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THE LAW OF CORONA AND DIELECTRIC
STRENGTH OF AIR—II

BY F. W. PEEK, ]JR.

I. INTRODUCTION AND DiscussioN OoF PArT I.*

Part I of this paper* presented at the A. I. E. E. Annual
Convention last June gave the results and discussion of exten-
sive investigations of corona formation and loss. These investi-
gations consist of power measurements on a short transmission line
under all of the variable conditions of spacing, size of conductor,
storms, etc., met with in practise, supplemented with extensive
laboratory investigations.

While these formulas made it possible to accurately prede-
termine the corona characteristics of practical transmission lines
over natural temperature and barometric pressure range and com-
mercial frequency range, investigations were continued, and are
still being continued, with a view of rationhalizing the formulas,
and getting at the fundamentals and fundamental mechanism
of corona loss. The work of reduction of data obtained to date
is still incomplete, and it is also not possible at the present
time to include all that has been accomplished.

A considerable mass of new material, however, is given here.

All of this work has been made possible by engineering and test
facilities afforded by the Consulting Engineering Department
of the General Electric Co. under the general supervision of Dr.
C.P.Steinmetz. Thanksare due to Messrs. C. M. Davis, J. L. R.
Hayden, C. E. Magnusson, Don F. Smith and C. W. Stone for
their active and valuable assistance.

For description of the apparatus and general method of test,

* The Law of Corona and Dielectric Strength of Air, A. 1. E. E. PROCEED-
INGS, July, 1911. Hereafter referred to as Part I.
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see Part I. For convenience of reference the following short
summary of equations, etc., is given from Part I.
The disruptive critical voltage is

eo = my go 7 log, %kv. to neucral (3)

where g, is the disruptive gradient of air in kilovolts per cm. at
25 deg. cent. and 76 cm. barometer, and is constant for all sizes
of wires, frequencies, etc. If the effective value of g is taken, e,
is given in effective kilovolts. ’

Where
r = radius of conductor in cm.
S = distance between conductor and return conductor in cm.,
2o = 29.8 kv. per cm. (maximum).
go = 21.1 kv. per cm. (effective).
mo= a constant depending upon the condition of the conductor
surface.
mo= 1 for polished conductors,
-~ mo= 0.98 — 0.93 for roughened or weathered wires.
my= 0.89 to 0.83 for cables.

Luminosity of the air surrounding the line conductors does
not begin at the disruptive critical voltage e, but at a higher
voltage e, the visual critical voltage.

The visual critical voltage e,, is much higher for small wires
than the disruptive critical voltage, eo; it is also higher for large
wires, but to a lesser extent.

While theoretically no loss of power should occur below the
visual voltage, e,, some loss does occur, due to irregularities of
the conductor surface and seems to follow the probability law:

pr=gq e—h (eo—e)? (4)

whereq is a coefficient depending on the number of spots, and
h is a coefficient depending on the size of spots.

Snow, sleet and rain losses seem to be of the same nature but
frequently of far greater magnitude. -

The visual critical voltage, e, is derived from the disruptive
gradient, g, by the equation

0. 301)

e.,=m,,gob‘r(1+ v

kv to neutral (6)*
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where
m, = my = 1 to 0.93 for wires.

_ { 0.72 local corona all along conductor; } For seven
* ~ 10.82 decided corona all along conductor } strand cables

If go (maximum) is used, e, is obtained in maximum kilovolts.

_ 0.301)
g = goa (1 + \/;

: 7y 2
p = d f\/—r- e—gomorﬁlog;§) 10-% kw. per km. of  (6)
0 S r .
, single conductor.

(6a)*

e = effective kilovolts to neutral.
k = 344.
go = 21.1 kv. per cm. (effective).

3.925
273 + ¢

air density factor =

6

0 = 1 at 25 deg. cent. and 76 cm. barometric pressure.
b = barometric pressure cm.

t = temperature deg. cent.

r = radius of conductor, cm. ‘

S = distance between centers of conductors, cm.

f = frequency, cycles per second.

The corona loss is

a. Proportional to the frequency f (over commercial range).

b. Proportional to the square of the excess voltage above the
disruptive critical voltage, eéo.

c. Proportional to the square root of the conductor radius 7,
and inverse proportional to the square root of the conductor
distance.

The disruptive critical voltage, e, is that voltage at which the
disruptive voltage gradient of the air is reached at the conductor
surface. Hence, it is .

a. Proportional to the conductor radius, 7, and the log, S/r.

b. Proportional the air density.

c. Depending somewhat on the conditions of the conductor
surface as represented by m.

* Proportional to 0 with fair approximation over natural range of
barometric pressure and temperature. O enters also as a function in
energy distance. See IlI.
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The effects of various atmospheric conditions and storms on
the critical voltage and loss will now be considered. Humidity
or *‘ vapor products '’ have no effect on either the critical voltage
or the loss.

Smoke lowers the critical voltage and increases the loss.

Heavy wind has no effect on the loss of critical voltage at
ordinary commercial frequencies.

The weather conditions that really count practically and which
must be seriously considered in the design of transmission lines
are as follows:

Fog lowers the critical voltage and increases the loss.

Sleet on the wires, cr falling sleet, lowers the critical voltage
and increases the loss. High voltages do not entirely eliminate
sleet formation.

Rain storms lower the critical voltage and increase the loss.
Snow storms lower the critical voltage and increase the loss.
The effect of snow is greater than that of any other weather
condition.

