltage.

In view of the growing importance of lightning to engineers,
a separate chapter has been devoted to that subject, and a vast
amount of knowledge, accumulated in the field and laboratory
since the previous edition, is included herein.

Care has been taken to present the results of experiment
and formulae in such a way they can be directly applied to the
design of apparatus, transmission lines, ete.

The valuable assistance of Dr. J. T. Lusignan, Jr. in making
this revision is acknowledged.

F. W. PEEkK, Jr.

PrrrsFieLp, Mass.
September, 1929.



PREFACE TO FIRST EDITION

It is the object of the author to give in this book the properties
of gaseous, liquid, and solid insulations, and methods of utilizing
these properties to the best advantage in the problems of high-
voltage engineering. Such problems require a knowledge, not
only of the laws and mechanism of breakdown of dielectrics as
determined by experiment, but also a simple working knowledge
of the dielectric circuit.

Methods that have proved useful in designing apparatus,
transmission lines, insulators, bushings, etc., are discussed and
illustrated by practical application. In addition, such subjects
as the manner of making extensive engineering investigations
and of reducing data, the measurement of high voltages, the
effects of impulse and high-frequency voltages, methods of draw-
ing dielectric fields, outline of modern theory, various dielectric
phenomena, etc., are considered. In all cases where laws and
discussions of dielectric phenomena are given, it has been thought
best to accompany these with experimental data.

Much original work is given, as well as reference to other
investigations. The author’s extensive research was made possi-
ble by facilities afforded by the Consulting Engineering Depart-
ment of the General Electric Company, for which acknowledg-
ment is made. Thanks are due Mr. H. K. Humphrey, and others
who have greatly assisted in the experiments and calculations.

F. W. P, Jr.

ScuENECTADY, N. Y.,
Apri, 1915,
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DIELECTRIC UNITS

Electromotive force, volts e volts
Gradient g = :volts/cm.
Permittance or capacitance or kKA kA

. C == =884 10~ farads
capacity T z

Permitiivity or specific capacity
relative k (k = 1 for air)

9
absolute (air) K = 0y = 8.84 X 107 farad em.!
Elastance S = é
Elastivity o =1/k
Flux, displacement ¥ = Ce = gcoulombs (or lines of force)
Flux density, D = kKg flux or displacement per cm.?
Intensity F  (unit not used in text)
2
Stored energyv w, = 028— joules
. gD .
Energy density Wo = "o joules per cm.?
Permittance or capacity current i, = :li‘tp =C 3; amps.

Permittance or capacity current = 2xfCe amps. for sine wave

. . . 1 1 1
Permittance in series =G + G + o

1e
1
C
Elastance in series S=8+8:+8,
Permittance in multiple C=C+C:+40C;
. . 1 1 1 1
Elastance in multiple A + Sa + S
v = velocity of light = 3 X 10!° ¢m. per second
z = spacing cm. A = area in 8q. cm.
Note.—For non-uniform fields ¢, z, etc. are measured over very small distances and become

-dT:, ete.

de, dr, ete. Then the gradient at any point is g = a






SYMBOLS

The following is a list of the principal symbols used. The use given

first is the most general one. The meaning is always given in the text for
each individual case.

A area in square centimeters, constant
A’ A’; flux foci or flux centers
a distance, constant
b barometric pressure in centimeters, constant, distance
C permitiance or capacity
C,,», permittance between points r; rs
C, permittance to neutral
¢ constant, distance
D dieleetric flux density
d distance, constant
e voltage
e, voltage to neutral
e,,r, voltage between points r ra
e, voltage to point p
e,visual critical corona voltage
e, disruptive critical corona voltage
e. disruptive critical corona voltage for small wires
e, spark-over voltage
f frequency
1, /1, Jo coefficients used in reducing average gradient to maxi-
mum—see page 27
F constant (sometimes used for dielectric field intensity)
g, G gradient
g gradfent volts per centimeter or kilovolts per centimeter
g gradient volts per millimeter for solid insulations
g» visual critical gradient
go disruptive critical gradient
gq disruptive critical gradient for small wires
Gmas maximum gradient—see note below
g. spark gradient
g. gradient at point a
h constant, height
t current amperes
K dielectric c.onsta.nt for air
K= 41-%; = 8.84 X 10~ farads per cm.?
k relative permittivity (k = 1 for air)
L inductance
1 length, thickness
xiii



xiv SYMBOLS

M constant
m ordinate of center of line of force
m mass
m,, m, irregularity factor of conductor surface
N neutral plane
n number
O center point
P point
P power loss
¢ constant
r radius of wires or cables
R radius of spheres, of outer cylinder
r resistance
S, & spacing between conductor centers
S’ distance between flux foci
S elastance—see page 11
t temperature, thickness
T time
v velocity of light in em./sec. = 3 X 1010
v velocity
w; magnetic stored energy
w, dielectric stored energy
w weight
X, z centimeter spacing between conductor surfaces, thickness,
coordinate of a point
Z1, z, distance
y coordinate of point
z distance from the center of a conductor or an equipo-
tential circle to flux foci
a constant
8 constant
8 relative air density
AZ difference of two sum
e base of natural log
¥ dielectric displacement or dielectric flux
@ magnetic flux
¢ angle, function
0 angle -
o elastivity
2 sum
ZZ sum of two sums
w resistance
mm, millimeter
em. centimeter
o~ approximately equal to

Note that voltages in measured data are often given to neutral; in such
cases the single-phase line to line voltages are twice (2), and the three-phase
(symmetrical) 4/3 times, these values.



SYMBOLS Xv

Permittances or capacitics arc also frequently given to neutral because
it is a great convenience in making calculations.

The subscript max. is often used to dietinguish between the maximum and
root mean square or effective. This is done because insulation breakdown
generally depends upon the maximum point of the wave. Such voltages
may be reduced to effective sine wave by dividing by +/2. Sometimes
when the maximum gradient is referred to it means the gradient at the
point in the field where the stress is a maximum. These references are made
clear in the text for each individual case.

Tests were made on single-phase lines unless otherwise noted.

Views or theories advanced by the author are always accompanied by
sufficient experimental data so that the reader may form conclusions
independently.






DIELECTRIC PHENOMENA
CHAPTER I
INTRODUCTION

It is our work as engineers to devise means of transmitting
energy electrically, from one point to another point, and of con-
trolling, distributing, and utilizing this energy as useful work.
Conductors and insulating materials are necessary. Trans-
mission problems are principally problems of high voltage and,
therefore, of dielectrics. In order that energy may flow along a
conductor, energy must be stored in the space surrounding the
conductor. This energy is stored in two forms, electromagnetic
and electrostatic. The electromagnetic energy is evinced by the
action of the resulting stresses, for instance, the repulsion
between two parallel wires carrying current, the attraction of a
suspended piece of iron when brought near the wires, or better
yet, if the wires are brought up through a plane of insulating
material, and this plane is dusted with iron filings and gently
tapped, the filings will tend to form in eccentric circles about the
conductors. Thesc circles picture the magnetic lines of force
or magnetic field in both magnitude and direction. This field
only exists when current is flowing in the conductors. If now
potential is applied between the conductors, but with the far
ends open circuited, energy is stored electrostatically, The
resulting forces in the diclectric are evinced by an attraction
between the conductors; a suspended picce of diclectric in the
neighborhood is attracted. If the conductors are brought
through an insulating plane as before, and this is dusted with a
powdered dielectric, as mica dust, the dust will tend to form in
arcs of circles beginning on one conductor and ending on the
other conductor (see Fig. 1(a) and (b)). The dielectric field
is thus made as tangible as the magnetic field. Figure 1(c) is an
experimental plot of the magnetic and dielectric fields. Figure
1(d) is the mathematical plot. Figure 1(c) represents the mag-
netic and dielectric fields in the space surrounding two conductors

1



2 DIELECTRIC PHENOMENA

which are carrying energy. The power is a function of the
product of these two fields and the angle between them. In
comparing Figs. 1(c) and (d) only the general direction and rela-
tive density of the fields at different points can be considered.
The actual number of lines in ‘Fig. 1(c) has no definite meaning.
The dielectric lines of force in Fig. 1(d) are drawn so that one-

T |

Fia. 1(b).—A photograph of an iron-filing mayp of the magnetic lines of force
about two cylinders,

twenty-fourth of the total flux is included between any two
adjacent lines. Due to the dielectric fields, points in space
surrounding the conductors have definite potentials. If points
of a given potential are connected together, a cylindrical surface
is formed about the conductor; this surface is called an equi-
potential surface. Thus, in Fig. 1(d), the circles represent
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equipotential surfaces. As a matter of fact, the intersection of
an equipotential surface by a plane at right angles to a conductor
coincides with a magnetic line of force. The cireles in Fig. 1(d),
then, are the plot of the equipotential surfaces and also of the
magnetic lines of force. The equipotential surfaces are drawn
so that one-twentieth of the voltage is between any two surfaces.

Fia 1(c) —A photographic superpoaition of Fig 1(a) and (b) representing
the magnetic and dielectric fields 1n the space surrounding two conductors which
are carrying energy,

B N T TS S O

Fra. 1(d).—A mathematical plot of fields shown in Fig. 1(c).

For example: If 10,000 volts are placed between the two con-
ductors, one conductor is at 45000 volts, the other at — 5000
volts. The circle (»« radius) midway between is at 0. The
potentials in space on the different equipotential surfaces, starting
at the positive surfaces, are 45000, +4500, 44000, 3500,
+3000, 42500, --2000, +1500, +1000, +500, 0, —3500,
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—1000, —1500, —2000, —2500, —3000, —3500, —4000,
~4500, —5000. A very thin insulated metal cylinder may be
placed around an equipotential surface without disturbing the
field. If this conducting sheet is connected to a source of poten-
tial equal to the potential of the surface which it surrounds, the
field is still undisturbed. The original conductor may now be
removed without disturbing the outer field.!

The dielectric lines of force and the equipotential surfaces are
at right angles at the points of intersection. The dielectric lines
always leave the conductor surfaces at right angles. The
equipotential circles have their centers on the line passing through
the conductor centers, the dieleetric force circles have their
centers on the neutral line.

Energy does not flow unless these two fields exist together—
for instance, if the dielectric field exists alone it is aptly spoken
of as ‘‘static.”

The energy stored in the dieleetric fields is

e?C
o
where e is the voltage and C a constant of the eircuit called the
permittance (capacity) and the energy stored in the magnetic
field is
2L
5
where 7 is the current and L is a constant of the circuit called the
inductance.

The energy stored in the dielectric circuit is thus greater for
high voltage, and in the magnetic circuit for high currents.

When energy was first transmitted, low voltages and high cur-
rents were used. The magnetic circuit and magnetic field in this
way became known to engineers, but as little trouble was had
with insulation, the dielectric field was, therefore, not generally
considered. If insulation broke down, ifs thickness was increased
without regard to the dielectric circuit.

A magnetic circuit is not built in which the magnetic lines are
overcrowded in one place and undercrowded in another place—
in other words, badly out of balance. Since voltages have
become high it is of great impertance to proportion properly the
dielectric circuit. Although an unbalanced magnetic field may

1 Plots made by the author and first published in the G. E. Rer., Vol
XVII, p. 1186, 1914.
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mean energy loss, an unbalanced or too highly saturated dielec-
tric field will mean broken down insulation.

The dielectric and magnetic fields may be treated in a very
similar way.! For instance, to establish a magnetic field a mag-
netomotive force is necessary; to establish a dielectric field an
electromotive force is necessary. If in a magnetic circuit the
same flux passes through varying cross-sections, the magneto-
motive force will not divide up equally between equal lengths of
the circuit. Where the lincs are crowded together, the magneto-
motive force per unit length of magnetic circuit will be larger than
where the lines are not crowded together. The magnetomotive
force per unit length of magnetic circuit is called magnetizing
force. Likewise for the dielectric circuit where the dicleetrie
flux density is high a greater part of the electromotive force per
unit length of circuit is required than at parts where the flux
density is low. Electromotive force or voltage per unit length
of dielectric circuit is called electrifying foree, or voltage gradient.
If iron or material of high permeability is placed in a magnetic
circuit the flux is increased for a given magnetomotive force.
If there is an air gap in the circuit the magnetizing force is much
greater in the air than in the iron. If a material of high specific
capacity or permittivity, as glass, is placed in the dielectric
circuit, the dielectric flux is increased. If there is a gap of low
permittivity, as air, in the circuit, the gradient is much greater
in the air than in the glass. The electric circuit is also analogous,
as will appear later.

A given insulation breaks down at any point when the dielec-
tric flux density at that point exceeds a given value. It is thus
important to have uniform density. The flux ¢ depends upon
the voltage, the permittivity, or specific capacity of the insula-
tion, and the spacing and shape of the terminal. That is

v = Ce
The flux density D, at any point, is proportional to the gradient
g or volts per centimeter at that point, and to the permittivity of
the dielectric. Thus
de
) b= dx
_¥
also D=7

1 8ee KARAPETOFF, ‘‘ The Magnetic Circuit,” and ‘“ The Electric Circuit”’;
SteINMETZ, ‘‘Electric Discharges, Waves and Impulses,”

Kk = gKk
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As the density is proportional to the gradient, insulations will,
therefore, also rupture when the gradient exceeds a given value;
hence, if the gradient is measured at the point of rupture, it is a
messure of the strength of the insulation. The strength of
insulation is generally expressed in terms of the gradient rather
than flux density.

By analogy with Hooke’s law, the gradient may be thought
of as a force or stress, and the flux density as a resulting electrical
strain or displacement. Permittivity &, then, is a measure of
the electrical elasticity of the material. Energy is stored in the
dielectric with increasing force or voltage and given back with
decreasing voltage. Rupture occurs when the unit force or
gradient exceeds the elastic limit. Of course, this must not be
thought of as a mechanical displacement. In fact, the actual
mechanism of displacement is not known.

When two insulators of different permittivities are placed in
series with the same flux passing through them, the one with the
lower permittivity or less electrical elasticity must take up most
of the voltage, that is, the ‘‘elastic’’ one may be thought of as
“‘gtretching’’ electrically and putting the stress on the electrically
stiff one. The dielectric circuit is also analogous to the electric
circuit when the flux is thought of in place of the current—and
the permittance as conductance. The reciprocal of the permit-
tance is sometimes called the elastance S and corresponds to
“registance’’ to the dielectric flux. It is convenient when
permittances are connected in series, as the total elastance is the
sum of the elastances. When permittances are connected in
multiple, the total permittance is the direct sum of the permit-
tances. Take two metal plates in air and apply potential
between them until the flux density is almost sufficient to cause

.rupture. Now place a thick sheet of glass between the plates;
the permittance and, therefore, the total flux is increased. This
increages the stress on the air, which breaks down or glows.
The glass does not break down. Thus, by the addition of insu-
lation, the air has actually been broken down.

It is especially important in designing leads and insulators
immersed in air to avoid overstress on the air.

It can be seen that a statement of volts and thickness does not
determine the stress on the insulation. The stress on insulation
does not depend altogether upon the voltage, but also upon the
shape of the electrodes; as, for instance, for needle points the flux
density at the point must be very great at fairly low voltages.
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while for large spheres a very high voltage is required to pro-
duce high flux density. For this reason 200 kv. will strike 55
cm. between needle points, while it will strike only about 17
cm. between 12.5-cm. spheres. From the above it can be seen
that it is much more important to \dﬁsj_g_l_l':c_}y;ﬂdjelecuic circuit
for proper flux distribution than the magnetic circuit. Local
overflux density in the magnetic circuit may cause losses, but
local overflux density in .
. . . 1411 Cm

the dielectric circuit -
may cause rupture of the B Sl
insulation.

Consider now the two
conductors of a trans-
mission line with voltage wmo -
between them. The +504— — - 50
total dielectric flux be-
gins on one conductor
and ends on the other
conductor (see Fig. 1(d)).
The flux is dense at the
conductor surface and
less so at a distance from K.V
the conductor. Hence, 2 on
the voltage gradient is : =" 0e LY
greatest at the surface, F1a. 2.—Voltage in space between two par-

. X allel wires.
where the diclectric
cross-section is & minimum, and, therefore, the ‘ flux resistance”’ .
or elastance is greatest and breakdown must first oceur there.
For the particular case shown in Fig. 2, one-third of the voltage is
taken up by the space 12 cm. from each conductor, although the
total space is 100 cm. The gradient is greatest at the wire sur-
face. That is, if across a small distance X, the voltage is
measured near the wire surface and then again across the same
space X, some distance from the wire, it is found that the voltage
is much higher across the small space X; near the wire surface
than across the one farther out. In actually measuring the
gradient, or rather calculating it, X is taken very small or dz.
The voltage across dz is de. The purely mathematical expres-
sion for the gradient at the surface of parallel wires is
de e

= - - =

dx

2r log,f
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If the conductors are close together, a spark jumps across when
the voltage is high enough to produce overflux density at the
conductor surface; or corona and spark-over are simultaneous.
If far apart, corona forms around the conductor surface and
spark-over takes place at some higher voltage.

As voltages or electromotive forces become higher, the proper
shaping and spacing of the conductors to prevent dielectric flux
concentration becomes of more importance. The dielectric
field must now be considered in the design of apparatus as the
magnpetic field has been considered. Certain phenomena always
exist which go unnoticed because of their feeble effect, but which,
when conditions are changed, usually in a way to cause a greater
energy density, become the controlling features. This is so with
the dielectric circuit. The problem first made itself apparent to
engineers in the transmission line, which will be taken to illus-
trate this. When voltages were below about 60,000, the conduc-
tors used had sufficient radius or circumference so that the surface
flux density or gradient was not sufficient to cause breakdown.
As voltages became higher, the sizes of conductors remained
about the same and, therefore, the flux density or gradient
became greater. The air broke down and caused the so-called
corona and resulting loss.

As high voltage engineering problems will be, to a great extent,
problems of the dielectric circuit, this will be discussed in the next
chapter and calculations made for a few common forms of elec-
trodes. The determination of the dielectric flux density, etc.,
is purely a mathematical problem. Exact calculations are diffi-
cult and often impossible except for simple forms. Exact calcu-
lations are not necessary in practical design work, but the general
principles must be kept in mind.



CHAPTER II
THE DIELECTRIC FIELD AND DIELECTRIC CIRCUIT

If two conductors placed in a dielectric, as, for instance, the
two parallel wires of a transmission line in air, are connccted
together at one end by an electric motor, or resistance and poten-
tial is applied across the other end from an alternating-current
generator or other source of power supply (see Fig. 3), energy
transfers take place. The motor at the far end turns and part
of the energy is thus used as useful work—part appears as heat
in the motor.

Fru. 3.—T'ransmission line carrying energy.

As a function of the current in the transmission circuit and a
constant called the resistance, energy is absorbed. This energy
appears as heat in the conductors; it is proportional to the product
of the square of the current and the resistance, and is commonly
known as the I%r loss. Hence, as it is not returned to the circuit
or transferred into useful work, but is dissipated as heat, it is
analogous to a friction loss. During the transmission, energy
is stored jn the space surrounding the conductors in the electric

field in two different forms—magnetic and dielectric.
9
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Energy is stored in the magnetic field, where it is proportional
to the square of the current and to a constant of the circuit called
the inductance:

Magnetic energy is stored with increasing current and delivered
back to the circuit with decreasing current. The magnetic
energy becomes noticeable or large when the currents are large,
or in low-voltage circuits.
Due to the dielectric field, the energy is
e*C
2

This energy is stored with increasing voltage and delivered back
with decreasing voltage. A dielectric may thus by analogy be
thought of as an electrically elastic

material, which is displaced by an

/\ / electric pressure, i.e.,, voltage.
\/ Energy is, hence, stored in the
dielectric with increasing voltage

or electric pressure, is maximum

/\ /\ at the maximum point of the volt-
/ \/ age wave, and is delivered back
to the circuit with decreasing

voltage. When the pressure be-
comes too great, the electric elastic
Iimit is exceded, or the dielectric
becomes distorted beyond this

| elastic limit and rupture occurs.

°  me° m° 50° m° The dielectric energy becomes of

Time . .
Fre. 4.—Variation of dielectric and Br€8t importance at high voltage

magnetic stored energy with voltage and, hence, in the study of in-
and current. sulations, and it only will be con-
sidered here. The electric displacement may be pictured in
magnitude and direction by lines of force. The dielectric
lines of force for two parallel conductors are shown in Fig.
3, the eccentric circles {(dotted) are the magnetic lines of force.
The magnetic circles are also equipotential boundary lines
for the diclectric field. The dielbctric energy is sometimes said
to be due to a charge on the conductor. This is often gonfusing,
as the energy is stored not on the conductor but in the surround-

w, =

L
?

-,
<
_7-_———.._..1-_.. -_—

s

£
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ing space, and may be thought of as due to an electric displace-
ment. The nature of this displacement is not known. It can,
be seen that in order that a transfer of energy may take place,.
energy must be stored in the space surrounding the conductors
in two forms—magnetic and dielectric. Energy thus flows
only in a space in which there is a magnetic and a dielectric field.
This energy is proportional to the product of the magnetic and
dielectric field intensity and the sine of the included angle. If
one field exists alone, there can be no energy flow. The change
of stored energy from magnetic to dielectric and back is shown in
Fig. 4.

Dielectric Field between Parallel Planes.—In the dielectric
field the flux or total displacement i&

¥ = Ce coulombs (or lines of force) 1

where e is the applied electromotive force or voltage, and C is a
constant of the circuit, depending upon its dimensions, and is

\
(R Y

F1a. 5.—Dielectric ficld between parallel planes.

called the capacity, or better, permittance. If C is measured in
farads, and e in volts, ¥ is expressed in coulombs. Figure 5
shows the simplest form of dielectric circuit. Neglecting the
extra displacement at the edges, it is seen that the dielectric
lines of force are everywhere parallel and the field is uniform.
The dielectric circuit constant, or the permittance, is directly
proportional to the area of the cross-section perpendicular to the
lines of force, inversely proportional to the spacing along the
lines of force, and directly proportional to the dielectric constant
or the permittivity. )

For large parallel planes without flux concentration at the edges

C o C= %k(%) - %kK farads @
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where 4 is the area in square centimeters
X is the distance between plates in centimeters
k is the specific inductive capacity, or better, permittivity,
and
v is the velocity of light, 3 X 10° em., per second
The term in brackets is due to units. The flux density, then,
or displacement per unit area, as the flux is uniform, is

v _ Ce _ ekl0° . .
A= 4= zdn? coulombs per cm. 3)
To establish this flux or displacement through the distance X an
electromotive force ¢ is required. The force per unit length of
dielectric circuit or electrifying force is constant in the uniform

field and is then f{'

D =

The gradient then is

g = ; volts /em.

The density may thus be written:

10¢
D = lcg(ch_vz) )

which is analogous to Hooke’s law in Mechanies,
strain = k times stress

The larger k is, the greater the displacement is for a given
force g.

Thus k is the coefficient indicating electrical elasticity of the
material, or its ‘‘conductivity’’ to the flux. The reciprocal of
permittivity is analogous to resistivity and has been termed
elasticity o. The reciprocal of permittance has been termed
elastance S. The dielectric circuit then becomes analogous to
the electric circuit

. Flux = o Yolts ory =2

“flux resistance’ ~_ S
It is often convenient to consider the dielectric circuit in this
way, and to use ¢ and S, as the total elastance of a number in
series is the direct sum. The total permittance of a number in
multiple is the direct sum. See two methods, Case 1, page 312,
Chap. XI. In studying insulations, it is important to be able to
express their relative strengths. Naturally, this is generally
done in terms of the force or voltage gradient necessary to cause
rupture. It may also be done in terms of the flux density at
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rupture; that is, in coulombs per square centimeter. A given
insulation breaks down at any point when the flux density exceeds
a certain definite value at that point, or when the gradient exceeds
a given definite value.

For Fig. 5 where the field is uniform the gradient is

= _v _Ce coulombs
g=e/X kv.perem. D = y i K kg. per cm.?
100

K = ol 8.84 X 10—

Hence, if the voltage is increased until rupture occurs and found
to be e, the voltage gradient or the flux density at rupture is
known; it would seem that this would be a good form of test
piece with which to study insulation. This is not usually the
case because of the extra displacement at the edges which is dif-

- @
ficult to calculate. This may, however, be made very small at
small spacings by proper rounding of the edges. Equations for
the voltage gradient, permittance, etc., will now be given for a
few of the common electrodes. In general, calculations are made
in the same way, except that the field is usually uniform over only
very small distances. The total capacity is found by taking the
capacities over distances so small that conditions are still uniform
and integrating.

Concentric Cylinders.—Concentric cylinders make a conven-
ient arrangement for studying dielectric strength, especially that
of air and oil. On account of the symmetrical arrangement, the
dielectric circuit is readily calculated. For testing, the extra
displacement at the ends is eliminated by belling (see Fig. 6).