II. SumMARY OF PART II.

1. Influence of temperature and barometric pressure on g,
and gy over a wide range.

a. Visual corona starts at a lower voltage if the temperature is
increased. Visual corona starts at a lower voltage if the baro-
metric pressure is decreased. That is,

e, = ¢ (0)

where 8 is the air density factor. If e,’ is the visual critical volt-
age at & = 1, over a short range of 6 a fair approximation is:
e, =08e,.

b. Over a considerable range of air densicy our experiments
show

A 0.301 s
€y =My go 07 (1 + \/57) lOg; , (5/)
0.301
y = My of1 ) ’
o= megod (14 525 (ba’)

c. This means that the disruptive gradient varies directly with
the air density factor 8, as would be expected and already shown
in Part I.

g =0g/
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Tt also means that the energy storage zone to cause rupture

extends

0.301 :;: cm.
from the conductor surface, and, therefore, g, does not vary
directly with the air density. This is in accordance with the
theory of Part I that energy is necessary to cause rupture.

d. The influence of variation of air density is the same over
a very wide range whether the variation of air density is caused
by change of barometric pressure or temperature.

2. Influence of Frequency on g, and go. Between 40 and 100
cycles the influence of frequency on g, and gy, if any, is small, and
less than the slight changes in wave shape in the testing trans-
former at different frequencies and which cannot be detected by
the oscillograph.

3. Spark-over and Corona on Polished Parallel Wires or Cylin-
ders.

a. Where S/r is less than 30 spark-over occurs before corona
appears.

b. Where S/r is 30, either spark or corona may occur. This
point is very unstable. If corona appears first the spark-over
voltage e, is slightly increased.

c. Where S/r is greater than 30 corona appears at e,, then
spark-over occurs at higher voltage e,.

d. Above the point of intersection of the e, and e, curves
plotted with spacing S, e, follows approximately a straight line
through the test range. The g, curve is a straight line parallel to
the S axis. The g, curve is also very nearly a straight line which
intersects the g, curve at S/r = 30, and extended cuts the g
axis at go = 30 kv. per cm. This seems to be a further check on
30 as the disruptive gradient for air.

e. e, 1is less definite than e, and is greatly influenced by irregu-
larities, dirt, etc. For polished wires and constant spacing, e,
increases with decreasing diameter of the wire. When the conduc-
tor surfaces are coated with water, at a given spacing e, is almost
independent of the radius of the wire-and approximately follows
the needle gap curve. Oil on the conductor surface has a some-
what similar effect. Water on the conductor surface always
very greatly reduces g,. 0il on the conductor surface reduces g,
to some extent on large conductors, and, by increasing the radius
an appreciable per cent raises g, on small conductors.
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f. For the test range it is difficult to determine whether e,
or g, curve with S more nearly follow a straight line.

1. On the assumption that g, is in straight line—and this
seems the most reasonable assumption—we may write:

0.01 .
gs = 30 (1 +'—\/—_r— S kv. per cm. maximum

This holds above the triangular point where S/ris greater than
30. When S/r = 30 it reduces to the visual corona formula

g = 30 (1;+ 9—3——%1) = g, kv. per cm. maximum

Experimental points follow this curve well.

2. On the assumption that e, is a straight line the expression
takes the form ‘ '

S+5
es=3.4S5 + 355

This curve is based upon the assumption that for a given
spacing all sizes of wires would spark-over at the same voltage
and when S/r = 30 and go = 30, if there were no ‘‘ corona resist-
ance.” When r; is the total radius of wire and corona, and g,
= gradient at edge of corona.

This voltage would be at no ‘‘ corona resistance "

3.4S

However, our experiments show the spark-over varies with size
of conductor and the difference is something similar to a *‘ corona
drop "’ expressed by:

S+5
257

or the total spark-over voltage is

_ S+5 .
e = 3.45+2————.5 W kv. maximum

Assumption (1) is a closer approximation to experimental
values.
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The visual corona gradient for a conductor coated with a film
of oil is

g =19 (1 + 0735) maximum kv. per cm.

The visual corona gradient for a conductor coated with moisture
as by rain or fog is

&=9 (1 + 05175) maximum kv. per cm.

(h.) In concentric cylinders designed for maximum dielectric
strength the ratio is not R/r = ¢, but is modified because g, is a
function of r.

i. Where corona forms before spaik in concentric cylinders,
as when 7 is vety small compared with R, corona does not ex-
tend out to radius x when R/x = critical ratio for metallic
cylinders and spark over, but greatly increases the spark over
point indicating grading or ‘‘ corona resistance. ”’

4. Disruptive gradient go—..

~ That g, is constant and is 30 kv. per cm. is indicated by three
entirely different methods.

1. By visual corona.

2. By spark-over.

3. By power measurements.

5. Stroboscopic Study of Corona. By the use of a stroboscope,
‘a-c. corona discharge was observed on wires and needle points
on the negative and positive parts of the wave.

a. To the unaided eye corona discharge often appears to extend
~completely across between points without arc-over. Examina-
tion through a stroboscope shows that the corona extends way
out from the positive needle as a bluish white spray. The nega-
tive needle appears as a red point.

b. To the unaided eye corona on parallel wires appears as
reddish beads more or less evenly spaced, with a bluish white
needle-like fringe in between. If the wires are smooth the stro-
boscope shows the red beads on the negative, and a smooth bluish
white glow on the positive. At abrasions or points the positive
corona extends way out as very fine bluish needles. Without
the stroboscope the eye sees the combination of the positive
and negative.

c. In general, the positive discharge appears as fine bluish-
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white spray or needles, while the negative discharge appears as
reddish tufts. The discharge from points always gives the same
impression as a stream of water being forced out under pressure
from the positive, and gather in at the negative.

6. Remarks. Many interesting points are observed and further
discussed which cannot be taken up in this summary.

7. Praciical Corona Formulas. Revised and collected fc1 refer-
ence.
Disruptive critical volts (parallel wires)

eo=21.1m,0 r log, ; effective kv. to neutral 3)

Visual critical volts and gradient (parallel wires).

e, =21.1my0r (1 + 0.301 3_01) log‘ S effective kv. to neutral (")
&=21.1¢ (1 + 0. __30 )eﬁective kv. per cm
v . r . . (58‘,)

Power loss (fair weather)

P ——?’—4ir\/~ (e-eq)? 10

'y 2
=3;;‘*fV§ (3—21.1 me & rlog. %) 10-3

kw. per km. single conductor. (8)

Power loss (storm)

Power loss (storm) is higher and can generally be found with
fair approximation by assuming ¢, = 0.80 of fair weather ¢, in
(6).

Visual corona gradient—wires thoroughly wet (with fair ap-
proximation)

0.815
Vr

% =6.4 (1 + ) effective kv. per cm.

Other Formulas. For spark-over formulas, corona in concen-
tric cylinders, etc., see text.
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NortaTION

3.92b
273 + ¢
= barometric pressure in cm.
= temperature in degrees cent.
frequency-—cycles per second.
o = irregularity factor.
1 for polished wires.
0.98 — 0.93 for roughened or weathered wires.
= 0.087 — 0.83 for cables.
{ 0.72 for local corona all along conductor LFor seven

§H~,«~w~ (-9
1

m, = < 0.82for decided corona all along conductor strand
cables
= 1 to 0.93 for wires.
r = radius of wire in cm.
s = spacing in cm.

III. INFLUENCE OF TEMPERATURE AND BAROMETRIC
PRESSURE ON VISUAL GRADIENT AND DISRUPTIVE
GRADIENT

In the former paper* it was shown that the visual critical
gradient for parallel wires may be expressed in maximum kv.
per cm.

% = g (1+;/kfr.)=29.8(1+

)

at the standard temperature of 25 deg. cent. and barometric -
pressure of 76 cm. Also for changes in temperature and baro-
metric pressure over the natural range a fair approximation is

5 =29.80 (1 + 0'301)

Vr

Where & is the air density correction factor and is unity at the
standard temperature and pressure.

5= 3.92b

273 + ¢
b = barometric pressure.
t = temperature.

* Law of Corona and Dielectric Strength of Air—I.
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On the theory that definite energy is necessary to start dis-
ruption or glow,* g, should vary directly with the air density
factor 8. g,, however, should not vary directly with J, as the
thickness of the energy storage film should also be a function of
0. Thus, we would suspect that the equation for g, should be
written

om0 (1+ 55r0s)

Whether 6 is varied by change of temperature or air pressure
the effect should be the same as long as the temperature is not so
high that the air is changed chemically. This will be discussed
more fully later under the head of * Rupturing Energy.”

- TABLE I
For PoLisHED CopPER TUBE INSIDE OF BRAss CYLINDER
Test 195 r = 0,953 R =5.55cm
‘Observed values Calculated from equation
Kv. [ b 12 &’ _
effective c? cm. 5 (max) (max) k V3
48.5 18 75.4 1.016 40.7 41.4 0.286 0.285
46.5 37 “ 0.954 39.1 39.1 0.312 0.305
45.2 50 “ 0.915 38.0 37.7 0.327 0.312
- 43.4 66 “ 0.873 36.5 36.2 0.337 0.314
41.0 85 “ 0.826 34.5 34.5 | 0.339 0.308
39.6 100 “ 0.793 33.3 33.3 0.344 0.306
37.6 119 “ 0.754 31.6 31.9 0.342 0.297

Temperature Tests. A series of experiments on visual corona
was carried on over a temperature range of —20 deg. cent. to
140 deg. cent. (All-tests in this paper were made at 60 cycles
unless otherwise specified.) The apparatus is shown in Fig. 1.
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.” Heating was effected by grids at the bottom of the
box. The cylinder was shielded in such a way, and sufficient
time was allowed to elapse after each change to get uniform
temperature in the tube. Temperature was observed by a num-
ber of thermometers distributed in the ‘‘ hot box.”

After heating became uniform voltage was applied and
gradually increased until glow appeared. The central con-

* Part I. Pages 1535-1542.
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ductor was observed through a window placed in such a
position in the front part of the box that the whole length of
the conductor could be seen. It was found tha: it made no
appreciable differtence in the starting voltage whether or not
the box and tubes were ‘‘ aired out '’ after each test. Concentric
cylinders were used in this test rather than parallel wires, as
the apparatus is more compact and requites a much smaller
‘“ hot box.” '

Three sizes of brass cylinders were used, baving inside radii
of 8.89, 5.55, and 3.65 cm., respectively. The central conductor
ranged in size from 0.059 to 0.953 cm. radius. I and II are
typical data tables.

TABLE II
For PoLisHED CoPPER TUBE INSIDE OoF BrAss CYLINDER
Test 194 r = 0.476 cm. R = 5.55 cm.
Kv. gy [ Vi
effective t b 4 (max) (max) k kV's
41.0 —13 75.5 1.139 49.6 50.0 0.279 0.298
40.0 0 “ 1.084 48.3 48.0 0.304 0.316
37.0 20 74.9 1.001 44.8 44.9 0.306 0.306
35.7 41 75.5 . 0.942 43.2 42.7 0.331 0.312
33.2 70 “ 0.863 40.1 39.7 0.342 0.318
31.5 87 “ 0.823 38.1 38.1 0.342 0.310
29.5 121 “ 0.7583) 35.7 35.4 0.361 .0.313.
28.7 130 “ 0.734 34.7 34.7 0.358 0.308
v L 0.308
gy = —— gy’ =318 1'|'\/?s
r loge —
5= _3:92b
(273 +1t.)