Permittance or Capacity.—In this case the lines of force are

radial. The equipotential surfaces are concentric cylinders.
The total flux per centimeter length of cylinder is

v = Ce
The permittance may be thought of as made up of a number of

permittances in series between r and R, each permittance being
between two equipotential surfaces dz centimeters apart.

Lines of v \

Force
Fia. 6.-—Concentric cylinders.
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For & number of permittances in series

1

C - Cl + CT; + -----
The permittance of the condenser of thickness dx, over which the
field is uniform (Fig. 6), per centimeter length of cylinder is
_dedmt _ dzdm? _ 2 de
T A k10° T 2xzx k£10°  k10° =z

a:-R
1 22 2 R
c~ 8§ = = k10° = 107 1
L wmy T e

_ ke §:55__k10_‘2 farads per centimeter 5)
~ 2%log, R/r log. R/r length of cylinder )

Gradient and Flux Density.—The flux density is greatest at the
conductor surface and, hence, the gradient must be greatest
there. The flux density at any point z measured from the center
is

s = d(

p_¥ _Ce_ ek
T A A A2log. R/r
A = 2rz
_ ek ek _,3 coulombs
= 4rzo? log. R/r 10° = 0.884 7 z log. R/r 1 per cm.?
v g= DY 0 =
s.g=D A 10~ xlog,R/rkv per cm. (6)

g is maximum at the surface of the inner cylinder or
where z = r

kv. /em. ' (6a)

Imaz =

r log. R/r

Parallel Wires.—Parallel wires, one of the most common prac-
tical cases, will be considered in detail, in order to illustrate the
general method of calculating the dielectric circuit and to show
that the expressions for the permittance, flux density, gradient,
etec., are quite simple and can be written with the aid of ordinary
geometry and calculus.

Equipoteniial Surfaces, Linés of Force, and Fluz Density.—All
of the equipotential surfaces which arise in this case are eylin-
drical. Only their intersections with a normal plane need be
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considered, therefore, and the problem may be dealt with as
affecting only the plane.

The following principles will be used: -

1. The resultant field in the space between two conductors
18 the superposition of the two independent fields. The resultant
field due to any number of fields may be found by combining in
pairs.

Fluxes may be added directly. s

2. The potential at any point is the Wsnm of the
potentials due to the independent fields through that point.

Fi1g. 7.—Lines of force between parallel wires, f hy mﬁerpom‘t\on of independent
radial ﬁelds PO

; t

In the same way, the potential dﬁbtelnce ketween two points
is the algebraic sum of the potentm,l diffevenoes due to the inde-
pendent fields.

3. The density or gradient at a point is the vecior sum of the
densities or gradients due to the independent fields.

When the conductors are infinitely small, the dielectric field
may be considered as that resulting from the superposition of
the two uniform radial® fields from the conductors to an infinite
ylmder . 1 ' 4 A O TA I

1 By uniform radial field is meant one in whioh equal central angles always
include equal fluxes,
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Fia. 8(a).—Lines of force and equipotential surfaces between parallel wires.
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Fra. 8(b).—Lines of force, equipotential syrfaces, and equigradient surfaces
between parallel wires,
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The resultant equipotential surfaces are then cylinders whose
right sections are eccentric circles which enclose the wires, and
whose centers all lie in the line connecting them; and the lines of
force are arcs of circles intersecting in the conductors. The
independent radial fields about each conductor are shown in Fig.
7, and the field resulting by superposition is shown in Fig. 8.

The equipotential surfaces will first be considered. It has been
shown above that the permittance C' between two equipotential
cylinders of radii R and r is

2rk K
= Tog, I/r farads per em. 5)

Frg. 9

This is also the permittance between any two points on these
surfaces; therefore, the voltage between points distant r, and r,
cm. from the conductor center is

L _ Ylog, r/re
briry = 1I//Crlrz T 2rkK
Considering now the field resulting from superposition: In
Fig. 9, the potential difference between H; and P, due to the
radial flux ¢ from 4’4, is
o = ¥ logl ©:/ a
1T 2xkK
Similarly, the potential difference between H, and P. due to the
radial flux — ¢ from A’,, is!
. = — ¥ log z2/b
P2 T 2rkK

t The signs must always be properly placed. It is convenient to give ¢
the sign of the point displacement under consideration. The distances from
the displacement points to the points between which potential is sought
should always be put in the same order in the log, as, z1/a, a/b, ete. See
problems, Case 11 and Case 12, Chap. X,
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The total potential difference between H, and P due to the two
radial fields, and hence due to the resultant field, is the algebraic
sum of the potential difference produced by each field separately:

= -_¥_ T og, T2
& =&, T &, = 21rkK(]Og‘ @ o b

But, if H, and P are points on the same equipotential surface,
the potential difference between them is zero, or

- ¥ T _ T2\ _
e» = grigc(log 5 ~log. ) = 0

Therefore log,. %’ = log, ‘%2
5 _ T
a b
Ll const.
T b

if H, is fixed—that is, for any one equipotential surface.

The equipotential surfaces are cylinders whose sections are
circles which surround the infinitely small conductors. These
circles have centers on line 4,4, but are not concentric with the
conductors. This may be shown as follows:

Assume Cartesian axes through A’,, the X axis containing 4’;.
Let the coordinates of P be z, y,

2= VM@A A, -2+ =V0e+b-a)+ ¢

T2 = \/:57?!-'17’

Zn e  fa+b—ax)>+yt

X2 = b 72 + y2

a’z? + a¥y? = b%® + b + b%? 4 2ab? — 2ablz — 2b%x + biy?
(a® — b))z 4 2b%(a + b)z + (a? — b)y? = b*(a + b)?

. 2b bt b3(a + b)? bt
PtttV = .fz-bs) ta—o
2 2 4
(’+aib)‘+”’=bﬁajbb)‘*(afb)’
b2 o\ 2 _ b¥a® — b?) + b ath?
("*'a-b) LR Ay ey S Tl ey 3T

b2 3pe
(z+m)’+y"'(j;€_‘—b)‘-; (7)‘
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This is the equation of a circle whose center has the coordinates

The circle is thus found for

2
——9—; 0 and whose radius is ab_,
) a—2b
any given a and b.

The equipotential circle through any point P (zp, y,) is found
as follows:

- % Vo— xl___Ll

a= a + b 8 x + Ty 8
-0 = T g

a+b z1 + 2

Substituting for a and b in (7):

>
!
{
|
%
|

( "y ) 2 2 g T __gn
z+ N1 + )"/ 87 4yt = (21 + 25)? (x1+:ca)’

Ty — o S’z X
s <£1'ﬁ2) (11 + 3.)
%%S' 2 _ __1_:_1_2_5_52’8“
(:L' + — x? ) ty = (1312 - xg’)’
271’ = (8 — zp)* + yp*
= zp* + yp?
(xp® + yp)S"
( + Slz — 2x S’ ) + y’
_ f(S — zp)? + yp’}(:cp-}-’ yp’)iS”
- (82 — 2zp)?
zp® + yp’>’ {08 — zp)* + yp? (zp? + yp?) 7
(:E + 8 = + = (S — 2zp)3 (7a)
The resultant lines of force are arcs of circles with centers on
line n and passing through »
the points A’; and A’.. D
This is shown as follows: A
Consider Fig. 10. The flux ot
included in PA’, A’; per 2 S &
centimeter length of cylin- /[ ¢ 7 ap _
/ P | A Al
derdueto 4’;is %;—’—1- That 4 k== !
in PA’; A’y due to A’y is
%.;" Fia. 10,

The total flux between P and 4’4/, is the sum of these
. ¢P=%(al+a2)
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The restriction that lines of force cannot cross implies that the
flux between any two is constant; hence, if P move along a flux
line,

Vp = 2'€r(a1 + @) = const.
from which
a; + az = congt.
Hence
a =71 — (a1 + as) = const.

Note.—The equation of the line of force may also be found by writing
the expression for the flux densities at points and imposing the condition
that the component normal to the line of force is zero.

This condition defines a circular arc passing through A’; and
A’s.  Choosing, as before, the point A’ as the origin of Cartesian
coordinates, the equation of these circles is

S’ 2 S'\ 2
5 —%) +@—m=mw+(}) 8)

where m is the ordinate of the center of any particular circle
The equation of the line of force through (x, y) is found as

follows:
Call the center of circle (lines of force) O

A0 = PO = radius of circle
= (470 =(3)" +m
S’ 2
m = (PO) = (3 —2) + @y — m

’ 2 N 2
-t w-mr=m st (3) ®)
Through any point (z,y5). S
’ ’
Then (% - ZP) P4 (yp — m)? = (”2") + m?
— o+t — Sap
2yp .
Substituting this value of m in (8).
g 2 @+ yp? — S'zp\?
(e-73) + ) ®e)
— S'zp 2p? + yp\ ? S 2
=( B 2ypr_ ) + (2)

The slope of the equipotential surface at (z,, y,) is found
from (7a)



THE DIELECTRIC FIELD AND DIELECTRIC CIRCUIT 21

Evaluate y in terms of z, differentiate, and put = = z,.
Note.—Take = always +. m — when below z axis.

dy _ S'zp — zp + yp?

(l.‘l?,. - yp(S’ - 2:1:,.)

The slope of the line of force at (z,, y,) is found in the samc
way from (8a)

dy - yp(S" — 2xp)
dz., S'zp — zp® + yp?
1t will at once be noticed that
dy _ _ dyu
dz., dx

which shows that the line of force at any point is perpendicular to
the equipotential surface at the same point.

The fluxr density, D, at any point in the resultant field is the
vector sum of the flux densities due to A’ and A’,, separately.
At P (Fig. 10) the flux density due to A’, is

= ¥
Dl 21!'21
and due to A’; is
¥
D: = 5ot

directed as indicated.

NoTteE.—Subscript es refers to equipotential surface.
Subscript If refers to line of force.
The triangles whose sides are z,, 22, S, and D;, D,, D may be
shown to be similar, having one angle (a) equal, and the including
sides proportional.

Dyxy = Dy = "2\0;
D _ Dy
Then 5=z

_gDi 8 v _ 8w
D=5 T2 X 2mz 2%TiTs ®)

The preceding, covering infinitely small wires, is not directly
applicable to the ordinary case of large parallel wires. Green’s
theorem, however, states that if any equipotential surface be
kept at its original potential, the flux within it may be removed
without any change in the external field. In Fig. 11 the circles
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represent equipotential cylinders, surrounding flux centers A’,
and A’s. These cylinders may be maintained at their original
potential. The interior may be filled with a conductor. This
gives parallel conductors of radius » and spacing between centers
S. The external field has not been changed, and the preceding
discussion still applies. A, and A, must be located from A’;
and A’,, since r and S are the quantities given in any actual case.
This is easily done:

a=8S—7r -2

b=r—z
b* r? — 2rz + 2 r? — 2rz + 2*
et S—r—z—r4+z  S-2r
28 = r? 4 32 v
gt = Sz 4=
g =S = VS —4r?
2

Fia. 11.
Since obviously z cannot be greater than S/2, the negative sign
is taken for the radical.
a=8—r-—z
28 —2r — S+ VS — 473

=
2
=8S—-2r+ VST — 42
"2
b=r~—z
_2Zr— 84+ g4
2

is.
a_8S—-2r+ V8 S g
b o — 8+ VST dr

(10)
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¢ 8= 24 VB —4r* i — B —u VST — 4
2r — S+ VST —ar2 " 2r S — VST — 412
_{—282—4rS + 2(8 — 2r) VST — 417

4rt — 4r8 + 4r?
+ (9'-)’ -1

_@r—8) S+ V82 —4r5) _ S
2r(2r — 8) T 2r 2r

Permuttance, or Capgeaty.—In Fig. 11 let n be a neutral plane.
Represént by e, the potential between circle H; and n (or H,
and n) and by C, the corresponding permittance to neutral per

centimeter length of wires. Due to A/,

any

Due to 4';.

= =Y I og, T2
o =emt o= gug (1"5‘ 5z " leg, )

- ¥ z
Ik 108 3
_ omkK _ 2rkK

Substituting from (10)

C. = 2mkK
" a (11)
log. 5!
kK
E S\ *
_5; + \/(21‘) - 1]

’ -13
= 5.55k10 - farads per cm.

w[E V@]

log,
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1f hyperbolic tables are available, a more convenient form is

C. = 22

cosh=1 S (11a)
2r

55k 13
= é————lQ;— farads per cm.
cosh—! —

2r

If S/r be large, then\/ (g—r) To1is nearly equal to és;' and

approximately

Cn= 2'kKr farads per cm. (11b)

log. 8/

The result corresponds exactly to the form (page 23) which
would have resulted had the wires been considered very small at
the start, or

27kK
C = Tog, a/b
where a=8>b=r

Gradient and Flux Density.—The flux density at any point on
the line joining the centers of the conductors and distant x from
the inner surface of one of them is

S'lll Ty = b + x
2‘]’3133 1= —2
_ (a + b)y
2xr(ab + (@ — b)z — =)
- WS = 4
4rS — 8r? 28 — 4
2B+ (B 2 - 2]
 wWETE
2r{(r + 2) (S — 2r) — 2%
Since ¢ = Chen

D = 9)

- 2xkKe,
NG
D V8T =459 __2rkKe,

r
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_ kKen/8? — 4r°
v N S\ 3
—_ — 2 S h
[+ 2) (8 — 2 — 22} lo. [ + V(D) - 1]
__ 0.885ke,\/8?— 4r°10~13 coulombs
2 S S\* jpercm.?
r+z) (S —2r) — z*} log.| , =) —
o) (8- 20) -2 o 5 + N (5)" - 1]
The gradient along the line of centers is
D
9=%K (12)
= — enV/S? — dr? kv. per

T S 2 em
((r +2) (S — 2r) — 2} log.| = Sy _ '
The gradient is greatest at the conductor surface (z = 0) and is
en/ ST — drs B
\ S (S\t
s — 2tog[ S+ V(2)" - 1] (120)

en\/(g) -1

= —— —kv. per cm.
(= 1) e + NG 1]
= e Gn ——————-—kv. per cm.
Nzt os[s = V(z) 1]
Where hyperbolic tablesare availablea more convenient form is

-—— kv. per cm. (12d)

gmaz =

If S/r is large Gmaz = ;:i(');—"s’/‘;, (12¢)

As before, this equation would have resulted had the conductors
been considered small in the first place. The method of drawing
the lincs of force, ete., is illustrated in Case 11, page 335, Chap.
XI.

Spheres.—In studying insulation it is sometimes convenient
to use spherical electrodes. The potential between conceniric
spheres of radii R and r may be found as for concentric cylinders
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on page 13. The equipotential surfaces are spheres. Between
two surfaces at distance z, dz centimeters apart, the permittance
is

—g(ty=9x 1 _ 1 dz
a8 =d (o) = ¥ ik “5ik o
1 1 dx 1 1 1
¢= mixSs = wrkls ~ 7
C=41rkKRR_rr

v R-—r

on ¥V
" C  4rkK Rr
The potential difference due to ¢ between two points distant
r, and r; from the center of the sphere is
e = ¥ Te — T
1" 41l‘kK 172

The equipotential surfaces between two point electrodes or
very small equal spheres may be found as follows, using Fig. 11:
The difference of potential between H: and P due to A’; is

Lol

P = kK 2,0
. v 22— 0b
? e R . S —
due to A’z is er = ~ 19K oab

_ _ ¥ T, —a _z3—b
eP—eP1+eP2'-41rkK ( rna x,b )

If H, and P are on the same equipotential surface
X, —a X9 — b =0

0 T2b
2% ab
=12 = = constant
Te—T1 b—a
1 1
— — — = constant
21 X2

is the equation for the equipotential surface.
The fraction of the total flux toward P through the cone with

apex at A’; and half angle o due to A’ is?
21 =g(1 - cosou)

1 The area of a spherical surface is 4TR% The area of a spherical sector
with half angle « is 2rR2(1 — cos a).
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Through the cone with apex on A’; and half angle a; due to 4’,,
it is

Y-
Illz = 2 (1 cos az)
‘/’p =y, + ¢

If P follows a line of force y» must be constant because lines of
force cannot cross.

.". €08 a; + cos a; = constant

is the equation of the line force.

The equations for the gradients, etc., of two large spheres of
equal radii and spaced apart are given below:
Spheres of Equal Size in Air (Non-grounded):!

= )% S kv. per cm. (13a)
where
g = gradient at surface of sphere in line joining centers
e = volts between spheres
X = distance between nearest surfaces in centimeters
f = a function of X/R where R is the radius of either

sphere

f may be calculated by the following simple formula :2

;- X/R+ 1+ X/R+17+8
4

Spheres of Equal Size tn A7r (One Sphere Grounded)
g = %fo kv. per ecm. (13d)

where the letters have the meaning noted above f, being a differ-
ent function of X/E. For the case of one sphere grounded, the
shanks, connecting leads, ground, etec., have a much greater effect
than when both are non-grounded and mathematical values of
fo do not check the measured values. Experimental values for
the grounded case are given as f, in the following table.

! RusseL, Phil. Mag., Vol. X1, 1906.
* DEAN, Phys. Rev., December, 1912, April, 1918
3 Drax, G. E. Rev., Vol. XVI, p. 148, 1913,
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J
0

X/R Non-ml:;i:adm(:;:::)ulntod Grounded {measured) !
0.1 1.03 1.03
0.2 1.06 1.06
0.4 1.14 1.14
0.6 1.215 122
0.8 1.29 1.31
1.0 1.366 1.41
1.2 1.44 1.51
1.4 1.52 1 62
1.6 1.61 1.73
1.8 1.69 1.85
2.0 178 1.97
3.0 2.23 2.59
4.0 2.69 3.21
6.0 3.64

10.0 5.60

15.0 8.08

20.0 10.58

1 Distance of grounded sphere to ground in these tesis is 4 to 5 diameters

The practical application of thisis discussed further on page 124
The gradient at any point in the line joining the, centers of the
spheres and distance y from the midpoint of this line is

_ [22°@(f+ 1) + 4y (f — D)) E
B i At
If two equal spheres are never separated a greater distance
than twice their radii, appreciable corona can never form, but
the first visible evidence of overstress is spark-over. If the
separation is greater than 2R, corona forms and it is then neces-
sary to further increase the voltage to cause spark-over. The
condition for corona or spark-over will now be given. A wire
in a cylinder will be taken, as the calculations are simpler and

best illustrate the condition.
Condition for Spark-over and for Local Breakdown, or Corona.

For a wire in a cylinder the maximum gradient, and, thus,
where breakdown will first occur, is at the wire surface

€
¢~ Fion B/r @
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When e is of such value that g at the wire surface just exceeds
the breakdown strength of air, the air at that point becomes con-
ducting, or corona forms, thus, in effect, increasing the size of the
conductor. If this increase lowers the gradient, the breakdown
will be local, and it is said that corona is on the wire. If the
ratio R/7 is such that the increase in size of the conductor by the
conducting air increases the gradient, the broken down area
will continue to enlarge, or spark-over will occur. The condition
for corona or spark-over may be found thus:

e
9=z log. R/r
For a constant value of e and R find the value of r to make g a
minimum
1/g =z = BRI T hog, R —log.r)

dr 1
= e (log, R — log.7r — 1)

= 0 for extreme of
:&%R—kmr—n=0

'w
log. R/r =1
R/r = ¢
Therefore
1/g is maximum when R/r = ¢ k
or R ERERERRE
g is minimum when B/r = ¢ +

In other words, the stress on the air g, 15 Concentric cylin-
decreases with increasing 7 until R/r ders.—Variation of gradient at
= ¢. When R/ris equal to or less than suiec®, of, inaer, cylinder &
e an increase in r increases g. Thus, if inder constant.

R/r & ¢« and g is brought up to the

rupturing point, g progressively increases and spark-over must
occur. If R/r > ¢ corona forms and the voltage must be still
further increased before spark-over occurs.

This is illustrated graphically in Fig. 12. Note that this is
plotted between r/R and g. Thus, the minimum ocours when
r/R = 1/e. It is interesting to note here that with a given R a
eable has maximum strength when r is made such that

R/r =«
This is not the practical ratio, however, as will appear later.
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: COLLEQTED,FORMULZE FOR THE| CQMMON, ELECTRODES
"‘Concenmc Cylinders, Y« * 481! et vy
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Corona does not form when
R/#<2.718
z = distancé frofh center of cylindér in cedtimeter

R = centimeter radius of outer cylinder
r = centimeter radius of jgner cylinder™

Parallel Wires.
Capacity or permittance to neutral

—18 13
C. = 5SSKION  _ BBBKIOM L erem.

log, [% + \/‘(g—r) T 1] B cosh"‘% v

.

Gradient (at z cm. distance from wire surface on line through
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1 Seo seme equutibns irdiffereniform, page 25, Seeformialy 13¢, pegh 25,
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S = spacing between conductors centers in centimeters
r = conductor radius in centimeters
e, = kilovolts to neutral

Equal Spheres in Air.—Gradient (non-grounded). (At a
centimeters distance from sphere surface on line joining centers.)

gl 2X1X¢ + D+ 4(F - o) ¢~

s = v
g+ - 4(5 - a) (7= npe

Maximum gradient (non-grounded)

kv. per cm.

g = %f kv. per cm.
Maximum gradient (one grounded)

=2 fo kv. per cm.

where f=%+l+\/(X/R+l)’+8
4
and fo = see table, page 28

Corona does not form when X/R < 2.04

R = radius of sphere in centimeters
X = cm. spacing between nearest surfaces
¢ = kilovolts between spheres
Capacity or permittance
X
“=%u-D
Combination of Dielectrics of Different Permittivities.—When
several dielectrics of different permittivities are combined, as is
usually the case in practice, it becomes important to so proportion
and shape the electrodes and insulations that one dielectric does
not overstress another. This is of especial importance ininsu-
lators where dielectrically weak air of low permittivity is neces-
sarily in combination with dielectrically strong insulations of
high permittivity.
Dielectric Flux Refraction.—When dielectric flux lines pass
from a-dielectric of permittivity k. to another of permittivity of
ks thé lines are bent or refracted. This does not-oocur, of course,

10— farads
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when the lines strike the surfaces normally, as in a concentric
cable, and between parallel plates alrecady considered. The
angle of refraction bears a definite relation to the ratio of the

two permittivities and can be shown as follows:
Let AB (Fig. 13) be the common surface of the two insulations.
The flux ¢, makes an angle ¢,

4 with the normal NN to the sur-
face. The total flux through the
equipotential surface ab is the

_-same as the total flux through
N d the surface c¢d. The voltage be-
N < / ) ¥ N tween a and ¢ must be the same
A > a/‘{ as the voltage between b and d,
N\ because potential at a = poten-
ky . tial at b and potential at ¢ = po-
tential at d.
Vi1 =ys =y
) B ) Therefore
F1g. 13.—Dielectric flux refraction. Y = D, ab = Dacd (14)
In the uniform field
e e
1% 927 g
where e is volts, a to ¢ = volts b to d
Therefore gibd = geac (15)
Combining (14) and (15)
Dyab _ Dyed
g1 bd  gs ac
But 'Ill = b Dz/gz = Kz
g
K, _ K,
Therefore fa—ﬂ'&ﬁ = {ém
tan ¢; _ K,
Therefore tan 6 — Ka

Dielectric in Series.—Take the simple case of two parallel
planes with two different dielectrics between them and neglect the
flux concentration at the edges (Fig. 14, flux concentration not
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shown). As the lines are normal to the electrodes, there is no
refraction. The same flux passes from plate to plate.

pra VTV
Cl = X7 Cz = T
T X

Y1 = Cie; = - — €1

Yo = Coep = ““="2 gy

-

q_..._ -
il 1

F1a. 14.—Dielectries of different permittivities in series.

e~

The voltages are, therefore, divided thus

ey = 4
g = —
:Clkg
e
el = — e ——— —
21
L+ 2%
The gradients are
g1 = €1 _ 4
| = = = e e
Zy :vgl_(‘l
= (1+27)
02 = g—’— = -——--——-——-—-—-——-—e
T2 Z1ke (186)
T2 (1+ :tzkl)

The voltages and gradients may be found in the same way for
any number of insulations in series. The expression for the gradi-
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ent at any point z in a combination of » insulations in series is
€

9= = x,.) (16a)

Z 23 Tz
EE+o . e+ T
Where the distance between the electrodes is greater than the
radius of the edges, the increase in stress at the edges becomes
appreciable.

Concentric Cylinders—For concentric cylinders the expression
may be found in the same way. The
flux lines in this case, also, are normal
at every boundary surface and are,

ks hence, not refracted. Consider a wire
of radius r; surrounded by » insula-
tions whose inside radii are, respec-
tively, ri, 7, . . . Ts, and whose per-
mittivities are ki, ko, . . . Kkn.