Columns 1, 2, and 3 are ‘the observed values. For concentric
cylinders the gradient at the surface of the inner cylinder is

e
g = R
rloge—r-

Where e is volts between cylinders.
R is the inside radius of the outer cylinder.
r is the radius of the inside cylinder.
Column 4 is the surface gradient for the voltage e, calculated
directly from observed values. Hence, columns 1, 2, 3, 4 and 5
are observed values. As can be seen from the tables, and as
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already noted, g, for a given 7 is independent of R or S, but varies
with 4.

By 2 A réductions of all of the data the following equation
connecting g, with » and 8 was obtained

gv=goi>‘(1+$(—g)-r)

For concentric cylinder
0.308 .
« g,=310 ( + ——) maximum kv. per cm.
Vor
::: s,L\n?’l/)
—~ ] | o e
. T e
60 1% [ -
550 e L — o 00 _—%"]
o // —x /V)—
540
530 /// i | (
) //
So
10
° Lo L5 2.0 2.6 3.0 3.6 40 4.6

V7T

F16. 2.—EFFECT OF TEMPERATURE UPON VisuAL CORONA; ‘\7:——g,,
CURVES. r

1
These curves show straight-line relation between gy and \/— for constant 8, therefore

at given §, gv= go (l +\f )

For parallel wires,

=29.80 (1 + O\/?»g) maximum kv. per cm.

Referring to the tables, column 6 gives values of g, calculated
from the above equation. Column 5 gives observed values. It
is seen that the difference is generally less than 1 per cent through-
out the whole range. Column 7 gives values of k calculated from
observed values of g, and for go = 31. In Figs. 2, 3 and 4 the
drawn lines are the actual calculated values, while the crosses
are observed values.

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 concentric cylindet
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the field is balanced all around and uniform, and should give
more neaily the true value. For parallel wires there is never
complete balance, even where S/r is large. This gives go an
apparent value which is slightly lower.

Barometric Pressure. It is now interesting to see if the same

XX CROSSES SHOW EXPERIMENTAL VALUEG _ Q“’
80 7=RADIUS OF CONDUCTOR IN CM, 7
§=-392 b }
273+t
=4 i
~ 7 * =5
s } //
o P
& g ] u. 1 Zan
w A | | «/'2“;
s T e o et
< b0p~ %] gl X VA
> //A/’K 4" ﬁ L1
*
0 /(’/1:7(/ LT
m// (“J
.6 K] .8 K] s 1.0 11 12 L3
Fic. 3 —EFFECT OF TEMPERATURE UPON VIsuAL CORONA; &g,
CURVES.
Cyrves are drawn from calculated values, from gy = 315 (1 + g?—rog)
90—
XX CROSSES ARE MEASURED VALUES a
80— "="RADIUS OF CONDUCTOR IN CM, S —
—3.92h ol
0 973 4L Z: _"l__
s ) q,@%
o 60 v |
S 50 . 7 ‘/f,‘x"@“c“
o) AP iV
- e
< 30 e /{ e
S 4 e
el
10/ ~
0 el
0 1 .2 .3 .4 .5 .6 .7 .8 .9 LO LI L2 L3 L4

b)

Fi16. 4.—EFFECT OF TEMPERATURE UPON VIsUAL CORONA; 3-8,
CURVES.

X 0.3
Curves drawn from equation gy = 315 (1 + \/_—6_72)

law holds if the temperature is kept constant and & is varied by
changing the barometric pressure. Taking the curves by
Whitehead* in Fig. 5 the drawn lines are directly as plotted in

* Electric Strength of A+r II (Figs. 6 and 7), J. B. Whitehead, Pro-
CEEDINGS A. L. E. E., June, 1911.
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‘“ Electtic Strength of Air, I1.”” The circles are points calculated
from the equation

g =310 (1 + 0.308)

| Var
. The check is quite remarkable, and the law seems to apply
equally well for temperature or pressure.

IV. INFLUENCE OF FREQUENCY ON 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 measure-
ments are shown in Fig. 6. For the test range it-is difficult to
tell whether the slight variations are due to changes in wave
shape too small to be detected by the oscillograph, or io fre-
quency. The points show a tendency to decrease with increasing

3' 90 |22 POINTS MARKED WITH CIRCLES-CALOULATED FROM
u 4 308 22
= 1+ = 23 -

35 8 Gya1d (1+ =) d mﬁ
% 4 ///"f"‘ | ot
o> = 315 0
nx LA 425
) —— e
>
OF 50 /ﬂ—/‘ - ,7/' |

-E2 4 // ot

0 ]
5 E =1 S
30 L
Z T K |
v 100 900 1000

500 0600 k(1] 800
PRESSURE: MM. MERCURY
F16. 5.—DATA FOR LINES TAKEN FROM WHITEHEAD'S ‘“ ELECTRIC

STRENGTH OF AIR, II,” ProcEEDINGS A. I. E. E., Jung, 1911, p. 1099—
FiG. 6.

frequency. There is a possibility of frequency entering thus as
a function in

w=200 (14 5y v5)

Investigation of this over a very wide range of frequency will
be of great theoretical interest. Direct-cutrent points by Wat-
son are also given on curves (Fig. 6). It is interesting to note
that these points do not indicate increased g, at lower frequencies.

While g, over the commerical transmission range is not appre-
ciably affected by frequency, it must be remembered that the
power loss over this range with sufficient accuracy for practical cal-
culation increases directly with the frequency as shown in Part
I. Tt will also be of theoretical interest to investigate this over
a very wide range of frequency. The difficulties in making such a
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comparison even over a short range are many due to changes in
wave shape, power factor, etc.

V. RELATION BETWEEN SPARK-OVER AND CORONA FOR
PARALLEL WIRES AND CONCENTRIC CYLINDERS

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 minimum value the first evidence of
stress in the air is visual corona. If voltage is still fuither in-
creased the wires become brighter and the corona has the appear-
ance of extending further out from the surface. Finally, when
the voltage has been sufficiently increased, at some chance place,

DIRECT CURRENT BY |WATSON

GRADIENT
g

"
__—~{DIRECT CURRENT |BY WATSON

u, :
1

20 30 40 50 80 0 80 90 100
FREQUENCY IN CYCLES PER SEC.

Fic. 6.—VARIATION OF GRADIENT WITH FREQUENCY.
These curves are plotted to an exaggerated scale to magnify any variations.

a spark will bridge between the conductors. When the spacing
is small, so that S/r has a certain minimum value, spark and cor-
ona may occur simultaneously, or the spark may bridge across
before corona appears. This value of S/r is a critical ratio. 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
cotona never appears.

A considerable number of tests were made to study spark-
over and corona on parallel wires. The conductors in these
tests were supported on wooden wheels in a wooden frame work as
in former tests for visual corona, except that the wires were not
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allowed to come in contact with the wood at point of support, but
rested on aluminum shields spun on a curve over the end wheels.
See Fig. 7. This method of support was found necessary, as
otherwise spark-over always took place at the ends. The appa-
ratus worked very well except for very-large or very small con-

SHIELD FOR SMALL WIRE

N

C S— N

O
O

L/ N

Fi1G. 7

ductors, when it was found almost impossible to support the
wires without spark-over at the shields.

The conductors ranged in size from 0.15 cm. to 1.00 cm. in dia-
meter, and the spacing for spark-over from 1.2 to 30 cm. The
temperature was kept nearly constant. The conductors were
were polished after each test.
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The method of test was to start at the smaller spacing with a
given value of 7 and measure the spark-over voltage. The spac-
ing was increased by steps-and spark voltage measured. When
the spacing was above the critical ratio of S/r,” where 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 constant or consistent* as the corona
point and js susceptible to change with the slightest dirt spot

TABLE III
CORONA AND SPARK-OVER FOR PARALLEL WIRES
Test No. 166 No. 0 wire
Values read Connected to 25 deg. cent. — 76b
Effective

Spacing kv. to neutral Maximum values

Cm. Corona Spark Corona Spark Corona Spark

S ey es ey es g gs

2.54 None 15.8 — 21.9 —_ 41.4

3.81 “ 22.5 — 31.2 — 42.5

5.08 “ 27.3 —_— 37.9 _— 43.2

6.35 “ 31.05 — 43.2 — 43.8

7.62 “ 35.0 —_ 48.5 — 44.9

8.89 “ 37.35 — 51.8 — 45.0
10.16 40.4 40.9 56 56.7 44 44.6
12.70 41.8 42.1 58 58.1 44 44.1
13.97 43.7 46 63.7 60.5 44.2 46.7
15.24 45.9 48.1 63.6 67 45.1 48.9
15.78 46.6 54.1 64.8 75 43. 50.8
20.32 48.9 59.6 67.7 82.8 44 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 72.4 109.7 42.9 65.1
30.48 53.1 84.5 74 117 42.9 67.9
33.02 54.1 89.6 74.8 124 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 57.1 106.5 79.4 149 42.9 80.5
60.96 63.3 — - 87 — 42.9 —

Temperature 17 deg. cent. Bar. 75.3 cm.
Wire No. 0. Diameter 0.825 cm.

on the conductor surface, and any unsteady condition in the
circuit, etc. At the beginning of the tests it was found neces-
sary, in order to get consistent results, to put water tube resis-
tances in series with the conductoss to eliminate resonance.
These resistances were high, but not sufficiently so to cause an
appreciable drop in voltage before arc-over.

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

* Above the critical ratio of S/7, or where corona forms first.
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In columns 4 and 5 are voltages reduced to maximum value to
neutral and corrected to standard 8. Column 6 is the surface grad-
ient for corona while column 7 is surface gradient for spark up to
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the spacing where corona starts first; above this ciitical spacing it
is 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 much distorted it is
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necessary to use the following rather complicated formulas
to calculate the surface gradient.

g= 575
Dr p+D
Tlog¢p_D
where s
i - 27
D-——-2—

.S = distance between conductor centers.

r = conductor radius.
27
-pAN1+ 20
4 D

2150
10 /
3130 .
12
Zuo /
o
.51% 4
w X

w0 &
Zz 90 ‘v/-(
2 s “
’(I_) 0 Ccﬁg&p—"‘"——

Y
) 60 /ol AT
3 4
- 50
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~ Fig. 8a is a typical curve. Voltage is plotted with spacing
for spark and corona. Up to spacing 12.4 cm. there is spark-over
before corona. This curve seems to be continuous with the co-
rona curve which starts at this point. The spark curve here
branches and is very close lo a straight line within the voltage
range. Looking at Fig. 88 the suiface gradient -curves are
plotted. The corona gradient is a straight line parallel. co the
X axis with a slight lump at the critical ratio of S/r. The appar-
ent spark gradient is also a straight line, within the test range.
It intersects the corona line at the critical ratio point, or at
what may be termed the triangular point, and extended cuts the
g axis at g = 30. Fig. 9 to 12 give similar curves for different
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sizes of wire. For a given spacing the spark-over voltage in-
creases 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

-
%10

2100
Z %

90

& 80 o
I y
=70 A
! '.QF vV
Z 60 y
£ 50 2
E 0 5 CORONA -
=) A
& 30
& TEST NO. 160
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>
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F16. 9B.—SPARK AND VISUAL CORONA VOLTAGE GRADIENTS FOR
PARALLEL WIRES.

at.g = 30. That is, at zero spacing where compared with the
distance apart the conductors are plane surfaces, the gradient
has the same numerical value as the disruptive gradient go. This
seems to be a further check on go. Spark curves extended as

TABLE IV
CRITICAL RATIOS S/7—EXPERIMENTAL VALUES
S
Size—B. & S. Radius cond. cm. cm. S/r
0 0.461 13.5 29.3
0 0.412 11.7 28.4
2 0.327 10.2 31.2
4 0.260 7.9 30.4
5 0.230 7.3 31.7
6 0.205 6.2 30.2
8 0.162 4.8 29.6
10 0.129 4.0 31.0
12 0.103 3 29.1
Average 30.1

Intersection point of g? and gs.

straight lines through the critical ratio point and intersecting
the gradient axis at g = 30 are shown in Fig. 13. The triangu-
lar point or criiical ratio of S/7 is tabulated in Table IV.