At the distance z from the center of

the wire, which falls in the dielectric
Fic. 15. of inside radius r,, outside radius r.,,,
and permittivity k., the expression for

the gradient g, is found as follows:

1/C =1/C;+1/Ca+ . . . +1/Co+. . . +1/C,
1 (Iog, Ta/T1 +10g, 7‘3/7'2+ L. +10gv ("'z+1)/7'z+

= 27K ky ks ks
log.R/r,
T )
1
C=2rK
l(z_g._’zg/!'_l L()_g,?'sé?‘z loga_rz+l/7'z lOg'R/r"
Dz = :ﬁ'
_Ce
A
_ 27K e
"~ 2rz (log,ra/r1 | log.ra/ma log 724./r2 loge B/ra
(e el o, R
D,
= 2 (1)
e
:ck (log.;z/ Ty 10&7'8/ T2 3/T2 +10$‘7't+1/ r=+ + M)

{See Chap. XI for praetwal a.pphoutxon ) -
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Dielectrics in Multiple.—Where dielectries are combined in
multiple, the division between the dielectrics being parallel to

AR

S

F1a. 16.—The refraction of lines of force passing through a porcelain insulator
(permittivity assumed 4).

., |
|

. F1G. 17,—Dielectrics in multiple.

L
[

Fia. 19.~Dielectrios in muiltiple and  Fre. 18.—Rod and ring with two di-
in series. electrics. Boundary of dielectrics along
line of force. (Not drawn to scale.)

e

the lines of force (Fig. 17), the stress on either is the same as it
would be were the other not present. Figure 18 shows a rod
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insulated from a ring by a dielectric so shaped as to make use of
this fact. Where the division line is not parallel to the lines of
force, some lines must pass through both dielectrics (Fig. 19).
For these lines the insulators are in series, and the corresponding
precautions are necessary, just as in Fig. 14 (see Chap. XI for
further discussion).

B 10K.V.
c 1 a
A ! | 0 K.V,

Fra. 20.—Field not changed by a thin insulated metal plate on an equipotential
surface.

Flux Control.—In certain electrical apparatus it is very often
possible to prevent or reduce dielectric flux concentration by
superposing fields upon existing fields. When it is necessary to
superpose two ficlds, as often happens in the course of design, it
is important to see that it is properly done. For instance, as a
simple case, suppose the two plates A and B (Fig. 20) are at
potentials of 0 and 100 kv., respectively. A thin insulated metal

(a) (»)
B WK.N, B { I 100 K.V,
c ] J SOK.V.
c WKV,
4 0EV. 4 0E.V.

F16. 21.—(a) Field not changed if the potential of the plate is the same as
that of the surface upon which it rests. (b) Field changed by plate at potential
different from the surface.

plate C may be placed anywhere between A and B without
changing the ficld as long as it follows an equipotential surface—
that is, parallel to A and B. Unless it follows an equipotential
surface flux concentration results. If C is insulated and brought
to a potential of 50 kv., the field will be disturbed unless C follows
the 50 kv, equipotential surfaee, ar, in other words, is midway
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between the two plates—otherwise the stress in part of the
insulation will be greatly increased (see Fig. 21 (a) and (b)).

Figure 21(a) shows the position for no change.

Figure 21(b) shows very great increase of stress on part of the
insulation.

A coil of wires in which the turns are at different potentials
may be placed in the field with least disturbance if the potential
of each coil corresponds to the potential of the equipotential
surface upon which it rests, as shown approximately in Fig. 22(a).

B (a) 10 E.V. p. (4) 100 K.V.
b dee | e (- 80 [
L1 -80 -
. Q
o i
A 0 - A | 0 K.V.

F1a. 22. —Conductors placed in a uniform field.

When insulation is used around small conductors, points, etc.,
the stress may be very great. This stress may be reduced by
superposing a uniform field. For instance, take two small paral-
lel wires with voltage e between them, the stress is

If a uniform field is superposed, as in Fig. 22(b) of gradient g, =

e .
% the stress on the wires becomes

g = 291
These principles must be used in generator and transformer
design, etc., and will be applied later (see Chap. XI).
Imperfect Electric Elasticity.—The electric displacement has
been shown to follow Hooke’s law by analogy, that is

v = Ce
109
D =15 (430)
or strain = constant X stress

The dielectric has so far been assumed to be perfectly elastic.
For a perfectly electrically elastic material C or k must be con-
stant and independent of the time that the stress e or g is applied.
This appears to be the case for homogeneous dielectrics as air,
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various gases, pure oil, etc., but is not so for non-homogeneous
dielectrics. As an example of imperfectly elastic dielectries,
take a cable; when potential is applied between core and case,
the displacement immediately reaches very nearly its full value,
but gradually increases through an appreciable time slightly
above its initial value. It thus appears that energy is slowly
absorbed and this phenomenon has, therefore, been termed
absorption. When the above condenser is disconnected from the
supply, and then short circuited, the potential difference becomes
zero. If the short circuit is removed, a very small potential
difference gradually reappears as residual. If such a condenser
is displaced (charged), and the supply is removed, the dis-
placement gradually disappears by oconduction or leakage. In
measuring the high-voltage direct-current resistance of cable in-
sulation, it is often necessary to allow several minutes to elapse
before the current becomes constant. The residual is analogous to
residual stretch in an imperfectly elastic metal wire. For
instance, if a steel rod is stretched and the stress is removed, it
immediately assumes very nearly its initial length, but there is
always very small residual stretch which very gradually
disappears.

It may be shown theoretically that the phenomenon of
absorption should exist for non-homogeneous dielectrics, but not
for truly homogeneous dielectrics.

In non-homogeneous dielectrics the effect of this residual is
to cause the flux to lag behind the voltage if the voltage change
is rapid, as in the casc of high frequency. This is analogous to
damping. If the change in voltage is slow, however, the effect
would not result. A loop may thus be plotted (when the change
of voltage is rapid) between voltage and displacement, similar to
the hysteresis loop. If the frequency is very low or the dielectrie
is homogeneous, the loop does not result.

This loop means loss, but it is not analogous to hysteresis loss
in iron which is independent of time.

In non-homogeneous dielectrics the absorption may sometimes
be due to local conduction in parts of the material (see page 230).
The insulation, for instance, may be assumed to be made up of
condensers connected together in parts by paths that become very
high-resistance conductors at the high voltage. It would take
considerable time to charge completely their local condensers
through the high resistance. -Stfll greater time would be required
to discharge as the voltage decreased.



CHAPTER III
THE ELECTRON THEORY

Electrons.—If terminals are placed in a vacuum tube and high
voltage is applied between them, a visible discharge or beam of
rays is shot out from the cathode. These cathode rays proceed
n straight lines. A pinhole diaphragm may be placed in their
path and a narrow beam obtained (see Fig. 23). This beam may
be deflected by a magnetic or dielectric field. J. J. Thomson
pointed out that it acts in every way as if it were made up of
negatively charged particles traveling at very high velocities.!
Every test that has been made bears this out. Where the parti-
cles strike the glass, it becomes luminescent. These particles of
negative electricity or “charged” corpuscles are called electrons.
The velocitv charge, and mass of these electrons have been
measured.

— = )

F1a. 23.—Cathode ray tube

A charged body in motion is deflected by the electric fields in
the same way as a wire-carrying current. The deflection
depends upon the ratio of the charge e and the mass m. By
noting the deflection of the cathode rays in the electric field, J. J.
Thomson found the value of the ratio ¢/m. The most accurate
value of the ratio with e measured in electromagnetic units is
1.76 X 10". Each ion in a gas acts as a nucleus in the condensa-
tion of water vapor. The condensation in the presence of the
ions may be made to occur by change of pressure. By observing
the rate of fall of the cloud, the number of drops or electrons can
be calculated. If the total charge is measured, ¢ can be at once

1These rays have been made use of in an oscillograph (see p. 99
Chap. IV). In this instrument the beam acts as a pointer and is made to
trace a curve under influence of the fields produced by the current or voltage
of the wave which is being measured.

39
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obtained. This was done by C. T. R. Wilson. ¢ was also later
determined by Millikan and found to be 4.77 X 10-1° electro-
static units or 1.6 X 10-?° electromagnetic units. The maass of
the electron seems to be about 1{gg¢ of the hydrogen atom, or the
same mass as the hydrogen ion in electrolytic conduction. This
mass is about 9.0 X 10-28 g. when the velocity is considerably
below that of light, but it changes with velocity. It must be
considered as that determined by force divided by acceleration.
The velocity of the electron usually varies from 107 to 10° em.
per second, dependent on the voltage of the electric field.

Ions and Atoms.—Although ‘“ion” is a general term often
used for positive and negative atoms or molecules, electrons, and
positive particles, it is usually meant to signify only the charged
atom or molecule. The removal or addition of one or more
electrons changes the neutral atom or molecule to a positive or
negative ion, respectively.

The atom is supposed to consist of a positive central nucleus
surrounded by electrons of sufficient total negative charge to
neutralize exactly this positive charge. In the static model
of the atom, as developed principally by Lewis and Langmuir, the
electrons are supposed to be stationary in shells about the nucleus.
This model is usually preferred by the chemists.

The dynamic atom, due principally to its better interpretation
of spectral lines, has generally been accepted by the physicists,
and will be considered here. This form is largely due to Bohr
and Sommerfeld and assumes that the electrons rotate about the
nucleus in various orbits, representing different energy levels.
It is in reality a miniature solar system, the centrifugal force of
the revolving electron just compensating for the electrostatic
attraction of the positive nucleus. A new system of wave
mechanics has been devised recently by Schrodinger, Heisenberg,
Born, etc., to build up an atomic structure to interpret many
spectral anomalies which the Bohr atom has so far failed to do.!
This model is rather vague and highly mathematical, so that the
Bohr form is still largely adhered to because of the clearer
physical coneeption which it gives.

It has been determined that the properties of an element are
largely due to its atomic structure. Its mass and any possible
radioactivity are properties dependent largely on the nucleus,

A 8ee articles, Jour. Frank. Inst,, Vol. V, p. 205, 1928; p. 323 (8wanN),
. 519 (Swanw); p. 597 (Davissen); Vol. V; p. 208, 1928; p. 605 (BRAMLBY).
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while its chemical nature and spectra are connected with the
distribution of the extra-nuclear electrons, and only indirectly
with the nucleus.

The nucleus with its net positive charge is supposed to consist
of both electrons and protons, each of the latter being a unit of
positive electricity and identical with the hydrogen nucleus.
In the neutral atom, the extra-nuclear electrons compensate for
the excess positive charge of the nucleus and their number
apparently determines the atomic number and the element’s
place in the periodic table. To change the element, therefore,
it is necessary to change the net charge on the nucleus, for
example, by the addition or subtraction of a proton or hydrogen
nucleus.

If a proton and an electron could both be placed in the nucleus,
the resultant charge would be unchanged and, according to the
present ideas, the same element would result with unchanged
chemical properties but increased atomic weight. Many such
elements have been detected, each having different atomic
weights but the same chemical properties. They differ only in
their nuclei and are called isotopes. For example, tin and xenon
have each been found to have at least seven different atomic
weights.

The removal of an outer planetary electron of an extra-nuclear
orbit apparently merely ionizes the atom and it assumes a positive
charge. Its chemical properties and mass are left practically
unchanged.

Radioactive Materials.—In the disintegration of radioactive
substances, alpha, beta, and gamma rays are evolved. The
alpha and beta emanations are really charged particles since they
may be actuated by electric fields. Gamma rays, like heat,
light, and X-rays are clectromagnetic waves. Alpha particles
are positively charged helium atoms, but possess much greater
energies than the ordinary positive particles. Beta particles
are identical with cathode particles or electrons but are much
more active, having the highest velocities of any material bodies
known. .

The arrest of rapidly moving electrons when they strike the
target produces X-rays. In the same way, gamma rays are
produced by the braking effect exerted in the atom on the alpha
and beta particles leaving the radioactive nucleus, They possess
vastly greater energies than X-rays and would require tube
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voltages of at least several million volts. They are surpassed in
penetrating power only by the recently discovered cosmic rays,
which Millikan has given considerable study. These have
approximately fifty times the frequency of gamma rays and are
supposed to be due to meteoric changes going on all about the
earth, as they seem to enter its surface uniformly from all
directions.

Radioactive emanations involving the expulsion of alpha and
beta particles are believed to be due to the disintegration of the
nuclei of the radioactive materials. This, therefore, involves a
transmutation of elements with the consequent change of
properties and decreasing mass. Several radioactive sub-
stances follow such transmutation series which end in lead of
different atomic weights. In that way, therefore, are evolved
several of the isotopes of lead.

Conduction through Gases.—Take two electrodes in air and
apply some low potential between them. Direct ultraviolet
, light upon the negative elec-
!5/ trode. If the voltage is grad-
g ually increased, the current
. increases almost directly up to
s’/ a Fig. 24. There is then a

- X considerable range between a
e and b where an increase in
D voltage does not greatly in-
crease the current. At b the
Tore current suddenly increases

Fre. 24.~Variation of current with very rapidly with increasing

voltage through ionized space between
parallel plate electrodes. voltage. It appears that

negative ‘ particles”’ or elec-
trons are produced or set free at the negative conductor by the
ultraviolet light. These particles of electricity are attracted to
the positive conductor and, thus, show as current in the galva-
nometer in the circuit. The number reaching the positive con-
ductor increases with increasing voltage. The current thus in-
creases with increasing voltage. The potential at a is sufficient to
cause practically all of the negative particles that are produced
by the light to reach the positive conductor. An increase of the
voltage above the value at ¢ can thus cause very little increase
in current unless a new source of ionization is applied or the
number of ions is increased in some way. When the voltage is

Oarrent
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raised above the value at b, the current increases very rapidly
with increasing voltage. A new source of ionization has resulted.

Ionization.—As shown above, an ion is merely an atom which
has assumed a net positive or negative charge through the loss
or gain, respectively, of one or more electrons. By the term
‘“‘ionization’’ is usually meant the creation of positive ions by the
removal of electrons from neutral atoms.

The electron in the Bohr atom, as stated previously, was
assumed to be arranged in certain energy levels, an exchange of
energy being evolved in any electronic shift between orbits,
Consequently, in the complete removal of an electron from the
atom in ionization, an azbgorption of energy is requisite. This
energy may be in mechanical form (ionization by collision);
in the form of light (photoelectric ionization); or in the form of
heat (thermal ionization).

Tonization by Collision.—The theory of ionization by collision,
as originally postulated by Townsend and later amended by
others, is usually accepted as describing, in a general way, the
principal form of electrical breakdown of air. In this process,
as the applied field potential is raised, the action is first assumed
to start through the imparting of sufficient velocities to the stray
ions, believed to be ever present in the atmosphere from radio-
active material, ultra-violet light, and other sources, to enable
them to dislodge electrons upon colliding with neutral atoms or
molecules. At the lower fields, the electrons so created are
assumed to be practically the only active agents in the ionizing
process, because of their much greater mobilities. Complete
breakdown in the form of a spark does not occur until the voltage
has been sufficiently increased to enable the less mobile positive
ions to assume ionizing velocities. From his measurements
between parallel plate electrodes, Townsend originally concluded
that the voltage gradient necessary to start this breakdown
under normal atmospheric conditions (76 cm. pressure and 25°C.
temperature) was 30 kv. per centimeter. In this he assumed that
the field, as he measured it between the plates, remained uniform
throughout.

Work by physicists since then seems to indicate that a few of
the details of the original Townsend theory, particularly in
regard to the action of the positive ions, must be modified and
extended. From the study of the time lag of spark gaps,! it has

1 Rocowskl, W., 4rch. f. Elek., Vol. XX, 1928,
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been claimed that the movement of the positive ions, as laid
down by the above theory, is too slow to allow of their participa-
tion in spark-gap breakdowns of extremely brief duration (less
than a microsecond). ~ There are also indications that, even at a
steady field gradient of 30 kv. per centimeter, the positive ions
may not attain sufficient velocities for the ionization attributed
to them.! To take care of this, Loeb? has suggested that, when
breakdown occurs between parallel plates at an average gradient
of 30 kv. per centimeter, the actual gradient at the cathode
surface has been increased to much higher values, due to the
formation of a positive space charge there. This, then, provides
the positive ions there with sufficient ionizing energies. Accord-
ing to this, we must always look for non-uniform fields just prior
to spark-over—even between parallel plate electrodes.

The ionizing energy of a gas or vapor, which is the minimum
amount necessary to remove an electron from a neutral atom,
is usually expressed as Ve. e is the charge of one electron
and V is the ionizing voltage of the gas, or the potential that one
electron must fall through unimpeded before assuming a sufficient
velocity for dislodging an electron upon collision with the atom.
The approximate ionizing potentials of the common gases,
oxygen, hydrogen, nitrogen, and helium are, respectively,
13.56, 13.54, 12.2, and 24.48 volts. The ionizing potentials of
most metal vapors lie between approximately 4 and 10 volts.
The method of determining these potentials is roughly as follows:
The gas or vapor in question is placed in a discharge chamber and
a slowly increasing voltage applied to the electrodes. At a
certain voltage, a sharp rise in current occurs, indicating the
start of impact ionization. With this value of voltage, and
certain assumptions, the ionizing potential of the gas or vapor
may then be calculated.

The breakdown voltage gradient, whether it involves local
breakdown by corona or complete failure by sparkover, is usually
expressed for conditions of atmospheric pressure. This value
necessary for breakdown decreases with the pressure (except for
extremely low pressures), due to the improved facilities for
ionization. This follows because with decreasing pressure the
“mean free path’’ of the electron increases; that is, the greater

tLozs, L. B., Jour. Frank. Inst., Vol. 205, p. 305, 1928.
3 Loeb suggests a surface gradient as high as 300 kv. per centimeter,
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separation of the gas particles allows the electron to reach
greater velocities between collisions for the same field gradient.

In an extremely high vacuum where the gas particles present are
too few to take part in any ionization procéss, excessive gradients
are necessary for any breakdowns. In these cases, the charges
involved consist of electrons actually pulled from the electrodes.
In studies of this nature, Millikan has secured several spark-
overs requiring gradients as high as 6,000,000 volts per
centimeter.

With very short electrode spacings of a fraction of a milli-
meter, very high breakdown gradients may also be reached.
This is due to the hampering of the ionization process through
the actual limiting of the mean free parts of the ionizing bodies.

Ionization by Photoelectric Effect.—A condenser or electroscope
may be left charged in air a great length of time without con-
siderable loss or leakage. If, however, the surrounding air and
the terminals of the condenser or electroscope are subjected to
the action of X-rays, ultra-violet light, or radioactive substances,
the leakage becomes quite rapid. This is due to the gas becoming
conducting because of ionization by photoelectric effect.

This form of ionization is accomplished through the absorption,
by the gas molecules and by the metal molecules in the terminal
surfaces, of sufficient radiant-light energy to dislodge certain
electrons. In gases, radiations of very high frequency are
necessary in order to remove electrons completely from the
atoms. X-rays and gamma rays produce copious ionization in
gases, but ordinary ultra-violet light is effective in but a few gases.

Ultra-violet light is rather active in dislodging electrons from
metal surfaces by photoelectric effect, the action varying for
different materials. With the alkali metals, such as sodium,
potassium, etc., electron emission can be quite copiously created,
while for the non-metals, such as carbon, the effect only appears
with radiations of much shorter wave lengths.

Thermal Ionization.—When extremely high temperatures are
reached in a gas or vapor, thermal ionization may take place.
From the assumptions of the kinetic theory of gases, this form of
ionization really involves impact and radiation transfers of
energy. As a rule, physicists doubt the existence of true thermal
ionization in the usual laboratory discharges. K. T. Compton!
8ays:

i Comrrox, K. T., Trans. A.7.E.E., p. 882, 1027.
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As regards any direct effect of temperature on the ionizing potential
of the gas, this effect will probably be rather small because translating
degrees centigrade into volts, about 8000 degrees correspond to only one
volt. There are no laboratory experiments that reach a temperature as
high as 8000 degrees, so that the average energy imparted to electrons as
the result of high temperature or to the molecules by high temperature
would in general be only a fraction of a volt.

It would seem that in lightning strokes and in some eleetric
furnaces sufficient temperatures are undoubtedly involved to
make thermal ionization a factor.

The Creation of Negative Ions.—The ability of negative ions to
form depends largely on the nature of the gas or vapor involved.
Certain atoms have greater ‘“electron affinities’’ than others;
that is, they have a greater tendency to take hold of stray
electrons and thereby change themselves from the state of neutral
atoms to negative ions.

General Consideration of Ionization.—The whole ionization
process involved in any electrical discharge or breakdown is
sure to be quite complicated. It will probably involve all the
above forms of ionization to some extent.

The light created during any electrical discharge, most of which
is often invisible, is supposed to be the energy radiated when
electrons and ions recombine, or electrons drop back to inner
and more stable orbits within their respective atoms. Such
light energy, if of the proper frequency, may be absorbed by
neutral atoms in such a way as to cause electrons in them to be
displaced to outer orbits. With these excited atoms in such an
unstable state through this photoelectric action, the electrons
may be then more easily dislodged by collision, and ionization
brought about. High temperature may assist in the same man-
ner by creating excited atoms, and dissociating molecules into
atoms. Also collisions of insufficient force, in themselves, for
complete ionization may, nevertheless, add to this same atomic
instability. All these factors tend to lower the ionizing potential
of a gas.

Various Stages of Breakdown of Air.—The different forms of
breakdown of air are generally classified as coronas, glow dis-
charges, sparks, and arcs. It is often difficult to draw sharp
lines between these forms with respect to their electrical proper-
ties! as they share so many characteristics at times.

lcow. K- Tv. Tﬂmt. A.I.E‘Eu pl 868, 19“;
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Ares arc usually differentiated from sparks by considering
them as involving greater current densities with comparatively
lower voltage drops, although there are exceptions to this rule.
Physicists generally classify the two by considering the spark to
have the greater cathode drop while some add the stipulation
that the arc must have a negative volt-ampere characteristic.

The spectroscopist has differentiated between arcs and sparks
by means of the spectra produced. In general, the arc would be
defined as any discharge involving the excitation of lines or
bands in the spectrum indicating excited states of neutral atoms
or molecules, or possibly the first stage of ionization, the radiated
light energy being emitted by electrons falling back into more
stable orbits. Sparkswould be characterized as discharges produec-
ing spectra indicating higher stages of excitation and ionization, in
which greater voltage gradients and higher atomic energies enter.

A few laboratory discharges can be obtained having arc-like
characteristics which do not involve thermionic emission or
metal vapors. As a rule, most atmospheric arcs encountered
by the engineer incur both of these factors, electrons being
emitted from the heated negative electrode in the same manner
as from the hot filament of a vacuum tube, and metal vapors
being boiled off from both the electrodes. Metallic vapors are
particularly conducive to low-voltage characteristics, compared
to ordinary gases, as, in general, they have lower ionizing poten-
tials; they possess lesser electron affinities, thereby removing fewer
electrons from the discharge; and they have more elastic impacts,
thus absorbing less energy from colliding electrons and ions.

In ordinary alternating-current flashovers between points,
the first visible sign of air breakdown is the corona at the points.
The corona brushes increase in length as the voltage is raised,
and, if the electrode spacing is not much more than a foot in
length and circuit conditions are fairly stable, a faint glow-like
discharge appears at intervals completely across the gap when
a sufficiently high voltage is reached (see Fig. 74). Soon there-
after complete breakdown of the gap occurs. Recent work
with moving films and spectrograms! has indicated that this
breakdown is first in the form of an extremely brief, condenser-
like air spark which cores out a path for the low-voltage arc which
immediately follows. It is in this subsequent arc stage that
thermionic emission and metal vapors enter to take part in the
discharge.

1LusiaNaN, J. T., Trans. A.J.E.E., 1929, p. 246.



CHAPTER 1V
VISUAL CORONA
SUMMARY

Appearance.—If potential is applied between the smooth
conductors of a transmission line or between concentric cylin-
ders and gradually increased, a voltage is finally reached at
which a hissing noise is heard and, if it is dark, a pale violet light
can be seen to surround the conductors. This voltage is called
the critical visual corona point. 1If a wattmeter is inserted in the
line, a loss is noticed. The loss increases very rapidly as the volt-
age is raised above this point. The glow or breakdown starts
first near the conductor surface, as the dielectric flux density
or gradient is greatest there. As the broken down air near the
surface is conducting, the size of the conductor is, in effect,
increased by conducting corona. This increases for the given
voltage until the flux density or gradient is below the rupturing
gradient, when it cannot spread any more. If the conductors
are very close together, a spark strikes between them immediately
before visible corona can form. If the conductors are far apart,
corons forms first and then, if the voltage is sufficiently increased,
a spark strikes across. _

Whenever corona is present, there is always the characteristic
odor of ozone. Air consists of a mechanical mixture of oxygen
(0,) and nitrogen (N). When air is overstressed electrically,
the oxygen molecule is split up into O, when it becomes chemically
very active. The atoms again combine by the law of probability

0
into O = O, (Oy), the normal state, and / \_, (O;) or ozone.
0——-o0

Oxygen in the nascent state (O) also combines with metal, organic
matter, etc., if such are present. Ozone is also not stable and is,
hence, chemically active; it splits up as O, and O when the latter
combines readily with metals and organic matter. If the elec-
trical stress is very high, the oxygen enters into chemical combina-~

tion with the nitrogen, forming oxides. The energy loss by
48
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corona is, thus, in a number of forms, as heat, chemical action,
light, noise, convection, ete.