Its average value is S/r = 30. If we assume that the spark
gradient curve is a straight line the conditions are, that it must
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cut the corona gradient line at S/ = 30 and extended must cut
the g axis at go = 30. The equation for g, is

=30 (1 + 0. 301)
Y =
N (ba)
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therefore 0.301 S 1 )

e v

= 30 (1 2/(2 &) )kv. per cm. max.
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At S/r = 30, g, reduces to g, and formula (6a) should be used
es = gs r log S/r kv. to neutral max.-

or more accurately r log S/r
e =g

s = s T a.
2r
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In Fig. 13 each drawn curve is for g, values calculated for
varying 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 spark jumps across immediately.



1108 PEEK: LAW OF CORONA (June 25

In Fig. 14 each curve is drawn for a constant spacing and vary-
ing radius. The broken line is the critical ratio line; it also
corresponds to the g, curve. For spacing below this line
spark takes place immediately before corona forms, andthe
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g, values fall pretty well on the g, line as shown by triangles.
They generally fall a little low.

Pig. 15 is voltage plotted in the same way. Below the corona
Jboundary where spark occurs before corona—the e, curve does
not hold. The broken lines are calculated from g, and e,.
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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.

In Fig. 16 the drawn lines are calculated from
S+5

— maximum kv. to neutral
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This formula is based on the assumption that all sizes of
wire for a given spacing would spark over at the same voltage
if there were no ‘‘ corona resistance.”

For no “ corona resistance,” spark would take place where
S/x = 30, where x is the diameter of conductor and corona, and
go at x = 30 kv. per cm..

That is 3.4 S —.
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However, as small wires require higher voltage than larger
ones there is a ‘““drop "’ due to corona resistance which is a
function of r. From experimenis

S+5

€d = 5

2.5
Hence total spark-over voltage is

S+5
2.5V,

The measured points do not follow this formula as well as
the one based on a straight line gradient. The method of
derivation, however, is interesting.

The reason that spark takes place before corona can form at
small spacing or below S/r = K can be seen as follows:

Considering first a wire in the center of a cylinder

s =3.45 +

&= Jlog. R/r

e=g, rlogs R/r

Assuming g and R constant, increasing 7 increases e up to a
certain maximum point where e begins to decrease. Thus at
the maximum value of e the effect of reducing the flux density
by increasing 7 is overcome by decreasing the distance between
cylinders or reducing the ratio R/r. Below the ratio R/r = K,
for maximum e corona would appear, then as e is increased corona
would increase r to x or the ratio to R/x = K,. As thisratio
requires a lower voltage for corona, spark must pass between the
cylinders. Under the above assumptions, for maximum e
R/r = €. Thus corona would appear before spark up to R/r =
€. Where R/ris less than e spark over must occur before corona.
The ratio R/r = € is generally taken as the ratio for maximum
dielectric strength of concentric cylinders. This does not
seem correct as in the above assumption g, was taken as con-
stant. We know, however, that g, is a function of r, and for air
is: '

o1+ 022)

e=g (1 + 0\/331) r log: R/r
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Differentiating for maximum

de _ 0.301) _ . 0301
dr % [(1+———2\/; log. R/r — 1 Ve

or

e is maximum when

[(1—}—(2&\/0_:) Io‘g R/r—l—(a)\)—_:—):’g—l =0

This gives a ratio of R/r greater than €. The experimental
ratio in Fig. 17 is 3 and checks with above.
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Fi16. 17.—RELATION OF CORONA AND SPARK-OVER FOR CONCENTRIC
CYLINDERS.

If a very small value of r is taken so that corona forms and
the voltage is increased spark-over finally occurs. It might
be supposed that as the voltage were increased the center wire
would become larger and larger in effect due to conducting
corona and finally, when R/corona radius = 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 for maximum ratio. Hence corona seems to be either
in effect a series resistance, or grades or distributes the flux
density. See Fig. 17. This has an important bearing on the
study of the power loss equation.
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Taking now the exact equation for parallel wires

€y
= Dr. p+D
5 ®p-D
. . D
— (1+2/'3_r°1) 1;' log, ppfl—)—

Varying r for constant S = 10 it is found that e, is maximum
when S/r = 6.67. See Fig. 18. Experiments show this ratio
to be 30. The difference is evidentally due to the distorted con-
dition of the field at the small spacings.
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Fi1c. 18

The visual corona voltages, or the spark-over voltages below the
critical ratio of S/r or R/r, should be of practical value for volt-
age measurement on account of the accuracy at which they
may be determined or calculated for different temperatures,
barometric pressures, etc.

VI. INFLUENCE ON CORONA AND SPARK-OVER OF WATER
AND O1L oN THE CONDUCTOR SURFACE

These tests 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 thih even film by means of an oiled
rag. For the wet tests water was sprayed on the conductor
surface after each reading by means of an atomizer. Figs. 19-23
are dry, wet and oil curves for three different sizes of wire.

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

For corona water very greatly lowers g,. Oil lowers g, but _
to a much less extent than water. Where the conductor is
very small the per cent increase in diameter due to oil more than
compensates for the lowering effect. The visual corona gradient
(max.) for oil and water coated conductors may be found.

Water surface by fine spray or fog.
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Oil film surfaces.

5% =19 (1 + 0%5) See Fig. 24.

VII. SoME ADDITIONAL REMARKS ON DISRUPTIVE
GRADIENT—¢,
Fig. 25 shows three entirely different methods which all seem

to indicate a constant disruptive gradient of g, = 30 for air, as
follows
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a. By Visual Corona.

b. By Power Measurement. This curve is plotted between the
square root of measured power and the surface gradient g.
The curve intersects the axis at g = 30 or

p=m(g— g)?=m (g — 30)*

c. By Spark-Over Between Parallel Wires. This curve is
plotted between gradient and spacing. The curve, extended to
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F1G. 24.—RELATION OF gy TO 1//7

zero spacing,—where  may be considered a plane compared with
S—intersects the g axis at g, = 30.

VIII. RupTURING ENERGY OF AIR

It is now of theoretical interest to investigate the energy in a
zone surrounding the surface of the conductor just at the instant
before visyal corona, when the outer boundary of the zone is
equigradient circle go, and the inner boundary, the conductor
surface at gradient g,.

The tests for visual corona show that the surface gradient, g,
for the first appearance of visual corona is not constant for
all sizes of conductors, but is a function of the radius, 7, of the
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conductors. g, increases as r decreases. From the equations,
when 6 = unity :
6y

&= T Tog. s/7

€y
8= F x) log, s/r

It seems that air has a constant breakdown gradient g, for
given density 0, but that energy is necessary to start rupture.
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This means that rupture cannot occur at the surface of the
conductor when the surface stress becomes gy, but only after
the gradient reaches a higher value, g,, at the conductor surface
and, hence, go, at a finite distance x from the conductor
surface when rupture occurs. The energy stored in the zone
between g, and go may hence be called the ‘‘ rupturing energy.’’*
See Fig. 26.

* This must not be confused with the power lost by corona. It is the
energy stored between gy and go to start rupture, or up to the point where
loss begins.
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The rupturing energy for a conductor of radius 7, and one cm.
long and & = 1 may be calculated thus:

- _ &
&= log, s/r

From experiments

€y €y

B G ¥ éniog s/r (r +0.301 V'r) log. s/r

= 29,800

Therefore 0.301 V/r is the thickness of the energy film x, and
(r + 0.301 V7) is the outer 1adius of the energy cylinder.
Also

6= +0.301Vr)g log. s/r

GRADIENT CURVE

/ \

\ (___ DISTANGE FROM CONDUCTOR

\\,& CONDUCTOR

RUPTURING ENERGY ENVELOPE

|

|
e

|

y

F1G6. 26.—RUPTURING ENERGY IN AIR SURROUNDING ONE oF Two
PARALLEL CONDUCTORS.

From Fig. 26; rupturing energy is found

dw=K—2—g‘~’dV

where K = 0.08842 10-2 coulombs per volt per cm. thickness
of dielectric (air) per square cm. cross-section,

but
dV=2mydy
therefore "
dw=wKg*ydy
Therefore

y=(r + 0.301 /7)
w = wa 22 ydy

y=r
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substituting
€y
£= y log, s/r
y=(r +0.301 V7)
w= T K e dy
~ (log. s/7)? y
y=r
but
e, = (r + 0.301V'7) g, log. s/r
Therefore
w=mK g (r+0.301 \/7)2 log. r_—l_—O_IiOL\{_L
) - r4+0301Vr\, .
w=25(r+ 0.301 Vr)? log. (——r— 1075 joules.

w is the energy in joules that must be stored around the surface
of the wire per cm. length’of conductor to scart corona at § = 1.
It is seen that the rupturing energy increases as r increases. The
rupturing energy is independent of S—that is, g, for a given wire
must be independent of .S, which is borne out by experiment
and is an interesting point.

From the section under temperature and pressure it is seen
that

N k )
y = 1 —_——
w=nd (1450

This apparently means that the disruptive gradient g, varies
directly with the air density 8. Also that the energy storage
distance x increases, as 6 and g, decreases.

o= 0.301 V7
Ve
Then
N €y

800 = —
0.301 vV
(f + —7.3_—‘—) lOg S/f
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Introducing 6 into the energy equation

. 0.301 V'r
— r + B

0.301 \/r)2 o Vo

Vs g r

In Fig. 27 the “ rupturing energy ”’ calculated from the above
is plotted for different conductor radii and at & = 1 to show the
energy increase with increasing r.

In Fig. 28 the ‘' rupturing energy " for a given size conductor

10 x 1079 /
38 x 107
36 x 1075 /

34 x 10 : /,

10-% joules percm.
conductor.

w= 25,(, +

32x 1070
30 x 107
28 x 1079

26 x 100

21 x 1079
22x 10°°

20x 10°
18x 107

16 x 1079
14x107°
12x 109

(w)JOULES [PER HALF CYCLE
d
\

) 5=1=CONSTANT

10x 100 /

8 x 1079

6x 10

4x10°

2x10°

8 1.0 12 14 1.6 1.8 20 22 24 26 2.8 3.0
RADIUS(IN CM.) OF WIRE

F1G. 27.—RELATION BETWEEN RUPTURING ENERGY AND RADIUS oF
WIRE.

is plotted with 6. This curve shows that energy to start rupture
increases almost directly with the air density.

I1X. SoME REMARKS ON PoweER Loss By CORONA
The equation for power loss by corona on parallel wires
p=K'/§fVr/S (e — gomrdlog S/r)? X 10-% 6)
atd =landmy =1

p=K'fVr]S (e — e)? X 10- (8"



1912] PEEK: LAW OF CORONA 1121

For a wire with a given radius r and uniform dielectric flux
distribution it would be expected that the loss for a given apparent
surface gradient, g, would be the same, independent of S, or

p=K" ¢ () f(g— 2)*
Equation (6’) may be written
p =K'f Vr/S (log S/r)2 1* (g — go)? X 10~

Thus for a uniform field the terms Vr/S (log S/r)? should
cancel and the equations become

p= K.'fr2 (g — g0)?