Alternating-current and Direct-current Corona.—When alter-
nating voltage higher than the critical voltage is applied between
two parallel polished wires, the glow is quite even, as shown in
Fig. 25. After operation for a short time, reddish beads or tufts
form along the wire, while around the surface of the wire there is
a bluish-white glow. If the conductors are examined through a
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Fic. 25 -—Alternating-current corona on polished parallel wires.

troboscope, so that one wire is always seen when at a given
half of the wave, it is noticed that the reddish tufts or beads are
formed when the conductor is negative and the smoother bluish-
white glow when the conductor is positive (see Fig. 26). Alter-
nating-current corona viewed through the stroboscope has the
same appearance as direct-current corona (see Fig. 27, direct-
current corona). The direct-current corona on the + wire has
exactly the same appearance as the alternating-current corona
on the 4+ half of the wave; the same holds for the — wire,
Further photographs are shown on pages 85 to 89.

Influence of Wire Spacing and Diameter.—For parallel
wires the gradient at the wire surface, and, hence, where the
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stress is a maximum and the “dielectric elastic limit” is first
exceeded, is

e _
L=9=, lo s/r (see (12¢) page 25)

where S and r are the spacing and radius in centimeters,
respectively.

Fra. 26.—Corona on parallel wires. Iron. TFirst polished and then operated
at 120 kv. for 2 hours to develop spots. Diameter, 0.168 cm. Spacing, 12.7
em. Stroboscopic photo., 80 kv.—60 ~. Stroboscope shifted 180 degrees for
second photo.

If eis e,, the observed voltage to neutral at which visual corona
starts, g, is the measure of the stress at breakdown. The
expression for this is therefore

&
9 = I Tog, 877
If the visual corona voltages are measured for a given ocon-
ductor at various spacings, it is found that g, is & constant,, inde-
pendent of the spacing except for extremely short spacings.
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Wire ‘‘dead’’-

Fie. 27,~Dirost-current corona on smooth wires by Watson. (Sce Fig, 79.)
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With regard to size of condyctor, it has long been known' that
air is apparently stronger at the surface of small conductors than
larger ones. Of course this does not mean that the voltage
required to start corona is greater for small wires than for larger
ones (it is, in fact, lower for small conductors at a given spacing),
but that the term g, or unit stress in the expression

ey = ¢, T loge S/

is greater for air around small conductors than large ones.
During our first investigations,* to be described later, it was

found that the relation between the apparent strength of air

and the radius of the conductor could be expressed by the simple

formula
0.301
v = (o 1
. =0(1+°0])

where g, is a constant equal to about 30 kv. per centimeter.
This means that the stress at the conductor surface at breakdown
is not the same for all diameters, as already stated, but is always

constant at a distance a = 0.301 \/r em. from the surface (sce

page 57).
By substitution then
0.301 .
e, = 30 (1 + \/> r log. 8/r crest kilovolt to neutral
r
or for a sine wave
0.301 . .
e, =212 (1 + \/—~ r log, S/r effective kilovolt to neutral
r

Very Small Spacings or Films.—If conductors are placed
closer together than this necessary free accelerating or ionizing

distance, 0.3014/r em., the rupturing force or gradient must be
increased. This will be better illustrated by later experiments,
in which at small spacings air has betn made to withstand
gradients as high as 200 kv. per centimeter.

Air Density.—Thus far the discussion has been limited to air
at a constant density, or in other words, constant temperature
and pressure. All breakdown values have been assumed to be at
standard sea level conditions (.e., 25°C. and 76 cm. barometer),
where the air density factor § is taken as equal to unity (1.0).

" 1Ryan, H. I, Trans. A.LE.E., p. 275, 1904.
2 PeBk, F. W., “The Law of Corona, 1,”” Trans. A.I.E.E., p. 1889, 1911,
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Air at other densities is expressed as a fraction of this, that is,
the relative density for any temperature or pressure is
5o 392
273 + t
Yor instance, if the temperature is kept at 25°C. and pressure is
reduced to 38 cm.
5 = 392 X 38
273 + 25
It has been found, experimentally, that the factor a referred
to in the previous section varies with the air density as follows:

V'

a = 0.301 - ’ cm.

/8

0.301
e, = 306( 1 S
g < + \/6r>

The equation for visual critical corona voltage may now be
written

= 0.50 or ; atmosphere

so that

e, = ¢y,0r log, S/r = g,6 (1 + 0\/32—1) r log. S/r kv.  (20)
r

where e, is kilovolt to neutral, g, equals 30 for crest values and
21.1 for effective sine wave values.

Conductor Surface, Cables, Material.—For rough or weathered
conductors, corona starts at lower voltages. This is taken care
of by the irregularity factor m,. For cables and weathered
wires the complete formula becomes

e, = mydg, r log, S/r
For the same surface condition, the starting point is independent
of the conductor material.

Oil and Water, Current in the Conductor, Wave Shape, Etc.—
Water, sleet, and snow lower the visual corona voltage.

0il on the conductor surface has very little effect.

Humidity has no effect upon the starting point of visual corona.

Initial ionization over a considerable range has no appreciable
effect at commercial frequencies.

Current in the wire has no effect except that due to heating of
the conductor and surrounding air.

Wave Shape—The corona point at commercial frequencies
depends upon the maximum value of the wave. When results
are given in effective volts, a sine wave is assumed. With peaked
wave, corona starts at a lower effective voltage than with a
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flat-top wave. Direct-current corona starts at a value corre-
sponding to the maximum of the alternating-current wave or 41
per cent. higher than the effective alternating-current critical
voltage.! See appendix for further data.
The above summary will now be taken up more in detail and
experimental proof given.
EXPERIMENTAL STUDY OF VISUAL CORONA

Effect of Spacing and Size of Conductor.—The visual critical
voltage, or voltage at which visual corona starts on polished
conductors of a given diameter

Shield for Small Wire N .
% w and spacing, at constant air
density, can be repeatedly

Shield for Large Wire checked within a small percent-
%9 mg:&“ age. Visual tests were made
D on two parallel polished con-

ductors supported indoors on
wooden wheels in a wooden

/ framework. The wires were
O O not allowed to come directly in

J

contact with the wood but
rested on aluminum shields (see
Fig. 28). The object of the
o = shields was to prevent the glow
at low voltages which would
take place if the wires came in
contact with the wood. The
\L tests were made in a dark
O o / room, and method of procedure
was as follows: Conductors of a
given size were placed upon a
- framework; voltage was ap-
Fro 6—Wire support for vieusl plied and graduslly increased
until the visual eritical corona
point was reached. Critical points were taken at various spacings
and recorded as in Table I. Unless otherwise stated tests were
made at 60 ~,
As the visual critical voltage e, is the voltage at breakdown
of the air, the surface gradient corresponding to this voltage must
be the stress at which air ruptures. This is called the visual

! PeEK, “The Effect of High Continuous Voltages on Air, Oil, and Solid
Insulation, Trans A.1.E E., p. 783, 1916,
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critical gradient g,. Where the -wires are far apart or S/r is large
de €

dr =9 = r log. S/r

where
e, = the (maximum) voltage to neutral
r = radius of the conductor in centimeters
S = distance between centers of conductors in centimeters

Values of gradient calculated for a given conductor at various
spacings are given in Table I (see Fig. 29). It is seen that the

§ 110 g

é 100 = - 3 § 80

& 90 > 70

o e

s Leol—

£ E

i 3

o o

3 50 00 5 10
:g Spacing-S- om ,;:: Radius of Outer Cylinder -R-cm
o (@) < (h)

Fia. 29(a).—Variation of visual F1a. 29(b).—Variation of visual crit-
critical gradient  with spacing. ical gradient with radius of outer cyl-
(Parallel wires. Diameter constant inder. (Concentric cylinders. Diam-
= 0.034 cm.) cter of inner wire constant = 0 118 cm.)

TasLe 1.—VisuaL CrITICAL VOLTAGES AND g, WITH VARYING SPACING AND
CoNSTANT DIAMETER
(Polished Parallel Copper Conductors—Diameter 0.0343 cm.—60 ~)

ey kilovolts between con- | ¢, kilovolts between con- ov kv /em
¢ em. ductors (effective) ductors (maximum) (maximnum)
A

2.54 12.1 17.0 99.5
2.93 12.4 17 4 99.0
3.18 12.5 17.7 98.5
3.81 13.0 18.4 99.0
4.45 13.5 19.0 99.5
5.08 13.8 19.4 100.0
5.73 14.0 19.8 99.0
7.62 145 205 99.0
15.2 16.0 22.6 97.2
30.5 17.7 25.0 97.2
45.6 18.7 26.3 96.1
61.0 19.4 27 .4 98.0
108.8 20.6 29.0 97.2
Average, 99.0
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breakdown gradient is constant, or independent of the spacing.

This test was repeated for various diameters.

The values of the

gradients are tabulated in Table II and plotted in Fig. 30.

TaABLE 1I.—VARIATION OF g, WITH DiAMETER oF CONDUCTORS

(Average Values for Polished Parallel Wire.

60 ~.

Corrected to 25 deg. C.

76 cm. Barometric Pressure)

de g ' de _ v
Diameter, a7 i Diameter, ar 7 .
cl:: i kv /em | Material cm., kv./em. Material
(ma'xunum)l (maximum)
: A
0.0196 116 ( Tungsten 0.2043 59.0 Copper
0.0343 99 Copper 0.2560 57.0 Aluminum
0.0351 94 Copper 0.3200 54.0 Copper
0.0508 84 Aluminum 0.3230 50.5 Copper
0.0577 82 Aluminum 0.5130 49.0 Copper
0.0635 81 Tungsten 0.5180 46.0 Copper
0.0780 76 Copper 0.6550 44.0 Copper
0.0813 74 Copper 0.8260 42 5 Copper
0.1637 64 | Copper 0 9280 41.0 Copper
0.1660 64 / Iron ]
1207 — - ey
oot T O S R I A I I
100 Visual Critical Gradient
Two Paralle] Wires
T =at Mem b and 23°C = 2
§ %0 g: :lVoIn::e Grl‘lldlc':nckv/;:;(x * :‘)
£80 - 3
g 0 I '——- - - L
e wo —
N P~
gso o—1{ — L
2 tol—— el |
2
S0
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i)
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Diameter in ems

Fia. 30.—Variation of visual critical gradient with size of wire.

The gradient at breakdown at the conductor surface is not
constant with varying diameters, but increases with decreasing
diameters of conductors—in other words, air is apparently
stronger at the surface of small wires than large ones.

‘The apparent increase in the dieleetric strength of air surround-
ing small conductors was explained years ago as due to a con-

densed air film at the surface of the conductor.

If this were so,
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a higher critical gradient would be expected for tungsten than
for aluminum. That is, the air film should be denser around the
denser metals. These experiments show that the gradient is
not affected by the material or density of the conductor.

The explanation first offered in Law of Corona I,! before the-
development of the electron theory to its present state, was that
the air at a given density has a constant strength g,, but that
energy is necessary to cause breakdown or start corona. The air
must be stressed over a finite distance at a gradient of g, or
higher. For a radial field it must, therefore, reach a gradient
g» to cause a gradient of ¢, a finite distance away. The distance
between g, and ¢, was called the energy distance. In terms of the
electron theory, the reason is probably due to the behavior of the
ionization process under the changing electrostatic field condi-
tions with a decreasing conductor radius. The electrons and
ions involved have finite sizes and mobilities, so that it is con-
ceivable that below certain conductor sizes the breakdown
process, particularly collision ionization, should be sufficiently
impaired as to require increasingly higher surface gradients for
starting corona. The radial field extending out from a conductor
would, of necessity, require that the surface gradient itself be
sufficiently greater than the breakdown gradient for a uniform
field, in order to allow the field for a certain distance out to
assume breakdown proportions. Interesting linear relations
for such radial distances at breakdown have been found from the
experimental data obtained.

Just before rupture occurs the gradient at the conductor sur-
face is

Cp
00 = 1 log, S/ @)

the gradient a cm. away fromn the surface is

€y
9 = G +a) log. 8/ 22)
Theoretically, onc is also led to believe

(r)

I

a

€y
or 9o = (s +9(r) lor S/7 )
It now remains to test this out experimentally and find ¢(r).
1Prek, F. W, Jr., Trans. A.l.E.E., p. 1889, 1911,
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The equation of the experimental curve is found to be
0.301
g = g0 (1 + a/3/r) = 29.8(1 +05 )
Substituting (24) in (21)
0.301 e,
g°<l + \/r) " rlog. S/r
€,
° = (r+ 0.3014/7) log, S/r

(24)

9y

9y
) L k
'Jl(éﬁ 4}1}1/7

Fic. 31 —y, and g. for small and large wires.

Thus the experimental values bear out the above theory
a = ¢(r) = 0.301/r
g = 29.8 = constant
That is, at rupture the gradient a finite distance away from the
conductor surface, which is a definite function of r, is always
constant (see Fig. 31).

0.301 .
v = 29. —- . t
g 29 8(1 + r ) kv. per centimeter

Fra. 32.—Apparatus for determining the visual corona voltage in concentric
cylinders.

A similar investigation made on wires in the centers of metal
cylinders (see Figs. 29 and 32) shows, as above, that the visual
critical gradient g, increases with decreasing radius r of the
wire, but is independent of the radius R of the outer cylinder:
The relation between.r and g, is given in Table V. For a wire in
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the center of a cylinder, the gradient g, is slightly higher than
for similar parallel wircs, apparently duc to the fact that the
field is everywhere balanced for a wire in the center of a cylinder,
which is not the case for parallel wires. The expression for the
apparent strength of air for a wire in the center of a cylinder is

0.308
= kv. i
0o 31(1 + \/r) v. per centimeter

The method of reducing the results to equations was as follows:
Various functions of r and g, were plotted for parallel wires from

120 [ 1771 11 A
T 1A
L 100]— P
g 10 o
[} <
~ it
g% A
= L
[ Visual Oritical
2 7 Mathod of nc.mcx?{i‘exﬁﬁfm
M g b5 between g, 7
» (” -
LY
20 .
0 1 2 3 1 6 5 10
— [pincms,

Fi1c. 33.—Relation between g, and \}'-
Table II, until it was found that a straight-line law obtained
between g, and 1/+/r. All values of g, and 1/4/r were then
tabulated as in Table III and plotted as in curve (Fig. 33).
Points varying widely from the average straight line were then

TaBLE III.—RELATION OF VisuAL CrITiCAL VoLTAGE GRADIENT

T0 RapIUS
(Experimental Values Corrected to 76 ¢cm. Barometer and 25 deg. C. Parallel
Wires 60 ~)
gv : 1 o | . 1
Iiiameter, kv /em. Radius, ';/ r_ Iiameter, Ly /em. Radius, ':/‘;
cm. (inax.) r = cm. em. 7‘ em. (max.) | r = cm om.
3 '—‘-— e e s
0.0196 | 116.0 0.0098 | 10.10 || 0.202 59.1 0.101 3.13
0.0343 99.0 0.0172 7.65 || 0.257 56.7 0.128 ¢ 2.76
0.0350 94.0 0.0175 7.58 || 0.320 54.3 0.160 2.51
0.0508 84.0 0.0254¢ | 6.27 || 0.322 49.6 0.161 2.51
0.0577 81.8 0.0288 5.90 || 0.513 48.8 0.256 2.01
0.0635 81.0 0.0317 | 5.64 || 0.518 44 .5 0.259 1.94
Q.078 76.0 0.0390 | 5.08 || 0.655 43.7 0.327 1.82
0.0813 73.5 0.0408 4.96 || 0.826 42.2 0.413 1.57
0.1635 '63.8 0.0818 | 3.51 (| 0.928 40.6 0.464 1.44
0.1660 63.4 0.0830 | 3.45
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discarded as probably in eaperimental errov. The remainng
points were then divided into two equal groups and tabulated as
in Table IV.

TasLE IV.—RELATION OF g, AND \/
r

(Showing XA Reduction)

' ! ]
# vr \r
99 7 65 j 59 0 313
82 5 90 - 510 2 51
81 5 64 ' 50 5 2 51
76 5 08 49 0 2 01
74 4 96 ‘ 410 1 44
412 =29 23 253 5 =11 60
AZ 158.5 as | 17.63
gv = X, = = .0
v _\/7
3z 665.5 sz ! 40.83
gv = . = .
v \/r
158.5
= = 0.00
= 1763
665.5 — (9 X 40.8
g = U6RAT (O XA0R_ o0g
10
Y [y 9
Therefore gv = 20.8 + i
;
0.301
=208 {1+ ——
Vr

In order to give proper weight to the points, the ZA method was
used in the evaluations of the constants for the equation above.
This method of reduction, which is self explanatory, is very
convenient and especially suitable where a large number of
experimental points have been obtained, in which case the results
are as reliable as, or more so, than when few points are taken and
the unwieldy method of least squares used.

Table V shows the relation of gradient to radius for
concentric cylinders.
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TaBLE V.—RELATION OF VisuAL CritTicanL VoLTack GRADIENT To Rapius
(76 cmi. Barometer—25 deg. C.—Concentric Cylinders)

| |
~ WL
Radius ‘:’: R d.el! rem ag” R d.c.
r om. kv./cm. em. k\'.”/’,(‘m. ’ kv. em ’ em, kv‘.,;cm,
(max) (max ) i
- I T o
©
0.059 | 70.4 - 69.0 | 0.327 | 48.1 2 42.0
0.103 | 60.7 . 59.5 | 0476 | 449 | B 39.0
0.127 | 58.4 T 55.5 | 0.794 | 419 | & |.........
0.120 | 53.6 2 545 | 0953 | 41.2 | R ........
0.190 | 52.7 » 49.5 1.113 | 39.7 | 3.81 |.........
0.199 | 52.7 & 48.5 1.270 | 39.2 | 3.81[.........
0.206 | 51.6 % 47.5 1.588 | 38.4 | 3.81 | .........
0.254 | 49.9 @ 445 1.905 | 37.8 | 3.81 i.........
0318 | 47.1 43.0 | 2.540 | 350 |. .. ; .........
t

1 Direct-current values from Warson, Jour. I. E. E., Fig. 21, June, 1910

Some investigators have found a maximum difference of 6 per cent
between the (4) and (—) corona starting voltages. The difference is
generally small and there is usually fair agreement between direct current
and maximum alternating current. See additional data in appendix.

Visual Corona at Very High Voltages.—Since establishing the
above laws of corona, the author has made tests on parallel
conductors of over 8 cm. in diameter and at voltages exceeding
1,000,000.! Over this large range the calculated and measured
voltages check very closely as will be seen by the tabulation of
this data in the appendix, page 396 (see Fig. 68).

Temperature and Barometric Pressure.—The density of the
air varies directly with the pressure, and inversely as the absolute
temperature. In these investigations the air density at a tem-
perature of 25°C. and a barometric pressure of 76 cm. has been
taken as standard. If the air density at this temperature
and pressure is taken as unity, the relative density at other tem-
peratures and pressures may be expressed in terms of it, thus

 — 0:00465b
273 4+t
where  w = the weight of air in grams per cubic centimeter
b = barometric pressure in centimeters
t ='temperature in degrees centigrade

! Peex, F. W., Jr., “Tests at 1,000,000 Volts,” Electrical World, Dec. 31,
1921.
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At 25 °C and 76 cm. pressure
0.00465 X 76 _ 001185 gram

W25° - 76em. = 273’”_; 25
w at any other temperature and pressure is
we = 0‘004§§b
273 + ¢
__we  _ 000463 _ 39% _
W25 - 78em. (273 + )0.001185 273 + ¢
5 = __3.92b
273 + 1)

go should vary directly with the air density factor &; g,, how
ever, should not vary directly with §, as the thickness of the
ionizing film should also be a function of 5. The equation for
g» should take the form

= 0. (1+ 5557) (25)

Whether 6 is varied by change of temperature or air pressure,
the effect should be the same as long as the temperature is not
80 high that the air is changed or affected by the heat, as ioniza-
tion, ete.

Temperature.—A series of experiments on visual corona was
carried on over a temperature range of 20 to 140°C. The appa-
ratus is shown in Fig. 32. It consists of a polished wire in the
center of a brass cylinder. The cylinder was placed horizontally
in a large asbestos lined ‘“‘hot box,”” heated by grids at the
bottom. In order to get uniform temperature, the cylinder
was shielded, and time was allowed to elapse after each reading.
Temperature was observed by a number of thermometers dis-
tributed in the hot box.

After the heating became uniform, voltage was applied and
gradually increased until the glow appeared. The central con-
ductor was observed through a window placed in the front part
of the box so that the whole length of the conductor could be seen.
It was found that it made no appreciable difference in the starting
voltage whether or not the box and tube were ‘“‘aired out’’ after
each test.

Three sizes of brass cylinders were used having inside radii of
8.89, 5.55, and 3.65 cm., respectively. The central conductors
ranged in size from 0.059 to 0.953 cm. radii. Tables VI and VII
are typical data tables.
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TABLE VI.—VARIATION OF STRENGTH OF AIR WITH TEMPERATURE
_ For Polished Copper Tube Inside of Brass Cylinder
r =0953 . R = 5.55 cm. Tests at 60 ~

Ohserved values Calculated from equation

eﬁz:i‘ve T?:l;p' b om. 8 gv(max.) ‘ ¢'v(max.)
48.5 18 75.4 1.016 40.7 41.4
46.5 37 75.4 0.954 39.1 ' 39.1
45.2 50 75.4 0.915 38.0 37.7
43.4 66 75.4 0.873 36.5 36.2
41.0 85 75.4 0.826 34.5 34.5
30.6 | 100 75.4 0.793 33.3 33.3
37.6 119 75.4 0.754 31.6 31.9

TaABLE VII.—VARIATION OF STRENGTH OF AIR WITH TEMPERATURE
For Polished Copper Tube Inside of Brass Cylinder

r = 0.476 cm. R = 5.55 cm. Tests at 60 ~
Observed values Calculated from equation
I e
eﬁelfat‘.'i.ve ¢ b ,' 8 go(max.) ¢'»(max.)
| —_—
41.0 | —13 75.5 | 1.139 49.6 50.0
40.0 0 75.5 1.084 48.3 48.0
37.0 20 74.9 | 1.001 44 8 44 .9
35.7 41 755 | 0.942 43 2 42.7
332 | 70 75.5 | 0.863 | 40.1 39.7
31.5 87 7%.5 0.823 38.1 38.1
20.5 121 75.5 | 0.753 35.7 35.4
28.7 130 75.5 l 0.734 34.7 34.7
. |

Columns 1, 2, and 3 give observed values. The gradient at the
surface of the inner cylinder is

e
9= 710861—'37_7;

Column 5 gives the surface gradient for the voltage e, calculated
directly from observed values. It can be seen, from the data,
that g, for a given r varies with & but is independent of R or 8.

By XA reduction of all of the data, the following equations
connecting g, with » and & were obtained:
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For Concentric Cylinders.
gv = 3]6( 1+ 0 308) kv. per centimeter maximum  (25a)

For Parallel Wires.
y = 29.86(1 + 0. 301) kv. per centimeter maximum (25b)
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Fia. 35—ZEffoct of temperature on the strength of air. (r = radius of wire
in cm. X mecasured values. Drawp curves calculated.)

Referring to the tables, column 6 gives values of g, calculated
from equation (25a). By comparing with the experimental
values in column 5 it is seen that the difference is generally less
than 1 per cent.

go has a slightly higher value for wires in a concentric cylinder
than for parallel wires. This does not mean that the strength
of air differs in the two cases. For a wire in a cylinder, the field
is balanced all around and should give more nearly the true value.
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In Figs. 34, 35, and 36 the drawn lines are the calculated values,
while the crosses are the observed values.

Barometric Pressure.— It will be noted in Fig. 36 that while the
calculated curve is almost a straight line down to § = 0.5, below
this point there is a decided bend to zero. The lower part of this

W ‘ﬁ:“\'
Aao f’

g 70 —
. 60 =] :

2 ; cfoe
-50 5
b e -
540 A //,
S % -

20— LA

/
w4

00 Jd .2 .84 5.6 '76'8 9 1011121314

Fi1a. 36.—Effect of temperature on the strength of air. (X measured values.
Drawn curves calculated.)

curve was drawn from calculations. In order to check experi-
mentally the above law over a wide range of §, and also to show
that the effect was the same whether the change was made by
varying temperature or pressure, tests were made over a large
pressure range. A glass cylinder lined with tin foil 7.36 cm, in

[mIay,

|

] Tin-Foll H

Terminal

Rod

I 19.7 cm gl To Alr
Pump
1 Wooden Support ]

Fia. 37.—Apparatus for determining the effect of pressure on strength of air.

diameter with a small slit window in the center was used for
this purpose (see Fig. 37). Tests were made on wires 0.508 to
0.157 em. in diameter, and a pressure range of 1.7 to 76 cm.
Téble VIII is typical of observed and calculated values. Fig.
38 shows how these follow the previously predicted curve. A
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XA reduction of the values also confirms the above formula.
For concentric cylinders

0.308

T'or parallel wires
0.301 )
go =306(1 + _\75r max. kv. per centimeter

: > max. kv. per centimeter

aBLE VIil. —~VARIATION OF STRENAGTH OF AIR WITH I’RESSURE
Diameter of Brass Rod = 0.381 em. in 7.3G-cm. Diamecter Glass
Tube Covered with T n Foil-—60 ~

» s w ., caleulated
Pres. Volta Temp ! & = u" g» max, I gr max ?)';‘(‘)1: ©
abs. read deg. ¢ _3.92 o R T measured ’ 315(1 + Vir
em. Hg (eff) } 278 + ¢t kv./cem. (efl ) kv./em. | kv./em.
5.3 2,880 27.0|0.069 5.08 7.19 7.80
10.7 4,580 | 24.0/0.141 8.09 11.45 12.40
11.2 4,920 | 27.0({0.146 8.68 12.28 12.15
19.3 7,400 | 27.0]0.252 13.06 18 47 18.58
27.7 9,650 | 27.0|0.362 16.87 23.85 24 06
36.6 12,000 | 27.0:0.478 21.20 30.00 29.60
46.4 14,450 | 25.0(0 612 25 50 36.07 35 70
47.0 14,600 27,0|O.614 25 80 36 50 35 80
55.7 16,300 27.0 | 0.728 28 80 40.75 40.75
60.0 17,760 | 25 5,0.792 31.35 44 .30 43.50
66.0 18,400 | 27.010.867 32 50 46 00 46.75
75.0 21,100 25.0;0.997 37.25 1 5270 52.25
1] - T T -
ST .
: 5 WimEI:nanu-.'.:‘ul n‘ml
g o = Experimental Values >
E 9 | Drawn Curve -Culculated Values /‘)‘
H o
£ a5 P
2% e
id25 P g
W 1
k P
= 1
;15 v 2] .
1o ]
b
0 Jd .2 .8 K] N .8 .9 10

B g 0
B

Fia, 38.—Effect of pressure on the strength of air,
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The above equation was afterwards verified by other research
workers' and found to hold down to a few centimeters pressure.
S. Whitehead has plotted the results of several of these observers!
(see Fig. 39) to show this relation between the surface gradient
of a wire in a cylinder and pressure with various gases. The
rate of increase of the dielectric strength with pressure is seen
to vary for the different gases which would thereby introduce
different constants into the 55000
above equation. The effect '
of polarity wiil be discussed
later (see page 166) as well 45000
as the apparent anomalies

50,000

E 40,000
existing in the breakdown of §
35,000
gases (see page 167). ="-’g;
Electric Strength of Air . 30,000
Films.—It is interesting to =3 25000
speculate what will happen at 20000
very small spacings or when '
the distance between conduc- 15,000
tor surfaces is in the order of 10,000
a (see Fig. 40). 5000 L
As the free “accelerating’’ 12468 ',fmfm w B0

lonlmng ' distance is then ‘14. 39.—Relation between d.c. surfaco
somewhat hmlted a greater broukdown gradient of wire in cylinder
force or gra.dlent should be @ and pressure, for various gases and polar-
required when the distance '
between the conductors approaches a. Experiments were made
to determine this, using spheres as electrodes. The ideal elec-
trodes for this purpose would be concentric cylinders, but the use

L. z ]
i N s
/\' E}_.:a - 2147 (\"\) (:'LJQ (QO
. ) 2 2a 54£Lu;aamm
Fra. 40

of these, as well as parallel wires at small spacing, seemed im-
practicable. Spark-over and corona curves were made on spheres

! WHITEHEAD, 8., “Dielectric Phenomena, Electrical Discharges in
Gases,” p. 99, Ernest Benn, Ltd., London.
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ranging in diameter from 0.3 to 50 cin. and spacings from 0.0025
to 50 cm. This discussion applies only to spacings up to 2R where
corong cannot form. '

In these tests a 60-cycle sine wave voltage was used. For the
small spacing the spheres were placed in a very rigid stand. One
shank was threaded with a fine thread, the other was non-adjust-
able. In making a setting the adjustable shank was screwed in
until the sphere surfaces just touched, as indicated by completing
the circuit of an electric bell and single cell of a dry battery.
A pointer at the end of the shank was then locked in place, after
which the shank was screwed out any given number of turns or
fraction of turns, as indicated on the stationary dial. For
larger spacings other stands were used.

A typical spark-over spacing curve and corona spacing curve
is shown in Fig. 41. Theoretically, up to a spacing of 2R, corona
cannot form, but spark-over must be the first evidence of stress.

]
,_‘_|3<ef72/___
LA Lbrop ! L]
LT |
VisublCoporla = l:
- Before ¥purk L~ s8R [
§ pl: mi
& 3
5 2R 3
T/ ] P 8
3 TR [ Goren
Spacing - X=- Spacing - X'=
F1a. 41.—Variation of corona and spark- Fic 42.—Variation of strength
over voltages with spacing for spheres of air with spacing for spheres.

Practically, corona cannot be detected at 60~ until a spacing
of 8K is reached. This is because, up to this point, the difference
between the corona starting points and the spark point is very
small. Above 8R the spark-over curve approaches a straight
line, as in the case of the needle gap curve. The corona curve
above 2R and the spark curve below 2R are apparently continu-
ous. The gradient curve (Fig. 42), is calculated from the voltage
curve (Fig. 41). Where the spacing is less than 0.54/R, the
gradient increases first slowly and then very rapidly with decreas-

ing spacing. Between X = 0.54+/R and 2R the gradient is very
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nearly constant. Above about 3R spacing the gradient appar-
ently increases. This apparent increase 1s probably due to the
effect of the shanks, etc., which become greater as X is increased.
The effect of the shanks 1s to distribute better the flux on the
sphere surface and cannot be taken account of in the equation
for gradient. This was shown experimentally by using different
sizes of shanks at the larger spacing. Thus, when the spacing
is greater than 3R, the sphere is not suitable for studying the
strength of air, as the gradient cannot be conveniently calculated.
It is, hence, not a suitable electrode for studying corona, as
corona does not form until the spacing is greater than 2R.
The maximum gradient at the surface of a sphere (non-grounded)
may be calculated from the equation.?

E .
g = ‘Xf (13a)

where X is the spacing
E the voltage

x X 2
= 1/4( "~ ‘
f=1 (R +1+‘/(1c + 1) + 8)
The gradient for the non-grounded case may be conveniently
calculated by use of the table on page 28. The gradient on the

line connecting the sphere centers at any distance a from the
sphere surface may be calculated from the complhcated equation?

[elx s 0 ol -0 )

) S C R A )
? X[ [x:7+ 1~ 4(5 - o) (-] 0

2

Some of the experimental values are given in Tables IX and X.
Typical voltage gradient curves are shown in Figs. 43, 44, and 45.

t DAN, G. R.,G. E. Rev, Vol XVI, p. 148, 1913.
2 DgaN, G. R., also Phys. Rev., December, 1912, April, 1913.
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TaBLE IX.—SPARK-OVER OF SPHERES AT SMALL SPACINGS
Brass Spheres B = 3.33 cm., Diameter = 2-5/8 in.—60 ~

X Spacing emoz. * Omes-
T - ﬁiﬁ’—"—‘ -y X/R
In. Cm. (corrected) | kv-/em.
0.001 |0.00254 1. 0.497 196.0 0.00076
0.002 | 0.00508 1 0.729 143.6 0.00152
0.003 | 0.00762 1. 0.899 118 1 0.00228
0.004 | 0.01016 1. 1.07 105.2 0.00305
0.005 | 0.0127 1. 1.17 92.3 0.00382
0.010 | 0.0254 1 1.52 60.0 0.00764
0.020 | 0.0508 1. 2.62 51.8 0.01528
0.040 | 0.1016 1. 4.62 45.9 0.03056
0.075 | 0.1905 1. 7.66 41.0 0.05730
0.100 | 0.254 1. 9.77 39.5 0.0764
0.200 | 0.508 1. 17 50 36.3 0.1528
0.300 | 0.762 1. 25.00 35.4 0.2292
0.400 | 1.016 1. 32.00 34.8 0.3056
0.500 | 1.270 1. 39.20 34.9 0.382
TaBLE X.—SPARK-OVER OF SPHERES AT SMALL SPACINGS
Brass Spheres & = 12.5 cm., Diameter = 9.84 in.—60 ~
X Spacing
C:mz. gmar.
-\_/?.s(ﬂg_f-) Uy X/R
In. Cm. (corrected) | kv./om.
0.005 0.0127 0.807 1.023 1.116 87.9 0.00101
0.010 0.0254 1.220 1.021 1.689 66.5 0.00203
0.020 0.0508 2.050 1.031 2.849 55.9 0.00406
0.040 0.1016 3.38 1.022 4.68 46.2 0.00813
0.100 0.254 7.03 1. 9.75 38.6 0.0203
0.200 0.508 12.54 1.012 17.44 34.8 0.0406
0.300 0.762 17.91 1.016 24.92 33.5 0.0609
0.400 1.016 22.82 1.010 31.76 32.0 | 0.0812
0.500 1.27 27.63 1.010 | 38.67 31.5 0.1016
1.000 2.54 53.0 1.000 74.90 31.6 0.2032
1.500 3.81 75.3 1.000 106.30 30.9 0.3048
2.000 5.08 96.4 1.000 136.20 30.5 0.4064
2.500 6.35 117.4 1.000 166.00 30.7 0.5080
3.000 7.62 139.2 1.000 196.90 31.2 0.6096
3.500 8.89 158.0 1.000 223.40 31.3 " 0.7112
4.000 |10.18 174.9 1.000 247.10 31.0 | 0.8128
4.500 |11.43 190.8 1.000 269.50 31.0 | 0.9144
5.000 12.70 203.6 1.000 287.20 30.8 1.0160
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In Table XI are tabulated, for different sizes of spheres, the
spark-over gradient at the constant part of the curve, the aver-

age gradient between X = 0.544/R and X = 3R, and the approxi-
mate minimum spacing at which the gradient begins to increase

TABLE XI.-—MAxiMUM RUPTURING (GRADIENTS FOR SPHERES

(Average for Constant Part of the Curve)

R Spacing X, whero gs begins g, max kv /em. for constant
Radius in cm to mncrease (cm ) part of curve
0 159 018 63.8
0 238 0.25 55.6
0 356 0.26 51.4
0.555 0.40 46.9
1.270 0.51 40.0
2.540 0.85 36.8
3.120 ' L. 35 8
3.330 0.95 3t 8
6.25 130 32.5
12.50 20 31 3
25.00 30 0

ST ] ! [

60 — f-—
.55 —
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E‘(br— =T
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30 1 2845 67 891104021
Radius in cms.

F1a. 48.—Variation of the apparant strength of air with sphere radius.
Points measured gradient from constant part of ourve. Drawn curve,
calculated from equation (27).

in value. The gradient-radius curve is plotted in Fig. 46. This
curve i8 very closely given by the equation

o

gs = ga(l + R (27)
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which has exactly the same form as the similar curve for cylinders,
The value of g, is, however, lower than for the balanced field of a
wire in a cylinder.

0.308

For a wire in a c¢ylinder g, =31 ¢, = 31<1 + 7;«) (25a)
.301

For parallel wires go =30 g, = 30<1 + 9\__/%) (25b)

27.2 ¢, = 27.2(1 + 9\'—%) (28)

]

For spheres Jo

It is probable that the average breakdown gradient of air is
31 kv. per centimeter, as represented by the balanced field. It
is apparently less for parallel wires due to the unbalanced field
and still less for spheres where
the field is unbalanced to a £20 - el

. 218 P
greater extent. by 1
The curve between the §1:4r

sphere radius and the ap- %12
$ L0] 5

proximate minimum spacing ¢

below which the gradient be- 2 o —

gins to increase appreciably ; 7

is plotted in Fig. 47 from 0

Table XI. The curve is rep- 0123 433““6. " Cesnti’mt?e:ll 211
resented by the equation F1a. 47.—Sphere spacing below which

apparent strength begins to increase.

X =054vR  (29)
which means that when the spacing is less than 0.54\/!7 the
gradient increases in value, at first slowly, then very rapidly.

It is now interesting to investigate the meaning of equation
(27). In Fig. 48 the exact gradient is plotted from equation (26)
for different distances from the sphere surface on the line con-
necting the centers and at given spacings as indicated by the small
diagram in the upper corner of the figure. It is seen that for
small distances from the sphere surface, the curves for the differ-
ent spacings fall together. Over the small range the gradient
g. at any point a centimeters from the sphere surface on the
center line may be found approximately from

0= rram (X7 (30)

The only reason for giving this approximation, which holds
only for very small values.of ¢ and is only true when a = 0, is



74 DIELECTRIC PHENOMENA

that (26) is too complicated to handle. The error due to this
approximation is shown in Table XTI.

TasLe XII
R = 1.27 em. R = 12,5 cm.
Energy distance, ¢ = 0. 27vR = 0.3 em ! Energy distance, « = 0.95 cm.
- : — *
’ anct. ! Appmx : X ! o E?::\'N ! Ap?;:"ox. X
0.0 39.9 l 39 9 0.76 |; 0.0 31 3 31.3 4
0.1 34.6 34.0 | 0.7¢ 0.2 30.3 30.3 4
0.2 31.9 30 0 | 0.76 “ 04 29 5 29 .4 4
0.4 29.7 241 | 0.76 ‘ 0.6 28.6 28.5 4
, ‘ , 08 28.3 | 271.7 4
0.0 39.9 39 9 | 1.21 , 1.0 27.5 26.9 4
0.1 34.2 | 33 4 121
0.2 30.5 | 205 | 1.21 00 31.3 31.3 10
0.4 26.5 23 7 1.21 || 02 30.3 30.3 10
\ 0.4 205 | 29.4 10
. i 0.6 28.6 28.7 10
| | 08 28 0 27.7 10
! i L 10 275 | 26.9 10
i 1
Then
E R
g = E—«‘—;—f = %( f) exact mathematical (13a)
- < ) experimental for approximately
& g.,(l + R) constant part of curve (27)
E R . .
Ja ( E+20)\X f approximate mathematical (30)

Equating (13a) and (27)
B -afir 3
= wr v
which is the same for:m as (30) and means that at a distance
f_'lz/_lf 0. 54\/3 = 0. 27v/R cm.

from the sphere surface, the gmdxent at rupture is always approxi-
mately constant and is g,. As breakdown must take place at

approximately @ = 0.274/R em. from the sphere surface, the
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gradient should begin to increase at the spacing 2a = 0.541/R.
This is approximately so, as shown in Fig. 47 and equation (30).
The increase is at first slow at X = 2a and very rapid at X = a.
Figure 48 shows that, at a = 0.27/R, the gradient is not exactly
constant for different spacings or the curves do not fall together.

36
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Fia. 48.—Gradient at different points on line through centers of spheres.
Calculated from (26).

This means that g, and = in equation (27) cannot be exactly
constant for a given radius but must also be a function of X.
This is experimentally shown to be the case, as there is a slight

variation over the range X = 0.544/R and X = 2R.

.C.l(Wptsgn)

s/mg"'_’g
ﬁ

Gradient K.V,
8

0 100 200 300 400 500 600 700 800 900 1000
Frequeucy chlel/ 8ece

Fia. 49.—Variation of the apparent strength of air with frequency

Influence of Frequency on the Visual Gradient.—The effect
of frequency on g, for the practical range of 25 to 60 cycles, if
any, is very small and can be neglected. A few measurements are
shown in Fig. 49. For the test range it is difficult to tell whether
the slight variations are due to changes in wave shape or to fre-
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quency. There is a possibility of frequency entering this as a
function

om0+ ¢<f>~/ar)

Investigations up to 1000 cycles show very little if any change.
In this investigation the sine wave voltage was measured with a
static voltmeter calibrated at 60 cycles. Measurement at 30,000
cycles (sine wave from a generator) made by the static volt-
meter showed a slightly lower voltage than at 60 cycles.! Direct
current points by Watson are given in Fig. 49. See appendix.
Over the commercial range of frequency, however, there is
no appreciable effect of frequency. For transient corona see
appendix.

Corona Caused by Lightning and Impulse Voltages of Short
Duration.—An extensive investigation has shown that lightning
and impulse voltages, lasting less than a millionth of a second,
cause corona which has most of the characteristics of that caused
by continuously applied voltage.:

For large conductors at atmospheric pressure, the impulse
critical corona voltage is approximately the same as for direct
current, while for smaller conductors and at reduced air pressures,
the impulse critical voltage is relatively higher. The appearance
of the discharge for a (+) and (—) conductor is the same as for
the corresponding direct current.

Effect of Oil, Water, or Dirt on the Visual Corona Point.—
These tests were made in a manner exactly similar to the dry
tests. In the oil tests, the surface of the wire was coated with a
thin, even film by means of an oiled cloth. For the wet tests
water was sprayed on the conductor surface before each reading
by means of an atomizer. Figs. 50 and 51 are dry, wet, and oil
curves for two different sizes of wire.

For spark-over, both water and oil have approximately the
same effect, that is, give very nearly the same spark-over voltage
for all sizes of conductor. The curves very closely follow the
needle-gap curve.

1 See pp. 106, 107.

? PeEK, F. W, Jr., “The Effect of Transient Voltages on Dielectrics 1,”
Trans. A.1.E.E., Vol. XXXLV, p. 857, 1915.

“The Effect of Transient Voltages on Dielectrics IT1,” Trans. A.1.E.E.,

p. 940, 1923.



VISUAL CORONA 77

For corona, water very greatly lowers g,.  Oil lowers g, but to a
much less extent than water.  When the conductor is very small,
the percentage increase in diameter, due to oil, more than com-
pensates for the lowering effect. The approrimate apparent
visual corona gradient for oil- and water-coated conductors may
be found.
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Figs, 50 und 51.- -Spark-over and corona voltages for parallel wires. (Wire
surfaces dry, wet, and oiled. Max. kv. to neutral. & =1. VFig. 50.—Wire
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F1a. 62.—Apparent strength of air around wires with wet and oiled surfaces.

Oil film surfaces
go = 19(1 + — ) max. kv. per centimeter

See Fig. 52.
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If a water-coated wire above the visual corona point is exam-
ined in the dark, it has the appearance of an illuminated atomizer.
The surface quickly becomes dry.

Dirt on the surface of the conductor, by increasing the gradient,
causes local brush discharges, and if the surface is rough, corona
starts at a lower voltage. This is taken care of in the formule
by an irregularity factor m, (see pages 81 and 191). Thus, for
a weathered or oxidized wire

0.301
9. = gamus(1 + \/M)

The coronsa starting voltage for wet or oiled wires may be
found by calculating g, in the above equations and substituting
in equation (20).

Conductor Material. —With the same surface condition the
visual corona point is independent of the material. This is shown
in Table II.

Humidity.—Tests made over a very wide humidity range show
that humidity has no appreciable affect upon the starting point
of visual corona provided the conductor surface is dry. After
corona is present humidity has an affect on the spark-over
voltage. This is duscussed in Chap. IV.

Ionization.—Change of initial ionization of the air even to a
considerable extent has no appreciable affect on the starting point
of corona. This was found by test by increasing the voltage
on the wire in the cylinder until considerably above the corona
voltage, and then, while the cylinder was full of ionized air, lower-
ing the voltage below the corona point and again raising it until
glow appeared. The starting point was not appreciably changed.

Flooding a conductor with ultra-violet light from a mercury
are or similar source has also been found not to affect greatly
the corona starting voltage. Initial ionization has been found
to reduce the time lag of breakdowns, however, and introduce a
steadying effect on the values of rupturing voltage read. This
results because of the continued presence of ions for starting
ionization the instant breakdown field stresses are reached.

Current in Wire.—A test was made to see if heavy currents
flowing in the wire would change the starting point of visual
corona. The test arrangement was as shown in Fig. 53.

Tests were made with both alternating-current in phase and
out of phase, and direct-current in the wire. The results are
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given in Tables XIII, XIV, and XV. The temperature of the
wire was measured by the resistance method. The values in the
last column are all corrected from the wire temperature to § = 1.

|

\%/ May be Co! ne% ted

in Either[Or

v Su)aniy

F1a. 53.-—Apparatus for measuring corona starting point with current in the
wires.

If the current has no appreciable effect, as appears to be the case,
these should all be equal. The variation is probably due to

TaBLE XII1.—CoroNA STARTING PoINT wiTH CURRENT FLOWING THROUGH

WIRE
Concentric Cylinders
Radius of wire .. q.. .......... ... . ... 0.129 cm.
Radius of eylinder............... .......... 5.46 cm.
Average
Kv, eff. Ad":;p _.t_‘;_":pe:'.‘.“,‘_ri _ {Barom em w?ﬂf‘::":‘:,.) gv ”":?:?d
: Arr ‘ Wire

20.0 00 26 26 75.6 0.991 58.4 58.9
19.7 15.2 26 32 ... 0.970 | 57.5 59.2
19.4 31.4 26 48 ceepee.. 0,922 56.7 61.4
18.5 39.0 26 64 |........ 0.878 54.1 61.6
17.8 49.2 26 8 |........ 0.824 52.0 63.1
16.9 75.0 26 120 |........ 0.753 49.4 65.6
20 4 0.0 23 23 ... 1.000 59.6 59.6
20.3 18.0 23 27 ... 0.987 59.3 59.9
19.4 33.0 23 50 |........ 0.917 56.7 61.8
17.9 50.8 24 91 ... 0.813 52.2 64.2
12.9 99.6 24 320 |........ 0.500 37.6 75.2
16.4 67.6 206 102 |........ 0.790 47.9 60.6
13.9 78.6 26 b1 b 0.610 40.8 67.0
16.1 61.6 26 144 |........ 0.710 47.0 %6.2
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TaBLE XIV.—CoroNA STARTING PoinT witTH CURRENT FLowing
THROUGH WIRE

Concentric Cylinders
Radiusof wire. . ............................ 0.205 cm.
Radiusof evlinder. . .................... ... 5.46 cm.
Average }
Kv. eff Amp. temperfxtu.ri— Barom. cm. w‘isre(::ri:s )! o 0:(:‘(;(!\:@;1
Air ! Wire ' l
25.3 14 (d.c.) 23 23 76.2 1.01 53.15 52.6
25.2 0 23 23 76.2 1.01 53.0 52.5
25.2 14 (a.c. 23 23 75.8 1.005 4 52.8 52.6
in phase) | i
25.1 14 (a.c. t 23 23 75.8 ’ 1.005 | 52.6 52.3
out of phase)
25.1 0 23 23 75.8 1.005 52.6 52.3
25.2 0 24 24 75.25 0.994 52.8 53.2
25.2 14 (d.c.) 24 30 75.25 0.974 52.8 54.3
25.2 34 (d.c.) 25 60 75.25 0.886 52 .4 59.1
23.8 56 (d.c.) 29 60 75.25 | 0.886 50.0 56.3
23.3 70 (d.c.) 30 73 75.25 | 0.853 48.8 57.3
21.8 114 (d.e.) |..... 110 75.25 0.771 45.7 59.2
25.0 60 (d.c.) 31 31 1 75.25 0.971 52.4 53.9
25.0 0 31 31 \ 75.25 ‘ 0.971 52.4 53.9
24.8 23 (ae) | 31 44 7525 0.931 | 52,0 | 55.8

difficulty in getting the exact temperagre of the air. The air
immediately surrounding the wire is assumed to be at the same
temperature as the wire. This causes a correction that is too

large.

Current flowing in a wire thus, probably, does not

appreciably effect the corona point unless the temperature of the

wire is increased.

TaABLE XV.—CoRONA STARTING PoINT WiTH CURRENT FLOWING THROUGH

WIiRE
Concentric Cylinders”
Radius of wire............... [ 0.476 em
Radiusof eylinder........................ ... 5.465 cm
Average . duced
Kv. eff. | Amp. d.c. temperature Barom. cm. wiarcfltl,:‘n:‘:;.) o ”;:: :" 1
Air ‘ Wire
36.5 0 27 27 75.5 0.985 | 44.3 45
36.5 80 27 27 75.5 0.985 | 44.3 45
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Stranded Conductors or Cables.—While the visual eritieal
corona point is quite sharp and definite for wires, it is not so for
cables or standard conductors. (orona, after it first appears,
increases gradually for a considerable range of voltage until a
certain definite voltage is reached, where the increase is very
rapid. The first point has been called the local corona point and
the second point the decided corona point. The curve (Fig. 54)
for these corona points is compared with the curve for a smooth
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1. 54.—Apparent visual critical corona voltages for parallel cables.
Numerals denote number of strands* I, polished copper wire; II, decided corona
on cable, o; III, local corona all along cable, x.

conductor. The starting point for cables may be found by the
use of an irregularity factor m,.

go = gom (l 0301) kv. per centimeter

where m, = 0.82 for decided corona
my, = 0.72 for local corona
r overall radius of cable

This applies to cables of six strands or over.

It is interesting to note that, for the decided corona point, the
visual critical voltage of a cable is about 3 per cent. lower than
that of a wire with the same cross-section, or, more exactly ‘““the
diameter of a solid wire with the same critical voltage is about 97
per cent. that of the wire having the same cross-section as the
cable.””! This is shown in Table XVI. This irregularity factor
is further discussed on page 191.

! WEITEHEAD, J. B, Trans. A.I.E.E., p. 1857, 1911.
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TasLe XVI.—EFFECT OF ST.R,ANDIN(I
Whitehead, A.LLE.E, June, 1911, Table 111

Cables, |Diameter|Diameter solid! Diameter solid’ ‘ ' Pitoh of spiral

strands over of eq.unl of‘equal erit~ B ¢4

outer all section ical volts i .

layer (4) (B) ) | Cm Diameters
3 0.349 0.272 0.247 0.907!0.708 3.81 10.9
4 0.404 0.332 0.320 0.965(0.792] 3.49 8.6
5 0.45 0.381 0.370 0.9710.822| 4.44 9.9
6 0.49 0.430 0.420 0.97510.857| 6.02 12.3
7 0.541 0.480 0.465 0.969 |0.868| 6.66 12.3
8 0.589 0.530 0.516 0.9750.877) 6.35 10.8
9 0.64 0.581 0.567 0.977 |0 886] 6.98 10.9
3 0.336 | 0.27 0.307 |0.767|0.616] None | None
4 "0 378 | 0.312 0.25 0.80210.665 None None

Conductors of the Same Potential Close Together..—When
conductors of the same potential are arranged close together, the
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Fia. 55.—Arrangement for two Fi1c. 56.—Critical voltage on two
conductors at same potential, and conductors at the same potential and
plate. various separations (see Fig, 55).

critical breakdown voltage is much greater than that of a single
conductor or when they are far apart. The simplest case, that of
two, is shown in Fig. 55. The two conductors for a given test
were kept at a constant distance S/2 from the ground plate.
Potential was applied between the conductors and plate. The
separation m was then varied and critical voltages read at differ-
ent spacings. Refer to Fig. 56 (0.163-cm. wire 30 cm. from neu-
tral plane). When m = 0, ¢, = 31.5 eff. As the spacing m was
increased, e, increased to a maximum of 35.8 kv. With increas-
ing m, ¢, then gradually decreases to g constant value which is the
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same as that for a single wire. The maximum voltage is about 5
per cent. greater than the critical voltage of a single conductor of
the same cross-section.

With the same amount of conductor material, much higher
voltages can be used without corona loss when the conductor is

-
. : 120 8.
L = N : ' L,ﬂ',cm .
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Spacing-8-cm.

Fig. 57.—Conductors of the Fia. 58.—Critical voltages for conductors
same potential arranged in a arranged as in Fig 57.
triangle.

split up into three or more small conductors, properly arranged,
than with a single conductor. The results of tests made on a
single-phase line with split conductors arranged in a triangle,
as in Fig. 57, are given in Fig. 58. Figure 58 shows curves for a
single split wire and also for a single wire of a cross-section equal

110
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= 60
3
5 .

0 5 10 15 2 25 30 35 4 45 60
Separation M Cm
F1a. 59.—Critical voltage of conductors arranged as in Fig. 57 (8 = constant
= 40 cm., m varying.)

to that of the three split conductors. Figure 59 shows how the
voltage varies with varying m.

With the split conductor arrangement, in the special case given,
the critical voltage is from 20 to 30 per cent. greater than that of a
single wire containing the same amount of material. |

Whitehead has made similar tests on three wires in a triangle
and also four wires placed on a square in the center of a cylinder.
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He finds 16 per cent. increase for threc wires and 20 per cent.
for four over the critical voltage of a single conductor of the same
total material.

STROBOSCOPIC AND PHOTOGRAPHIC STUDY

Photographic Study.—A photographic study of corona on wires
and cables was made as follows: Two parallel conductors were
spaced 122 cm. between centers. The camera was focused
on one conductor only. The distance to the lens was such
as to show the conductors at approximately actual size. An
exposure was made for a given time at a given voltage. The
plate was then shifted slichtly, the voltage increased, and a
second cxposure was made for the same time. That is, a given
series shows that same part of the same single wire at different
voltages. This operation was repeated until the series for a
given wire was complete. A glass lens was used unless otherwise
stated. These photographs are shown in Figs. 60 to 67.

Photographs 66 and 67 were made to show the effects of mois-
ture. In Fig. G0 the stranded cable was brought up to the critical
point. Water was then thrown on the cable. The result is
shown in Fig. (7. What was a glow at the surface of the dry
cable became at the wet spots, a discharge extending from 5 to 8
c¢m. from the conductor surface. The discharge has the appear-
ance of an illuminated atomizer. Figure 68 shows corona
photographs taken at voltages close to 1,000,000 volts.

Diameter of Corona.—On a smooth wire the boundary line of
corona appears to be fairly definite. The apparent visual diame-
ter may be measured by viewing through a slit. The apparent
Jiameter may be recorded photographically. If the photo-
graph is made through a guartz lens, the ultra-violet rays will
not be cut off from the plates as when a glass lens is used.

Whitehead has made some measurements on the apparent
diameter, comparing the visual method and the photographic
method with both quartz and glass lenses. He f{inds that the
apparent diameters are, respectively, by the visual, glass lens,
and quartz lens methods in the ratios of 1 :1.6 : 1.9.! It there-
fore appears that there is a considerable content of the corona in
the ultra-violet which is not visible to the eye.  As soon as corona
appears it seems 10 have a definite finite thickness.

1 WHrTEHEAD, J. B., Trons. A.I.E.E., p. 1698, 1912,
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Fie. 60.—Corona on bright tinned phosphor-bronze wire. Diameter, 0.051 cm.

Fia. 61.—Corona on copper wire polished after each exposure. Diameter,
0.186 em.
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Fia. 62.—Corona on a polished copper wire. Diameter, 0 186 cm. Operated
at 200 kv., then allowed to stand idle. (This shows effect of oxidation.)

F16, 63.—~Corona on a weathered galvanized iron wire, Diameter, 168 cm.
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Fie, 65.—Corona on a No. 3/0 weathered cable.
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Fi1a. 66.—Corona on a No. 3/0 line cable. Dry.

Fra. 67.—Corona on & No. 8/0 line cable. Wet.
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Fie. 68.—Corona on conductors at very high 60-cycle voltages.
(a) 3.5 inch tube at 900,000 volts, (b) 1.75 inch tube at 800,000 volts, (c)
1.0 inch tube at 500,000 volts, (d) 1.0 inch tube at 780,000 volts, (¢) 0.04 inch
tube at 800,000 volts.
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Figures 69, 70, and 71 taken from Whitehead are self-explana-
tory. Figure 72 shows the apparent diameter of corona on a
given wire. In Fig. 73 is a curve through the same points.
Throughout this curve the correction of 1.18 has been used to
include the ultra-violet. Near the starting voltage, however,
the corona seems to be very largely ultra-violet. THis explains

DI1AMBTER OF CORONA.

F1e. 69 (Upper).—Diameter of corona on 0.233-cm. wire in 18.6-cm. cylinder.
e, = 21.5 kv. Glass lens kilovolts 22.5, 25, 27.5, 30, 32.5, respectively. (White-
head.)

+Fre. 70 (Middle).—Diameter of corona showing effect of ultra-violet. (a)
0.232 em. (b) 0.316 em. (¢) 0.399 cm. Left side of (a)(b)(c) quartz lens.
Right side of (a)(b)(c) glass lens. (Whitehead.)

Fra. 71 (Lower).—Corona on 0.233 cm. wire at 22.5,27.5,32.5kv. e, = 20.75

kv. Glass lens, (Whitehead.)

the low point at 22.5 kv. At the start the corona appears to take,
immediately, a definite finite thickness; the rate of increase is
then quite rapid but gradually assumes & linear relation.

In the hope of throwing further light on the discharge and loss
mechanism, an investigation of corona and spark was made
with the help of the stroboscope.

A needle gap was first arranged across the transformer with a
high steadying resistance. The impressed voltage was adjusted
until corona appeared all the way between the conductors as in
Fig. 74. In this case it seemed possible that the corona on the
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positive wire extended out farther than the corona on the negative
wire and that the positive discharges overlapped, givirig the
effect of a single dischargc completely across between the
conductors.

Examination of this was then made through the stroboscope
which was so set that the right needle, Fig. 74(2), was seen when
positive, and the left when negative. To tHe eye, the discharge
from the positive needle has a bluish-white color and extends out a
considerable distance, the negative appears as a red and hot
point. The photograph shows more of the negative than is
seen by the eye. Figure 74(1) is the discharge as it appears
without stroboscope, 74(2) with the right needle as positive.

L4 : 1.4
g L2 SRS S QUGS S 7% §1,2
3 s
§1.0—~——~—~-—;/- §1.0 v
8 0.8}— 4 S0.8
3 s
Y S Y G B S A Y //
£ 04| — - “ ] Eodf—p
é | _a‘! /a Diameter of Wire
0.2 / N —’_ T 0.21= 233 jem,
]
20 22 24 26 23 30 32 34 36 20 22 24 26 28 30 8 34 36
Kilo-Volts Effcctive Kilo-Velts Effective
Fra. 72. Fra. 73.

Figs. 72 and 73.—Diameter of corona (0.233-cm. wire in 18.6-cm. cylinder).

74(3) with stroboscope shifted 180 degrees to show left needle
as positive. In 74(4) the stroboscope has the same position as
74(3), but the voltage is higher, and many fine static sparks can
be seen.

If voltage above the visual corona point is impressed on two
parallel polished wires, a more or less even glow appears around
the wires. After a time the wires have a beaded appearance.
On closer examination the beads appear as reddish tufts, while in
between them appears a fine bluish-white needle-like fringe, On
examination through the stroboscope it can be seen that the more
or less evenly spaced beads are on the negative wire, while th.
positive wire has the appearance, if not roughened by points, of a
smooth bluish-white glow. At “points” the positive discharge
extends out at a great distance in the form of needles; it is possible
that it always extends out but is not always visible except as sur-
face glow. Thus, the appearance of beads and fringe to the
unsided eye is really a combination of positive and negative
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Left (+) (3) Same as (2), stroboscope rotated 180°.

Left (-+) (4) Same as (3), voltage increased to 84,000, Right (—)
Fie. 74.—Corona between copper needle points. 20.3-om. gap.
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corona. In Figs. 75 and 76 two wires are placed close together
at the top. The bottom is bent out and needles are fastened on.
Figure 75 is without a stroboscope. Figure 76 is taken with a
stroboscope set to show positive right and negative left. Thus,
positive and negative coronas for points and wires are directly
compared. Figure 77(1) is taken without the stroboscope, (2)
with right negative, (3) with stroboscope shifted 180 electrical
degrees to show the right positive. These wires were, at the
start, highly polished. At first corona appeared quite uniform,
but, after a time, under voltage, the reddish negative tufts
separated, more or less evenly spaced as shown. Figure 26
shows similar photographs taken on a slightly different conductor
set-up. Figure 78 shows a section without voltage. The bright
spots are still polished and correspond in position to the negative
tufts. The space in between is tarnished. The polishing of the
surface at the negative spots is probably duc to the bombard-
ment at the surface there by the heavier positive ions. This
takes place with either copper or iron wire.

Figure 79 shows positive and negative corona on wires widely
spaced to get uniform field distribution. A close examination of
the negative shows beads about to form. Figure 80 shows a
similar pair of conductors. The negative in this case has formed
a spiral, apparently following the grain twist of the conductor.

A large fan-like bluish discharge is often observed extending
several inches from the ends of transformer bushings, points on
wires, etc. This discharge has the appearance of a bluish spray,
reddish at the point. The stroboscope shows that the bluish
spray is positive, while the red point at the base of the spray is
negative. Figure 81 shows one of two parallel polished rods (120
cm. spacing) supported at the top and brought to sharp points
at the bottom; 81(1) shows how each wire appears without
stroboscope; 81(2) is the wire when positive, 81(3) the wire when
negative. Note the dark space on 81(3) between the point and
negative corona spiral of tufts. 81(1) shows this space to have
only the positive glow.

Water was placed on a pair of parallel conductors. At the wet
places the positive corona extended out in long fine bluish-white
streamers (see Fig. 82 without strgboscope). With certain forms
of dirt on the wires the negative corona appears as red spots, the
positive always as streamers. It is alsp interesting to note that,
if a uniformly rough wire is taken, as & galvanized wire or
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(1) Without stroboscope.

Left (+) (2) With stroboscope. Right (—)

Left (=) (8) With stroboscope
rotated 180°,

Fre. 77.—Corons on parallel wires. No. 13 B. and B, copper wire. B8pacing,
12.7 om. Volts, 82,000,

Right (+)
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[
Right (+)
Fi16. 79.—Polished brass rod. Diameter, 0.475 em.

Spacing, 120 cm., Volts, 150,000. Note that negative
‘““beads’ are just starting to form.

F1g. 78.—Section of wire
(Fig. 77). ‘‘Dead” Bnght
spots position of negative
‘“ beads.”

Fig. 80.— Copper wire.
Diameter 0.26 ecm. Spacing,
120 em. Volts, 200,000. Pol-
1shed at start. Note negative
corona apparently following
gpiral *‘gramn’’ of wire.

Fie. 80, Right (+)
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“weathered” wire, the positive appears as bluish needles, while
the reddish negative is more uniform than on the ‘“‘corona-
spotted "’ polished wire, in which case the negative corona appears
as concentrated at the untarnished spots. -

Mechanical Vibration of Conductors.—Years ago a pair of 20-
mil steel conductors, 500 ft. long, were strung at about 10-ft.

F1a. 83.—Mechanical vibration of parallel wires in-cotonsa, due to electrostatic
forces. i

Fra. 84~—Mechanical vibration of parallel wires in corona, due to electrostatic
forees.

spacing, for power loss measurements. It was noticed at high
voltage that the conductors vibrated, starting with a hardly
perceptible movement which, in a few minutes, had dn amplitude
of several feet at the center of the span. Generally, one wire
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vibrated as fundamental, the other as third harmonic. The
period of the fundamental in this case was about one per second.

Figures 83 and 84 show this condition repeated in the labora-
tory on short lengths of conductor. In Fig. 83 one wire is vibrat-
ing as the fundamental, the other as the second harmonic. The
motion is rotary. For the wire with a node in the center (Fig.
83), it is extremely interesting to note that for about one-half
of the rotation the wire appears very bright, for the other half
rotation the wire is much less bright. This seems to mean that
each part of the wire is rotating at the power supply frequency—
60 cycles per second. Hence, it has the effect of the stroboscope,
and for part of the rotation there is always negative corona and
for the other part always positive corona.

Corona Current Oscillograms.—Oscillograms showing instan-
taneous values of corona current were obtained with the low-
voltage hot filament cathode ray oscillograph.! The cathode ray
oscillograph, which was referred to on page 39 depends on the
control by the phenomena studied of the path of the electron
stream striking the fluorescent screen on the end of the cathode-
ray tube. On the outside of this may be placed a photographic
film. With periodic phenomena, the figure is usually allowed to
retrace itself a number of times in order to secure a discernible
figure on the film. Accordingly, it ordinarily appears in polar
coordinates and is known as a eyclogram. (See page 202, Chap.
VI for additional discussion.)

Figure 85 gives examples of such cyclograms taken during
corona current studies, the vertical deflections or components
of the figures being proportional to currents and the horizontal
ones proportional to impressed voltages. This figure shows the
cyclogram records together with some of the waves translated to
rectangular coordinates. The current waves include both corona
and capacity current components.

This oscillographic study of corona! brought out several new
interesting features of its mechanisth. One of these was the
manner in which the starting point of corona with respeet to the
voltage wave appears earlier as the voltage is raised; that is,
as the applied voltage is increased above the visual critical

1 PeEK, F. W., Jr., ‘‘Law of Corona and the Dielectric Strength of Air IV,”
Trans. A.I.E.E., p. 1009, 1927.

Lroyp and Srtarr, “Corona Loss Measurements by Means of the
Cathode Ray Oscillograph,” Trans. A.I.E.E., p. 997, 1927, .
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voltage, corona starts at a lower and lower instantaneous value
of voltage on the alternating-current wave (Fig. 85 illustrates
this). Theinstantaneous value of starting voltage, e,, on the alter-
nating-current wave is decreased by an amount approximately

Fro. 85.—Corona cyclograme, and waves of voltage and current transcribed

. into rectangular coordinates.

equal to the excess of the applied voltage above the visual critical
voltage, e,. Thus, if e is the applied voltage,
e—e =¢, — ¢
or
e, = 2¢, — e.

This equation states that the instantaneous starting voltage,
€;, i8 zero when the applied voltage is 2e,, or that when the space
charge is in effect ¢,, no additional charge is needed to start corona.
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Instantancous voltages, ¢;, when plotted with applied voltages
show that e; is zero at approximately 2e,.
If the above rule held over a wide range of voltage, it would
be found that
¢ + ¢; = 2¢, = constant

Cy

A

Just at start of Corona
Flux from conductor only.

Just before Corona stops at
crest of voltage wave. Flux from
=7~ gonductor and space chargs

€-€v  Schematic Diagram of
1 Corona Discharge Circuit &
-

c D
After Corona stops. Flux Just at second star+ of Corona.
{rom space chorge only. Flux from space charge adding
to conductor charge

TFra. 86.— Mechanism of corona.

As a matter of fact, as would be expected, the tests show that
e + ¢; is not constant, but approximately so, near the critical
voltage. Actually, the effect is as if the total space charge were
not effective in reducing the critical voltage, but that

e; =¢ — (e — ey)a

where a is a leakage factor and is less than unity.

The reason for the above is quite evident, as shown in Fig, 86.
After corona starts, a tube of corona surrounds the conductor
and is charged through the ‘“‘corona arcs” up to the maximum
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of the wave when the arcs go out or corona stops. This corona
tube or ‘‘space’” charge increases quite suddenly to a finite
diameter at the start and then more gradually as the maximum of
the wave is approached. This charge caused by the excess
voltage returns towards the conductor with the falling wave and
adds to the charge caused by the applied voltage on the next half
cycle. When the sum of these charges is sufficient to cause the
breakdown gradient, corona starts at an instantaneous voltage
less than the normal visual critical voltage. With the start of
corona there is a sudden rush of current. When twice the visual

JAVRVA\ VAN EEVA s
Instantaneous v \/ \js‘(e-ep ) \/

h )
Line Voltage é;garl;.s/ar/: N \Sparks starts "
Lrne frs. Spark st second half-cyc
] half-cycle phrksips
-6y -e -(e-e,) re; =Cey-€ +ey
Instantaneous )
G VoltageacrossC) & ~(e-e)-e ore=te e

Instantaneous | -(g,-e,) ~(e-€;) |fe-e,)-(ev-e))] Wo-efAe-eohe e +ey-e;)
Voltage across C, ==(e-ey) =(2ey-€)-¢;

C [ C [ C;
Dielectric Flux % % : 3
2 2 : Ez 2 2

Fi1a. 87.—Artificial corona circuit-operation of single gap, fixed capacitance.

G

ks

critical voltage is applied, the excess voltage is equal to the
critical voltage. The charge due to this excess voltage is then
sufficient to cause corona without any additional charge. Corona
thus starts on the following half cycles on the zero of the wave, as
shown above. If the applied voltage is further increased, corona
starts Below the zero of the wave or on the falling voltage.
Corona characteristics can be produced artificially by means of
condensers. For example, take two condensers and place a gap,
in series with a resistance, across one of them. If voltage is
applied and gradually increased, capacity current flows until the
gap breaks down. There is a sudden rush of current. The
spark, which represents the corona, continues to the maximum
of the voltage wave when it stops. This leaves an excess charge
on one condenser which adds to the charge caused by the line
voltage on the next half cycle. The gap breaks down at lower
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and lower instantancous voltage as the applied voltage is
increased and becomes zero when the applied voltage is twice the
initial starting voltage, as discussed in the case of actual corona
above. This is all illustrated diagrammatically in Fig. 87.

Bennett has made some very intcresting oscillograms of corona
current.! Figures 88(a)(b)(c) show the voltage. wave applied
between a cylinder and a concentric wire, and the resulting cur-
rent. The current wave includes both capacity and corona
current components. The part of the wave above the zero line
occurs when the wire is (—) and that below when the wire is
(+); 88(a) is for a voltage very slightly above the critical voltage
and shows a very sudderr sharp hump in the current wave when
the wire is (4) and a spread-out hump when the wire is (—).
This gives the appearance of corona starting at a slightly lower
voltage on the (+)wire; (b) and (c¢) show the positive and negative
humps at higher voltage. The oscillation is caused largely by
the sudden ‘‘corona spark’ discharging through the reactance
and capacity of the circuit.

Figure 89 shows an oscillogram of corona current and the
corresponding impressed voltage wave taken at Stanford Uni-
versity.2 The current wave represents the discharge from a
point at a potential above ground of approximately 1,000,000
volts, the capacity current being negligible.

The Rectifying Effect of Corona.—Due to the difference in size
and mobility of the positive and negative ions, there is a marked
contrast in the discharges from positive and negative points.
Figures 74 and 75, page 92, illustrate this. If a grounded metal
plane is placed sufficiently close to a point in corona, a certain
amount of charge will reach the plane. A sensitive ammeter
inserted in the ground circuit of the plane will measure this
corona current, which will be found to depend not only upon the
voltage and spacing, but also on the polarity of the point: that
is, there will be a different amount of charge moving across to the
grounded plane when the point is negative than when it is posi-
tive. If an alternating voltage is applied to the point, more
charge will reach the plane on one half than on the opposite half
cy‘cle, 80 that rectification takes place. Similar results can be

! BENNETT, E., Trans. A.I.E.E., p. 571, 1914,
8 Cannoun and Cozarns, Trans, AJ.E.E., 1929,



104 DIELECTRIC PHENOMENA

©
Fia. 88.—O0scillograms of corona current. (F., Bennett, Trans. ALLE.E,, p.
571, 1914.)
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obtained with a wire in corona inside of a cylinder. The unsym-
metrical shape of the corona current waves of Figs. 88 and 89
shows this rectifying effect. The sign of this net unidirectional
flow with alternating voltages depends on the spacing, shape of
the electrodes, and voltage. In most cases, more charge will
be found to pass across to the plane or larger electrode when
the smaller electrode involving the greater corona discharge is
positive. As a rule this means of rectifying alternating currents
involves too low a flow of unidirectional current to render it

F1a. 89.—Corona current from needle point at one million volts. (Carroll &
Cozzens, Stanford Univ.)

practical for ordinary use. The amount and sign of the rectifica-
tion by corona also will vary, dependent upon the particular gas
and pressure used.

If measurements are made of the field about an electrode in
corona having an applied alternating voltage, the same rectifying
effect can be detected, since the space will be found to be charged
up to a unidirectional potential above ground. Field measure-
ments made between transmission conductors! indicate that the
space at the theoretical neutral is built up to a negative pdten-
tial above ground at the start of corona, and changes to positive
at higher voltages.

Lichtenberg Figures.—Interesting electrostatic field conditions
have been recorded by corona discharges on certain dielectric
1 Carrory and LusioNan, Trans. A.L.E.E., p. 50, 1928.
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surfaces. In 1777 Dr. G. C. Lichtenberg with sulphur dust
secured discharge figures radiating out from a charged electrode.
In 1888 Trouvelet! and Brown? produced the same figures on
photographic plates. Interesting gap discharge figures were also
obtained on photographic plates by F. E. Nipher.?

Recently, considerable work has been done in the use of such
photographic figures for securing voltage records.**

J. F. Peters* was the first to develop an instrument making use
of Lichtenberg figures for recording, photographically, volt-
ages on transmission lines. This instrument was called a
) klydonograph.

The most suitable arrangement
for producing the figures for volt-
age measurements is illustrated in
Fig. 90. Tigure 91 shows some
typical figures secured. The
I}’Z’/’/’;m;‘f;ffem/ action.is prQbably 'similar to that

/ occurring in ordinary photog-
raphy, the light from the corona
- pfetal discharge of the electrode over the

Ground surface merely affecting the cheini-

I*;xhu.deO.—— Elgme;;:arfhﬁ::x:f; n;}::(f‘ cal properties of the silver particles

Lichtenborg figures. - 0 CEPY in the film through a form of

photoelectric effect. In that way
a larger figure is probably recorded than can be seen with the eye,
as the discharge may involve a certain amount of light beyond the
visible range which could still affect the film.

Because of the distinct difference in visual appearance that
we have seen to exist with positive and negative corona dis-
charges, it is to be expected that such should also be true with
positive and negative Lichtenberg figures. Figure 91 shows this
to be the ‘case, the two polarities differing in both size and shape
for the same applied voltage. The form of the figure has also
been'found to vary somewhat for different wave shapes, so that it
is possible to identify with fair accuracy the wave front of a
surge as well as the voltage magnitude. In general the size of
figure for a given wave shape varies approximately linearly with

! Lumidre elec., Vol. XXX, 1888.

2Phil Mag., Vol. XXVI, 1888, .

3 Trans. Acad. Sci. St. Louss, Vol. XIX, June, 1910.

4 PerEeRs, J. ¥., Kiec. World, Vol. CLXXXIII, 1924,
s McEacuron, K. B,, Trans. A.I.E.E., 1926.

yLline

Llectrode
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F1a. 91.—Lichtenberg figures of 5,000,000 volt lightning generator surges, taken
with surge voltage recorder

IR
. dud oy

Fiq. 93.~Lichtenberg figure showlng ptiiaetroutatio field between wire and ground
ane,
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the applied voltage up to a certain point when the figure breaks
to form ““slips” which then allow no accurate analysis. The
direct range of reliable voltage records, with the ordinary klydono-
graph or surge voltage recorder, is approximately between 1500
and 30,000 volts. This range may be extended indefinitely by
means of a potentiometer.

Using this same method of recording discharge figures, it is
possible to obtain pictures of electrostatic fields under various
conditions. Figure 92 shows an example of the field between a
conductor and a ground plane, the film being so placed as to
secure a cross-section of the field normal to the conductor axis.
On this record the discharge paths are seen to follow the electro.
static flux lines from the conductor surface to the plane.



CHAPTER V
SPARK-OVER

By spark-over is generally meant the disruption of a gaseous
dielectric from one conductor to another conductor. Strictly
speaking it is the name applied to the initial discharge and not
the arc that follows, as was discussed earlier (see page 47,
Chap. III). In this chapter it is only the factors affecting the
initial complete breakdown that will be discussed, so that the
term spark-over only will be used.

Parallel Wires.—If impressed voltage is gradually increased
on two parallel wires placed a considerable distance apart in
air, so that the ratio S/r is above a certain critical value, the
first evidence of stress in the air is visual corona. If the voltage
is still further increased, the wires become brighter and the
corona has the appearance of extending farther out from the
surface. Finally, when the voltage has been sufficiently
increased, at some chance place a spark will bridge between the
conductors. When the spacing is small, so that S/r has a critical
ratio, spark and corona may occur simultaneously, or the spark
may bridge across before corona appears. If the spacing is still
further reduced so that S/r is below the critical ratio, the first
evidence of stress is complete spark-over and visible corona never
appears (see page 28).

Extensive tests have been made.! The method of conducting
tests was to start at the smaller spacings with a given value of r
and measure the spark-over voltage. Unless otherwise stated
the frequency used was 60 ~. When the spacings were above
the critical ratio of S/r, and corona formed before spark-over, the
corona voltage was noted first. The voltage was then increased
until spark-over occurred. The spark-over point is not as con-
stant or consistent as the corona point and is susceptible to
change with the slightest dirt spot on the conductor surface,
any unsteady condition in the circuit, humidity, etc. At the
beginning of the tests it was found necessary, in order to get
consistent results, to put water tube resistances in series with the

1 See ‘“‘Law of Corona 11,” Trans. A.l.E.E., p. 1051, 1912,

109
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conductors to climinate résonance phenomena.  These resistances
were high, but not sufficiently so to cause an appreciable drop in
voltage before arc-over.

Table XVII is a typical data table. Each point is the average
of & number of readings.

TaBLE XVII.—CoORONA AND SPARK-OVER FOR PARALLEL WIRES
Temperature 17 deg. C., bar. 75.3 em.

Wire No. 0, diameter 0.825 c¢m.

Test No. 166 values read

60 ~ No. 0 wire, corrected to 25° C., 76 bar.

Spacing Effective kv. to neutral Mn:(())ml\‘x:l:t:::ues } Maximum
— S .

Cm. S Corona ey Spark es ll Corona ey ' Spark e, | Corona gy Spark g,
2.54 None 15.8 ' ... 21.9 ... 41.4
3.81 None 22.5 ... | 31.2 ... 42.5
5.08 None 27,3 L C 379 Lo 43.2
6.35 None 31.06 ,........ 432 oo 43.8
7.62 None 35.0 1........ C 485 Lo 4.9
8.89 None 37.35 | ... o518 L. 45.0
10.16 40.4 40.9 56.0 ' 56.7 44.0 44.6
12.70 41.8 42.1 58.0 58.1 44.0 44.1
13.97 43.7 46.0 60.7 60.5 44.2 46.7
15.24 45.9 48.1 63.6 67.0 45.1 48.9
15.78 46.6 54.1 64.8 75.0 43.8 50.8
20.32 48.9 59.6 67.7 82.8 44.0 53.7
22.86 50.1 66.2 69.7 91.7 43.7 56.8
25.40 51.1 71.5 70 7 99 2 43.1 60.4
27.94 52.1 79.0 72.4 109.7 42.9 65.1
30.48 53.1 84.5 74.0 117.0 42.9 67.9
33.02 54.1 89.6 74.8 124.0 42 .4 70.2
35.56 55.1 95.5 76.5 132.5 42.6 73.9
38.10 56.1 -102.3 77.8 141.9 42.7 77.8
40.64 57.1 108.5 79.4 149.0 42.9 80.5
60.96 63.3 .......... 87.0 |........ 42,9 |(........

In columns 4 and 5 are voltages reduced to the maximum value
to neutral and corrected to standard 8. Column 6 gives the
surface gradient for corona. Column 7 gives the surface gradient
for spark, up to the spacing where corona starts first; above this
critical spacing it gives the apparent surface gradient as the
conductor above this point must be larger on account of corona.
As the field around the conductors-at the small spacings is very



SPARK-OVER 111

much distorted, it is necessary to use formula 12(a) or 12(b) to
calculate the surface gradient.
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Fig. 93.—Spark-over and visual Fic. 94.—Corona gradient and ap-
corona voltages. parent spark gradient.

(Parallel polished copper wires, 0.825 cm. diameter. § = 1.)

Figure 93 is a typical curve. Voltage is plotted with spacing
for spark and corona. Up to spacing 12.4 cm. there is spark-over
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F1a. 95.—Apparent spark-over gradients for parallel wires. (Points measured,
curves calculated.)

before corona. This curve seems to be continuous with the
corona curve which starts at this point. The spark eurve here
branches and is very close to a straight line within the voltage
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range. In Fig. 94 the surface gradient curves are plotted.  The
corona ‘gradient is a straight line parallel to the X axis with a
slight hump at the- critical ratio of S/r. The apparent spark
gradient is also a straight line, within the test range. It inter-
sects the corona line at the critical ratio point, or at what may be
termed the triangular point, and extended it cuts the g axis at
g = 30. These are characteristic curves (see also Figs. 50 and
51). For a given spacing the spark-over voltage increases as the
size of the conductor decreases.

It is important to note that, for all sizes of wire, the spark
gradient curve extended as a straight line cuts the gradient axis
at approximately g = 30. Spark curves extended as straight
lines through the critical ratio point and intersecting the gradient
axis at g = 30 are shown in Fig. 95. The triangular point or
critical ratio of S/r is tabulated in Table XVIII. Its average

TaBLe XVIII.—CriticaL RaTos S/r—EXPERIMENTAL VALUES
Intersection point of g, and g,

) X ] .

B45 |condeem | SO | S |pTey ;m'.‘,‘;‘;’.'“; S.em. | S/
0 0.461 | 13.5 | 29.3 6 0.205 | 6.2 |30.2
0 0.412 | 11.7 | 28.4 8 0.162 | 4.8 |29.6
2 0.327 | 10.2 [31.2 |10 0.129 | 4.0 |31.0
4 0.260 | 7.9 304 |12 0.103 | 3. 29.1
5 0.230 | 7.3 | 31.7 Average | 30.1

valueis S/r = 30. If it is assumed that the spark-gradient curve
is a straight line the conditions are, that it must cut the corona
gradient line at S/r = 30 and extended mbst cut the g axis at
go = 30.

The gradient for g,, or the gradient af the triangular point or

below it, is .
0.301
, = o 1 _— 2

g g( + \/r) (18)

therefore, the approximate apparent gradient at or above the
triangular point is
03018 1
g = ga(l + W 7‘56)
=30(1+ 0018 kv. per centimeter maximum
Vrr)o
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" This follows because of the assumption of a straight line
through two fixed points.

The approximate spark-over voltage above the triangular
point is

e = g. r log. R/r kv. to neutral maximum.

Below the triangular point it may be found by substituting
g» for g,.

In Fig. 95 each drawn curve is for g, values calculated for vary-
ing spacing at constant radius. The points are measured values.
The corona boundary line is the g, curve; it intersects the g,
curves at S/r = 30. Corona does not form below this line, but
it sparks across immediately. This is greater than the theo-
retical ratio, as explained below (see also pages 28 and 29).
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Fira. 96.—Apparent spark-over gradients for parallel wires. (Points measured,
curves calculated.)
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In Fig. 96 each curve is drawn for a constant spacing and
varying radius. The broken line is the critical ratio line. It also
corresponds to the g, curve. For spacings below this line, spark-
over takes place immediately before visible corona forms, and the
g. values fall pretty well on the g, line, as shown by trangles.

Figure 97 is voltage plotted in the same way. Below the
corona boundary, where spark oceurs before corona, the e, curve
does not hold. The broken lines are calculated from g, and e,.
The points are observed values. Thus, corona gradient and
spark-over gradient and, hence, spark voltage and corona
voltage below S/r = 30, are the same.
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No great accuracy is claimed for this formula. It may, how-
ever, be useful in approximately deterinining the arc-over between
conductors in practice. Dirt or water, however, will greatly
modify the results, as will appear below.

The reason that spark takes place before visual corons can
form at small spacings or below S/r = « is discussed on page 18
for concentric cylinders, in which case g was taken as constant.
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Fra. 97— Spark-over voltages between parallel wires. (Maximum values to
neutral given. Points measured, curves calculated )

We know, however, that g, is a function of 7, and for air

0.301
-o(1+°07)

ey = gu<1 + %2}> r log. R/r

g

<

Differentiating for maximum

de 0.301 0.301
(_1": "‘go<1+ 2\/7‘)(10& R/T—l"‘ v;)

o1, e, is maximum when

0.301 0.301
(1 + 2\/r)<log. R/r—1— > )= 0 (31)

This gives a ratio of B/r greater than e. The experimental ratio
in Fig. 98 is 3 and checks with the above.

If a very small value of r is taken, corona forms and then, after
the voltage is sufficiently increased, spark-over occurs. It might
be supposed that with increasing voltage the center wire would
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become larger and larger in effect due to conducting corona and,
. R - .

finally, when Fadius & corona critical ratio, spark-over would
occur. This is not the case. It takes a much higher voltage for
the small wire corona than for metallic cylinders with R/r at

maximum ratio. Hence, corona seems to be either in effect a
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Fra. 98.—Spark-over and corona voltages for concentric cylinders with varying
diameter of inner cylinder.

scries resistance or it grades or distributes the flux density
(see Fig. 98). Taking the exact equation for parallel wires

o= —=— (12b)
s,
2 cosh—t —
S 41 2
r

o, 1
€ = go(l + 9%/%-

Varying r for constant S = 10 it is found that e, is maximum
when S/r = 6.67. Experiments show this ratio to be 30. This
is probably because, at the small spacing, the corona acts as a
flexible conductor which collapses and forms a point.

The visual corona voltages, or the spark-over voltages below
the critical ratio of S/r or R/r, should be of possible value for
voltage measurement on account of the accuracy at which they
may be determined or caloulated for different temperatures, baro-
metrie pressures, cte.
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Influence on Spark-over of Water and Oil on the Conductor
Surface.—Tests with oil and water on the conductor surface were
made in a manner exactly similar to the dry spark-over and
corona tests. In the oil tests, the surface of the wire was coated
with a thin even film by means of an oiled cloth. For the wet
tests, water was sprayed on the conductor surface by means of an
atomizer, before each reading. Figures 50, 51, and 99 are dry,
wet, and oil curves for three different sizes of wire.
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Fi1c. 99.—Spark-over and visual corona for parallel wires. (Diameter, 0.825
em. Polished copper. Surfaces dry, wet, and oiled. Maximum volts to
neutral given.)

For spark-over both water and oil have approximately the
same effect. This curve tends to approach the needle-gap curve.

For‘ corona, water very greatly lowers g,. Oil lowers g, but
to & much less extent than water. Where the conductor is very
small, the percentage increase in diameter, due to oil, more than
compensates for the lowering effect.

The spark gaps which have been useful in measuring high volt-
ages will now be considered.

The Gap as a Means of Measuring High Voltages.—A gap
method of measuring high voltages is often desirable in certain
commercial and experimental tests. A gap will measure the
maximum point of practically all veltage waves and is, therefore,
used in many insulation tests where'breakdown also depends upon
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the maximum voltage. In most commercial tests an accuracy
of 2 or 3 per cent. is sufficient.
obtained with the sphere gap for special work where extra pre-

cautions are taken.

The Needle Gap.—The needle
gap is somewhat erratic at high
voltages because, due to the
corona brushes and broken-
down air that precede the spark-
over, variations are introduced
by humidity, oscillations, etc.!

The needle gap is also incon-
venient at short spacings be-
cause needles must be replaced
after each discharge, as the cal-
ibration varies somewhat with
the sharpness of the points.
This condition of the points re-
quires less attention at spacings
over several feet in length.

The effect of humidity isshown
in Fig. 100, where it can be seen
that a higher voltage is required
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to spark over a given needle gap when the humidity is high than
when it is low. (Curves, Fig. 100, are intended only to illustrate
this effect.) It is probable that the corona streamers in humid

TaBLE XIX.—AVERAGE NEEDLE SPARK-OVER VOLTAGES

No. 00 Needle, § =1

A.LE.E.

Kv. eff. Spacing (em.) Kv. eff. Spacing (cm.)
10 1.19 40 6.10
15 1.84 45 7.50
20 2 54 50 9.00
25 3.30 60 11.80
30 4.10 70 14.90
35 5.10 80 18.00

' PEEK, F. W, J&., “Discussion,” Trans. A.1.E.E., p. 812, 1913,
Perk, F. W., J®, G.E. Rev., Vol. XVI, p. 486, 1913,
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air cause a ‘“fog,” and then agglomerate the water particles,
which, in effect, increase the size of the electrodes.

There is the added possibility that the water particles may
arrange themselves throughout the field under the electrostatic

2000
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Fre. 101.—60-cycle spark-over voltage of needle point gap and point-to-plane
gap.

forces in such a way as to redistribute the stresses. This might
then tend to lessen any localized gradients, thereby increasing
the strength of the air. The above reasons have also been given
for the increase of the strength of oil by moisture under certain
conditions (see Chap. VII, page
e 218).
S = All spark-gap curves of whatever
form of gap must be corrected for
air density—that is, altitude and
temperature. The spark-over of
the needle gap decreases with de-
y creasing air density but the correc-
tion is erratic and unreliable.
Table XIX shows the needle-gap
weesgnresanshanns® spark-over values for the lower

A\

2
N

'3

Kilo-Volts Eifective

. ;p.eh;: in em. " volta.ges. Figure 101 gives the
o. 102—8par O tage®  oomplete spark-over curve up to

2,000,000 volts.

The Sphere Gap.—The voltage required to spark over a given
gap between spheres increases, with the diameter of the spheres.
For accurate work it is preferable to use spacings less than the

1 Crues and Forrescuk, Trans. AJ.E.E., p. 739, 1913.

Prxx, F. W., Jr., Trans. A.I.E.E., p. 923, 1914.
Peex, F. W., Jr., G. E. Rev., Vol. XVI, p. 286, 1013.
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diameter of the sphere. This is especially so where one sphere
ig grounded. A larger sphere should then be used. With this
spacing limit the first evidence of stress is complete spark-over
and all of the undesirable effects and variables due to prolonged
brush discharge and broken-down air, as with points, are elimi-
nated. Humidity has no measurable effect, if the sphere surfaces
remain dry.

The space factor is relatively small. Several thousand
measurements may be made without repolishing. The curve
may be calculated. The only correction is the air-density cor-
rection. This has been investigated and the results are given
below. The correction is quite simple. Figure 102 gives typical

TABLE XX.—SPHERE GAP SPARK-OVER VOLTAGES
2.0-cm. Spheres

Spacing Kilovolts effective
Cm. In. Non-grounded Grounded
0.2 0.508 56 5.6
0.3 0.762 8.0 8.0
0.4 1.016 10.3 10.3
0.5 1.27 12.5 12.5
0.6 1.52 14.8 14.6
0.7 1.78 17.0 16.7
0.8 2.03 18.9 18.6
0.9 2.28 20.8 20.2
1.0 2.54 22.6 21.7
1.2 3.05 25.9 24 .4
1.4 3.56 28.9 26.4
1.6 406 ... 28.2
1.8 4.57 o 30.0
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TaBLE XXI1.—SPHERE GAP SPARK-OVER VOLTAGES
6.25-cm. Spheres

Spacing ’ Kilovolts effective
Om ’ In E Non-grounded Grounded
0.5 0.197 12.0 12.0
1.0 0.394 22.5 225
1.5 0.591 31.5 31.5
2.0 0.787 41.0 41.0
3.0 1.181 57.5 56.0
4.0 1.575 70.5 66.0
5.0 1.969 81.0 73.0
6.0 2.362 89 0 79 0
7.0 2.756 96.0 83.0
8.0 3.150 102.0 88 0
9.0 3 543 107.0 90 5
10.0 3.937 110.0 93.0

Each point is the average of five readings. The average variation between
maximum and minimum for a given setting is less than 0.5 per cent. For
the grounded case, the curves were made with the grounded sphere 4 to §
diameters abave ground. See Table XXXIV.

TaBLE XXII.—SpHERE GAP SPARK-OVER VOLTAGES
12.5-cm. Spheres

Spacing Kilovolts effective
Cm. o In ! Non-grounded i Grounded
0.25 0.098 6.5 6.5
0.50 0.197 12.0 12.0
1.0 0.394 22.0 22.0
1.5 0.591 31.5 31.5
2.0 0.787 41.0 41.0
3.0 1.181 59.0 59.0
4.0 1.575 7670 75.0
5.0 1.969 91.0 80.0
6.0 2.362 105.0 102.0
7.0 2.756 118.0 112.0
8.0 3.150 130.0 120.0
9.0 3.543 141.0 128.0
4
10.0 3.937 151.0 135.0
12.0 4.72 167.0 147.0
15.0 5.01 188.0 160.0
17.5 6.88 - 201.0 168.0
20.0 7.87 213.0 174.0
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sphere-gap curves for both spheres insulated and for one sphere
grounded. Tables XX to XXVTI give spark-over curves for 2.0,
6.25, 12 5, 25, 50, 75, and 100-cm. spheres at sea level (25°C., 76

cm. barometer). § = 1.

TasLe XXIII —Spurre GAP SPARK-OVER VOLTAGES

25-cm. Spheres

Kilovolts effective

Spacing
Cm In Non-grounded
05 0 197 11
10 0 394 22
15 0 591 32
20 0 787 42
25 0 983 52
30 1181 61
40 1 575 78
50 1 969 96
60 2 362 112
75 2 953 135
10 0 3 037 171
12 5 4 92 203
15 0 5 91 230
17 5 6 88 255
20 0 7 87 278
22 5 8 85 L 297
250 9 83 314
300 11 81 339
40 0 15 75 385

I Grounded

e ———
; 11

| 22
32

42
52
61

78
| 94
110

132
166
196

220
238
254
268
280
300

325

Calculation of Curves.—The gradient or stress on the air at
the sphere surface, where it is greatest, is found mathematically

g = ;}f kilovolt/centimeter

(13)

“Where ¢ is the applied voltage in kilovolts, X is the spacing in
centimeters, f is a function of X/R, and R is the radius of the

sphere in centimeters,
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TABLE XXIV.—SpPHERE GAP SPARK-OVER VOLTAGES

50-cm. Spheres
Spacing Kilovolts effective

Cm : In Non-grounded Grounded

2 0 787 40 0! 40

4 1 575 76 5 76

6 2 362 115 5 112

8 3 150 149 0 145
10 3 937 189 0 185
12 4 72 224 3 220
14 5 51 255 5 250
16 6 30 285 0 2752
20 7 87 335 0 320
25 9 83 393 0 377
30 11 81 445 0 420
35 13 80 493 0 456
40 15 75 537 0 489
45 17 72 573 0 516
50 19 19 605 0 541
55 21 65 633 0 561
60 23 62 660 0 579
65 25 60 684 0 594
70 27 56 705 0 608
75 29 55 725 0 619

1! These values are calculated.
2 Spacings above 16 cm. are calculated

Thea -
g = 35 f kv./centimeter

where ¢, is the spark-over voltage and g, is the apparent strength
of air.

f is found mathematically and tabulated on page 28, for the
non-grounded and grounded cases. For the non-grounded case,
we have found, experimentally, that g,, the apparent surface
gradient at spark-over, increases with decreasing radius of
sphere, as g, for corona on wires increases for decreasing radius of
wire,
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TapLE XXV.—SrHERE GAP SPARK-OVER VOLTAGEs (75-CM. SPHERES)

Spacing Kilovolts effective

Cm. In Non-grounded Grounded

20 7 87 360 360

30 11 81 490 490

40 15 75 615 595

50 19 69 715 665

60 23.62 795 725

70 27 .56 870 775

80 31.50 920 e e

90 35.43 970 1 ... e
100 39.37 1010 | ... Ll

TaBLE XXVI.—SPHERE GAP SPARK-OVER VOLTAGEs (100-cM. SPHERKS)
These values are calculated

Spacing i Kilovolts effective

Cm. In 1 Non-grounded i Grounded

1.0 0.394 20 20

3.0 1.181 60 60

5.0 1.969 100 100
10.0 3.937 195 195
15.0 5.91 283 280
20.0 7.87 364 360
30.0 11.81 520 505
40 0 15 75 850 615
50.0 19 69 770 730
60.0 23.62 870 810
70.0 27.56 956 805
80.0 31.50 1044 956
90.0 35.43 1107 1010
100.0 39.37 1182 1057
110.0 43.35 1238 1090
120.0 47.20 1290 1133
130.0 51.20 1335 1160
140.0 556.70 1378 1189
150.0 59.10 1412 1212
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For a given size of sphere, g, is practically constant, independent
of spacing, between the limits of X' = 0.544/Rp and X = 2R,
The average gradient between these limits of separation is

gs = 27.2(1 + 254) kv./centimeter maximum (a)
VR
gs = 19.3(1 + %5;) kv./centimeter effective sine wave.! (b)

The maximum variation from the average between the limits
may be 2 per cent. When X is less than 0.544/p, g. increases
very rapidly because the spacing is then comparable with the
“jonizing distance’’! (see page 67, Chap. IV). Above X =
3R, g, apparently gradually increases. This increase seems only
apparent and due to the shanks, surrounding objects, etc., better
distributing the flux or lessening the flux density. When both
spheres are insulated and of practical size, the change is not great
within the prescribed limits. In this case the neutral of the
transformer should be grounded so that spheres are at equal and
opposite potential. When one sphere is grounded, however,
this apparent increase of gradient is very great if the mathe-
matical f, which does not take account of the effect of surrounding
objects, is used. For this reason f was found experimentally,
assuming g. constant within the limits, as it is in the non-grounded
case, and finding values of f, corresponding to the different
values of X/R. Any given value of the ratio X /R should require
a constant f, to keep g, constant independent of B. This was
found to check.?

The curves may be approximately calculated thus

_ % (non-grounded)
@ =95 effective sine wave (13a)
, e =g, & (grounded) 1)

*f, effective sine. wave -+

where g, is calculated from the equation (b), and f or f, are found
from the table on page 28 for the given X/R. These equations
have been given for theoretical rather than practical reasons.
Curves should be calculated only when standard measured curves

L Peek, F. W,, Jr,, “Law of Corong II1,” Trans. A.I.E.E., p. 1767, 1913.

! f, was determined with the grounded sphere 4 to 5 diameters above
ground. In practice, this may vary from 4 to 10 diameters without. great
error (see Table XXXIV). Voltage values in tables correspond to 4 to 5
diasmeters above the ground for this case.
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cannol be obtained. Measured curves are given here. The
average error, however, for curves calculated from the above
equations, for 2-ecm. diamecter spheres and over, should not be
greater then 2 per cent. The accuracy of calculations is not as
great as in the case of the starting point of corona on wires.

The Effect of Air Density or Altitude and Temperature: Cor-.
rection Factor. Practical Application.—We have found that the
average gradient for various air densities may be expressed

0.54

ViR

= 19.35( 1 + —— )kv./centimeter effective.
(1+ Vi)

g0 = 27.2&(1 +

)kv. /centimeter maximum

where § is the relative air density (see page 62). This correc-
tion does not apply for small spacings at low air density.

The standard curve may be made to apply to any given altitude
by multiplying the standard curve voltage at different spacings
by the correction factor thus

[ 1ss(1+ 57)
” l 19.3 1+—°~5%>
g

In order to avoid the trouble of calculating in practice, the
factor is tabulated in Tables XXVII and XXVIII. This correc-
tion is very accurate. Table XXVII gives the correction factor
for different sizes of spheres at different barometric pressures and
at constant temperature. When the voltage strikes across a
given gap the voltage e corresponding to the gap is found from
the standard curve and multiplied by the correction factor a, or
a curve may be plotted corresponding to a given barometric
pressure.

Thus e = ea

" Table XXVIII gives the correction factor for various values of
8. 5may be calculated for the given temperature and barometric
pressure and correction factor then found from the table. Figure
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TasLe XXVII

i B b
Appr oxm:nlte arometer ' Values of a at 25 deg. C. for standard spheres of the

following diameter, cm.

L d |
altitude Cm., Hg lln.. Hz!

Ft. 6.25 12.5 |25.0 |37.5 |50.0 [75.0 (100 O
0 76.00 {29.92,1.000 1.000(1.0060 |1.000 |1.000 (1.000 1.000
500 74.58 [29.36 /0.981 |0.980 |0.980]0.979 {0.9790.979 |0.979
1,000 73.14 128.790.964 10.963 |0.962 [0.961 |0.960 [0.960 |0.960

1,500 71.77 128.25,0.94810.946 |0.945 0.944 |0.943 |0.942|0.942
2,000 70.42 |27.720.932 0.929 |0.927 |0.926 |0.925 (0.924 |0.924
2,500 60.09 [27.20/0.916 0.913(0.911 /0.909 |0.908 [0.907 |0.907

3,000 67.74 {26.67 /0.902 0.899 ,0.897 10.895 /0.893 |0.8920.891

3,500 66.51 {26.18.0.887 10.884 |0.8820.880(0.878 |0.876 0.875

4,000 65.25 125.690.873 10.870|0.867 [0.865 |0.863 |0.861 0.860

4,500 64.01 |25.230.859 0.855|0.852 |0.850 |0.848 0.846 |0.845

5,000 62.79 [24.72)0.845,0.841 0.838 |0.835|0.833 |0.831 [0.830
0.812

6,000 60.45 |23.800.817 0.808 |0.805 0.803 |0.801 |0.800
7,000 58.22 |22.93(0.791 0.786(0.782,0.779 ,0.776 0.774(0.772
8,000 56.03 [22.05(0.76510.759 |0.754 0.750 |0.748 [0.746 |0.744
9,000 53.84 21.2010.739/0.733/0.7280.72410.721/0.719/0.717

10,000 51.85 (20.41(0.716 10.709 |0.703 {0.698 |0.694 |0.692 |0.690
12,000 48.09 (18.930.669 10.661 |0.656 |0.651 [0.647 |0.644 10.642
15,000 | 42,88 |16.88 0.606}0.596 0.589 |0.585 10.580(0.577 0.575

l

103 gives the standard curve for the 25-cm. sphere (non-
grounded) (25°C., 76 cm. barometric pressure) and rurves calcu-
lated therefrom for 25°C. and various barometric pressures.

Experimental Determination of the Effect of Air Density.—The
equatlon for the air density correction factor was determined by
an ertensive investigation of the spark-over of spheres in a large
wooden cask arranged for exhaustion of air. This cask was
built of paraffined wood and was 2.1 meters high by 1.8 meters in
diameter inside (see Fig. 104).

Tests were made by setting a given size of sphere at a given
spacing, gradually exhausting the cask, and reading spark-over
voltage at intervals as the air’ pressure was changed. (Tem-
perature was always read, but varied only between 16 and 21°.
C.) This was repeated for various gpacings on spheres ranging
in diameter from 2 cm. to 25 om. * At the start, the possible
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TaBLe XXVIII.—CALcuLATED VALUES OF ¢ FOR DIFFERENT VALUES OF &
VR + 0.54
= 8
©=V { VR +0.54
Relative Values of a
air density Diameter of standard spheres in ecm.

0 6.25 12.5 | 25.0 37.5, 50.0 75.0 100.0
0.560 | 0.547 | 0.535 | 0.527 0.5¢2 9.519 0.517 0.516
0.55 0.594 | 0.583 | 0.575 | 0.570 | .0 587 0.565 0.564
0.60 0.640 | 0.630 | 0 623 | 0.618 0.615 0.613 0.612
0.65 0 686 | 0 677 | 0.670 | 0.665 0.663' 0.661 0.660
0.70 0.732 1 0.724 | 0.718 | 0 714 0.711 0.709 0.708
0.75 0.777 1 0.771 | 0.766 | 0.762 0.759 0.757 0 756
0 80 0.%21 | 0.816 | 0.812 | 0.809 0 807 0.805 0 804
0 85 0.866 | 0.862 | 0 859 | O 857 0.855 0,854 0.853
0 90 0.910 | 0.908 | 0.906 | 0.905 0.904 0.903 0 902

. A
0 95 0.956 | 0.955 | 0.954 | 0.953 0.952 0.951 0.951
1 00 1000|1000 1.000| 1.000 1.000 1.000 1.000
1 05 1044 {1045 | 1.046 | 1.047 1.048 1.049 1.049
110 1.092 | 1 092 | 1 094 1 095 1 096 1 097 1 098
200 (X '\’j/
RS
180 »\%tj“/"-"k’gﬁ
)g}/‘«'t/
160 — A Awdrgl o
© /( =4 ‘Q-bf
g1 AT
=120 }— ’;/ ;5 6“:" ] Fosi
£ 100 ,% Sl Cocamll
% 8 /Yutd r~~—~
M/ 7 N
7
40
20
0 2 4 6 8 10 12 14 16 18 20
8pacing cm.
Fra. 108.—8phere gap spark-over voltages at various sir pressures. (12.5-cm.

spheres. Non-grounded. Curves calculated. Points measured.)
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effect of spark-overs on the succceding ones in the cask was
investigated and found to be nil or negligible. A resistance of
1 to 4 ohms per volt was used in series with the spheres. Wave
shape was measured and corrected for. Voltage was read on a

Fre. 104.—Cask for the study of the variation of spark-over and corona voltages
with air pressure.

voltmeter coil, by step-down transformer and by ratio. Pre-
cautions were taken as noted elsewhere.

In order to illustrate the method of recording data, ete., a small
part of the data for various spheres and spacings is given in
Tables XXIX to XXXII. Considerable data are plotted in
curves, Figs. 105 to 107. The points are measured values. The
drawn lines are calculated by multiplying the voltage values
from the standard curves at 5 = 1, by the correction factor.
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TasLe XXIX.—SrHErRE GAr Spakk-oveir VOLTAGES AND GRADIENTS

5.08-cm. Spheres.  Non-grounded
Spacing ! R el‘ati); o Kv. ¢ge measured
"
- 8if .
Cm. In. density Effective Maximum Effective Maximum
5.08 2 1.018 78.4 111.0 27 .4 38.9
5.08 2 0.980 75 6 107.0 26.5 37.6
5.08 2 0.944 73.1 103.5 25.6 36.2
5.08 2 0.903 70.7 100.0 24.8 35.0
5.08 2 0.872 68.7 97.2 24.0 34.0
5.08 2 0.836 64.0 90.5 22 .4 31.7
5.08 2 0.798 63.6 90.0 22.3 31.5
5.08 2 0.764 61.1 86.4 21.4 30.2
5.08 2 0.726 58.9 83.3 20.6 29.2
5.08 2 0.682 56.1 80.5 19.6 28.2
5 08 2 0.654 54.0 76.4 18.9 26.8
5.08 2 0.618 51.5 73.0 18.0 25.6
5.08 2 0.578 49.0 69.3 17.2 24.3
5.08 2 0.544 45.8 64.7 16.0 22.6
5.08 2 0.510 43.3 61.2 15.2 21.4

TABLE XXX.—SpPHERE GAP SPARK-OVER VOLTAG

ES AND GRADIENTS

12.5-cm. Spheres. Non-grounded
Spacing Relative Kv. 0« measured

air —_
Cm. In. density Effective | Maximum | Effective | Maximum
12.7 5 0.982 163.0 230.0 23.1 32.7
12.7 5 0.951 156.0 221.0 22.2 31.4
12.7 5 0.917 150.0 212.5 21.3 30.2
12.7 5 0.880 147.0 208.0 20.9 29.5
12.7 5 0.846 143.5 203.0 20.4 29.8
12.7 5 0.807 139.5 197.5 19.8 28.0
12.7 5 0.780 134.5 190.0 19.1 27.0
12.7 5 0.736 131.0 185.5 18.6 26.3
12.7 5 0.699 125.0 177.0 17.7 25.1
12.7 5 0.666 120.5 170.0 17.1 24.2
12.7 5 0.637 115.5 163.0 16.4 23.1
12.7 5 0.598 109.5 155.0 15.5 22.0
12.7 5 0.561 104.5 147.5 14.8 21.0
12.7 5 0.541 101.0 142.5 14.3 20.2
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Fic. 105.—Spark-over voltages at different air densities. (12.5-cm. spheres
non-grounded. Figures on curves denote spacing.)

TaBLE XXXI.—SpPHERE GAP SPARK-OVER VOLTAGES AND GRADIENTS

12.5-cm. Spheres. Grounded

Spacing Relative Kv. ¢« measured
- Aalr
Cm. In. density Effective | Maximum | FEffective | Maximum
6.35 2.5 0.908 95.5 135.0 21.2 30.0
6.35 2.5 0.869 92.5 130.5 20.5 29.0
6.35 2.5 0.828 88.6 125.0 19.7 27.8
6.35 | 2.5 0.796 85.8 121.0 | 19.0 26.9
6 35 2.5 0.758 81.1 114.5 18.0 25.4
6.35 2.5 0.723 78.2 110.5 17.3 24.5
6.35 2.6 0.690 78.2 103.5 16.2 23.0
6.35 2.6 0.653 71.5 101.0 16.9 22.4
6.356 2.5 0.620 68.2 96.3 15.1 21.4
6.35 2.5 0.582 64.3 90.9 14.2 20.2
6.35 2.5 0.539 . 60.7 | 85.8 13.8 19.0
6.35 2.5 0.439 56.6 7 78.5 12.3 17.4
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Spark-over gradients at different air densities for several sizes of spheres.
-3
(Points measured. Curves calculated from g, = 19.36( 1+ VOO‘{ ))
VR
TaBLe XXXII.—SpHERE GAP SPARK-OVER VOLTAGES AND GRADIENTS
25-cm. Spheres. Non-grounded

Spacing Relative Kv. ¢e measured
- air

Cm. In. density Effective Mazximum Effective Mazximum

.62 3 1.018 139.0 196.5 22.2 31.5
7.62 3 0.978 133 5 189.0 21.4 30 3
7.62 3 0.942 129.5 183.0 20.8 29.3
7.62 3 0.906 126.0 178.0 20.2 28.5
7.62 3 0.888 121.5 172.0 19.5 27.6
7.62 3 0.839 115.0 163.0 18.4 26.1
7.62 3 0.796 111.0 187.0 17.8 25.2
7.62 3 0.752 105.5 149.0 16.9 23.9
7.62 3 0.718 101.5 142.0 16.3 22.7
7.62 3 0.685 96.2 136.0 15.4 218
7.62 3 0.648 91.5 129.5 14.6 20.7
7.62 3 0.608 87.0 123.0 13.9 18.7
7.82 3 0.570 81.3 115.0 13.0 18,4
v.62 8 0.527 74.7 105.5 12.0 18.9
7.62 3 0.401 70.8 100.0 11.3 16.0
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The caloulated values check the measured values closely.

The equation for the correction factor was deduced from
measured values as follows:

From a former investigation it was found that at § = 1 the

average gradient .
.5
gs = go(l + ‘\/R)

From this investigation it was found that the average gradient
at various values of § is

0.54
s = ua 1 -
g.=9 ( + x/aR)

TasLe XXXIII.—AveErRAGE ErrecTivE RUPTURING GRADIENT FOR
SPHERES OF SEVERAL DiAMETERS AND VARYING AIR DENSITIES
Diameter of Spheres, cm. Surface Gradients

0.54
Columns marked ‘“Cale.” are from, g, = 19.36(1 + }Ié)
é

2.54 5.08 12 5 25
s - - U
Meas. Cale Meas. Calec. Meas. Calc. Meas. I Cale.
1.00 28.7 28.5 25 8 25.8 24 0 23.4 21.9 22.2
0.90 26.2 26.1 23.7 23.3 21.8 21.2 19 9 201
0.80 24.0 23.7 21.3 21.3 19.6 19.1 17.9 18.0
0.70 21.3 21.2 19.0 19.0 17.4 16.9 15.7 15.9
0.60| 187 18.7 16.7 16.6 | 15.2 14.7 13.6 | 13.8
0.5 | 16.1 16.1 14.6 (14,3 [ 13,0 {1256 |11,6 |11 7

The average measured gradients for various values of § are given
in Table XXXIII, the calculated values from the equation are
also given. The check is quite close. It should be remembered,
however, that these are average values over this range of spacing
and that there is a small variation at different spacings a¢ already
explained (see Figs. 106 and 107).

Effect of High Pressure, High Vacuum, Short Spacings, Etc.,
on Dielectric Strength of Gases.—Since ionization by collision
is the essential factor in the ordinary breakdown of gases, any
effect that will hamper its action will tend to increase the break-
down voltage necessary (see page 45, Chap. III). Accordingly,

. 1 Pegx, F. W, Jr.,, “Law of Corona I¥1,”” Trans. A.I.E.E., p. 1767, 1913,
Peex, F. W, Jr., ‘Discussion,” Traws. A.I.E.E., p. 812, 1913,
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as the data just given on air density has shown, the spark-over
voltage rises with increased pressure.

The reason for this is that the decreased spacing of the gas
particles has lowered the mean free paths of the ions and electrons
so that greater gradients are necessary for accelerating them to
ionizing speeds between collisions. At extremely high pressures
some investigators working at comparatively short spacings!
have found that there is a certain pressure above which the
dielectric strength no longer increases (see Fig. 108). This
has been explained on the assumption that the gas particles
have become so closely packed that collision ionization has
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F16. 108.—Breaskdown strength of air between needle points under high pres-
sures. (Ryan-Ekern.)

practically ceased, when some other form of breakdown begins
to predominate which is not affected by gas pressure, This form
may involve actual pulling of electrons from the electrodes by
electro-mechanical forces set up by high field gradients there.
Inversely, collision ionization may also be seriously hampered
in extremely high vacuums, as previously discussed (see page 45,
Chap. III), due to the scarcity of gas particles for taking part
in the ionization process. Millikan and his fellow workers have
given this aspect considerable study? and have obtained break-
downs requiring gradients as high a8 6,000,000 volts per centimeter
which, undoubtedly involve electrons pulled from the metal also
Another instance of an apparent increase of dielectric strength
of a gas.caused by hampering collision ionization (and preventing
normal space charge formation) is that occurring in the break-

tRyaw, H. J., Prans. A.I.E.E, p. 1, 1911.
2 MILLIKAN und SuacxuLroRrp, Phys. Rev., Vol. XV, 1020,
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down of very small gaps. Breakdown tests at short spacings,
and the results obtained therefrom, were described in Chap. IV,
page 67.

Effect of Ultra-violet Light, Etc., on Spark-over Voltages.—
Ultra-violet light and similar short-wave radiations have been
shown to cause some electron emission by photoelectric effect
from metal surfaces, but to create inappreciably ionization in
air and most gases (see Chap. I1I, page 45). Accordingly, when
an ultra-violet light source is directed towards a gap, the only
effect is a small electron emission from the electrodes. In very
short gaps of a few millimeters spacing, and in a vacuum, where
there is less chance of sufficient stray ions being present for start-
ing collision ionization as soon as the applicd field reached break-
down proportions, the time lag and, consequently, the breakdown
voltage value may be lessened somewhat by the presence of
electrons created by ultra-violet light. With larger spacings
at atmospheric pressure, however, there is an ample number of
stray ions present for initiating the ionization process so that the
relatively few electrons added by the ultra-violet light have a
negligible effect.

In most atmospheric spark-overs, in practice, ultra-violet light
has been found to cause no measurable reduction in the average
breakdown voltage. The only apparent -effect has been to
decrease the variation of the breakdown voltage values at the
small gap spacings. This is particularly true for rapidly applied
voltages and impulses.

With X-rays, however, the photoelectric effect is sufficiently
intense to cause appreciable reductions of time lag and spark-over
voltage, especially with impulses.

Precautions against Oscillations in Testing.—A non-inductive
resistance of 1 or 4 ohms per volt should always be placed
directly in series with the gap. For the non-grounded gap, one-
half should be placed on each side. When one gap is grounded,
all of the resistance should be placed on the insulated side. One
object of the resistance is to prevent oscillations from the test
piece, as a partial arc-over on a line insulator, reaching the gap.
Another object is to limit the current discharge. This resist-
ance is of special importance when tests are being made on
apparatus containing inductance and capacity. If there is no
resistance, when the gap sparks aver, oscillations will be pro-
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duced which will cause a very high local voltage rise over parts
of the winding. If sufficient resistance is used, these oscillations
will be dampened out. This is illustrated in Fig. 109 which
shows results of a test on a high-voltage transformer.

Referring to Fig. 109, the high-voltage winding of the trans-
former under test is short circuited and connected to one terminal
of the testing transformer. The other side of the testing trans-
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former is grounded. The low-voltage winding of the transformer
under test is short circuited, connected to the case and ground.
Voltage is gradually applied to the transformer under test until
the ‘“measuring gap” sparks over. Insulated taps, 1, 2, 3, 4, 5,
are brought out at equally spaced points on the high-tension
winding of the transformer under test. Auxiliary needle gaps
are placed between 1 and 2, 2 and 3, and 1 and 3 to measure the
voltage which appears across these sections of the winding when
the main measuring gap discharges. The numbers between 1
and 2, 2 and 3, and 1 and 3 represent the sparking distances of
the local voltages caused by a discharge of the measuring gap.
Four cages are given with different values of resistance  in the



136 DIELECTRIC PHENOMENA

main gap. When w = 1 ohm per volt, the local oscillations are
completely damped out.

With small resistance in the gap, a 19-cm. spark-over causes a
voltage to build up between coils 1 and 3 (which sparks over a
150-cm. gap), although the total applied voltage across the
transformer is only equivalent to & 19-cm. gap. The apparatus
may thus be subjected to strains far beyond reason, and either
broken down or very much weakened. Water-tube resistance is
the most reliable. A metallic resistance, if non-induective and
small capacity, may be used. Carbon or graphite rods, although
rather erratic in their resistance values, are often used because
of their cheapness and simplicity.

When the tested apparatus is such that there is considerable
incipient arcing before spark-over, it is better to use the sphere to
determine the equivalent ratio of the transformer at a point in
voltage below the voltage at which this arcing occurs. The
sphere gap should then be widened out, the spark-over voltage
measured on the low-voltage side of the transformer or in the
voltmeter coil, and multiplied by this equivalent ratio. It must
also be remembered that resistances do not dampen out low
frequency surges resulting from a short circuit, etec.

Miscellaneous Precautions.—In making tests it is desirable
to observe the following precautions:

The shanks should not be greater in diameter than one-fifth the
sphere diameter. Metal collars, etec., through which the shanks
extend should be as small as practicable, and not come closer to
the sphere than the gap distance at maximum opening. The
effect of a large plate or plates on the shanks is given in Table
XXXIV. The sphere diameter should not vary more than 0.1
per cent. and the curvature, measured by a spherometer, should
not vary more than 1 per cent. from that of a true sphere of the
required diameter. The spheres should be at least twice the
gap setting from surroundings. This is especially important if
the objects are large conducting, or semi-conducting masses,
walls, floor, ete. Care must also be taken to place the spheres so
that external fields are not superposed upon the sphere gap.
This is likely to result, especially in the non-grounded case, from
a large mass of resistance units or connecting leads, ete., in back
of and in electrical connection with either sphere. The error
may be plus or minus as indicated for the small plates in Table
XXXIV. Great precautions are necessary at very high voltages
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to prevent leakage over stands, supports, ete., and to prevent

corona and brush discharges. Unless such precautions are taken
errors will result.

TasLe XXXIV.—ErrecT oF METAL PLATES ON THE SHANKS.
TO GROUND ON ARC-OVER—OF 6.25-CM. SPHERES
Per Cent. Change of Voltage

DisTaNCE

Non-grounded 5 cm diameter Grounded 5 cm. diameter plates.
Bphere plates. 6.25 cm. back of 6.25 cm. back of
gap, cm - —— - — -
Both spheres One sphere Insulated sphere |Grounded sphere
15 00 00 + 07 -0 7
30 +10 -10 + 15 -15
6.0 +2 0 -2 0 + 30 -2 0

APPROXIMATE EFrecr oF DisTaNce ABOVE (GRound WHEN ONE SPHERE 1s

(GROUNDED
Diameters of Percentage variation from standard curves for different spacings
grounded sphere —_

above ground z = 2R z=R z =,
0 -100 —-55 00
1 — 45 -30 00
2 - 20 -10 00
3 - 10 - 05 00
4 - 00 - 00 00
5 + 05 + 03 00
6 + 10 + 05 00
10 + 25 +10 090
20 + 25 410 00

Nore: The spacing, X, 18 given in terms of radius, R, to make the correction applicable
to any sige of sphere The distance of the grounded sphero above ground 1s, for the same
reason, given in terms of the sphere diameter. The (+) sign means that a higher vo)tatfe
is required to arc over the gap than that glven bx‘:he standard curve, the (—) sign indi-
cates that a lower voltage is required. Thestandard curves are made with the grounded
spheres from 4 to 5 diameters above und. In practice it is desirable to work between 4
alr:d 10 diameters, never under 3, Above 10 the variations in per cent, error remain about
the same.

When both spheres are insulated, with the transformer neutral at the mid point, there is

practically no variation in voltage for different distances above ground.

In making voltage measurements with spheres, even though
they have been thoroughly cleaned and polished beforehand,
it generally happens that the first few spark-overs occur at
abnormally low voltages. It is only after a number of spark-
overs have been taken that the breakdown voltage approaches a
higher constant valye. The larger the diameter of sphere used,
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the lower the initial spark-over voltage. The effect is probably
attributable to microscopic irregularities due to particles in the
surface that must be ejected by several voltage applications
before steady measuring properties exist. In general, this
initial voltage reduction is not more than 10 per cent., and it
disappears after a few spark-overs.

Sixty-cycle Spark-over of Suspension Insulators.—The spark-
over voltage of suspension insulators varies with the number of
units, spacing and type of units. Figure 110 shows a 60-cycle
spark-over curve for one standard type of cap and pin unit of
53 4-in. spacing and 10-in. diameter. The breakdown voltage is
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F16. 110.—60-cycle flashover voltages of cap and pin suspension insulator
strings.

roughly proportional to the spacing of the units for similar
types, so that the above curve is not restricted to use with the
534-in. insulator only. This applies when the spacing is not
large compared to the diameter. For the 10 in. diameter unit
it holdg between the 4 in. and 6 in. spacing.

Rain and Water on Sphere Surface.—Figures 111 and 112
show the effect of rain and water on points and spheres. The
ratio of dry to rain (0.2 in. per minute) spark-over voltage for a
given spacing will average about 2.5 for 6.25 to 50-cm. spheres.

High Frequency, Oscillations, Impulses.—A great deal of
confusion often results in discussing the effects of high fre-
quency on insulation without “differentiating between continu~
ous sine wave high frequency, oscillations, and steep wave front
impulses. This is so because the effects may be quite different,
and are all attributed to the same cause.
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High frequency from an alternator, or a series of oscillations,
may cause high-insulation loss, heating, and the resulting weak-
ening of the insulation. Single trains of oscillations, or single

0 20 % 4 50 6 7 8 %0 100

8nacing cm.
Fra. 111.—Spark-over voltages between points. o, dry; A, wet; x, rain. 0.25’

per minute. 60° points on 1.25 e¢m. rods.

impulses, may not produce heating. Energy, and therefore
definite finite time, is required to rupture insulation. For 