1
&

bl
ER HAUF QYCLE PER|/CM,
OF WIRE

/

Yy

®
*
—
<l
T

/

P 7=.6 CM. CONSTANT

HEEER

4 5 6 7 8 9 1011121°
- (3) AIR DENSITY FACTOR

F1G6. 28.—VARIATION OF RUPTURING ENERGY WwITH AIR DENSITY

?P

L
A
JOULI

=

Fig. 29 shows measured curves plotted between g and \/—13
for a given wire at three different spacings. These curves all
intersect the axis at go max. = 30, at § = 1. S enters as a func-
tion, otherwise all of the points would be on the same line. Hence
for parallel wires when corona starts it acts semewhat as a
flexible conductor in which the radius of curvature can change.
The slightly non-uniform field, even with large values of S/7,
starts distortion, and the effect is accumulative. For a given
value of g the loss should therefore be greater at small s than large
S. Experiments show this to be the case.

The equation derived for the average spacing is

p =500 f7r* (g — go)* X 10°°
g = effective gradient go = 21.2
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This should be the form of the equation for loss in -concentric
cylinders. For parallel wires it gives values too high at the larger
arid too low at the smaller values of S/r. The error for parallel

" wires neglecting ¢ (.S) is usually below 20 per cent.

This effect of spacing is brought up here as an interesting
point in the complication of the mechanism of corona loss and one
of the almost innumerable influences that must be considered in
rationalization. Another point of considerable interest is the
loss per cycle over a longer frequency range.

X. StroBOscorIC STuDY OF CORONA

A study of the power loss equation leads one to suspect that
the mechanism of corona loss is more complicated than might at

10 TEST NOS: S FoLAcH.
. ve. 08 - .
;".’ 38 K K 94eA | //:s =550CM,
o o R
2 80 oAW, = 12 M, ' {/‘,/,(/
£ 25 SR~
o /
=20 =
X,
e 1 Z
1.0 %,
5 A
5| Ly

P B
10 20 30 40 50 60 70 850 90 100 110 120 130 140 150 160 170 180
. APpaAmEwT C|RFACF GRADIENT

F16. 29.—RELATION BETWEEN POWER LO0OSS AND APPARENT
SURFACE GRADIENT.

first be supposed. This is also indicated by many peculiar
phenomena* of the spark discharge. For instance, while invésti-
gating a-c. spark-over and corona for parallel wires it was ob-
served that when the end shields are not used, and the wires come
directly in contact with.the wooden wheel supports, corona often
appears to bridge compl-tely between the conductors without
dynamic arc. In this ca:e it seemed possible that the corona on,
say, the positive wire, cztended out further than.the corona
on the negative wire, then as each wire is alternately positive and
negative, the positive discharges overlap and combinein the eye,

*An interesting one observed by Mr. C. W. Stone is that in the
automobile spark ‘plug; it makes considerable difference in firing which
polarity is connected to the pointed electrode. Best results are obtained
when the negative is connected to the point, indicating a hot negative.
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PLATE LXI
A.l. E. E.
VOL. XXXI, NO. 6

[PEEK]
(1) Without s!roboscope—72,000 volts.

Left — (2) With strcboscope—72,000 volts. Right +

[PEEK]
Left + (3) Stroboseope rotated 180 deg. Right —

[PEEK]
Left + (4) Same as (3) with voltage increased to 84,000 Right —

F16. 31.—CoroxA BETWEEN COPPER NEEDLE POINTS.

Spacing 20.5 cm.






PLATE LXIt
A.lLE. E.
VOL. XXXl, NO. 6

) [PEEK]
Fi1c. 32.—COMPARISON OF CORONA ON WIRES AND BETWEEN NEEDLES
WITHOUT STROBOSCOPE.
Phosphor bronze wire, spacing 14.5 cm. Spacing of needles 18 cm. 71,000 volts.






PLATE LXIN
A.LLE. E.
VOL. XXXI, NO. 6

[PEEK
Left — Right +

Fi1c. 33.—ComparisoN oF CoroNA ON WIRES AND BETWEEN NEEDLES,
WITH STROBOSCOPE.






PLATE LXIV
A. L E. E.
VOL. XXXI, NO. 6

[PEEK]
(1) Without stroboscope.

[PEEK]
Left + Right —
(2) With stroboscope.

[PEEK]

Left — Right +
(3) With stroboscope rotated 180 deg.
Fi1G. 34.—CoroNA ON PARALLEL WIRES.
No. 13 B. & S. wire—spacing 12.7 cm.—82,000 volts.






PLATE LXV
A. lLE. E.
VOL. XXXi, NO. 6

[PEEK]
Left — (1) Right +

[PEEK]

Left + (2) Right —
F16. 35.—CoRrRONA ON PARALLEL WIREs.

Iron—first polished and then run at 120,000 volts for two hours to develop spots.
With stroboscope. Photographs taken at 80,000 volts. Diameter 0.168 cm. Spacing
12.7 cm. '






36

[PEEK]
Fi16. 36.—SEcCTION
ofF Wirg (Fic. F)

No volts. Bright
spots show position of

negative ‘‘ beads ""—
enlarged scale.

PLATE LXVI
A: ). EiE.
VOL. XXXt, NO. 6

Left — [PEEK] Right 4+ [PEEK]

Fi6. 37. —PoLisHED Brass Rob.
Diameter 4.75 cm.—spacing 120 cm.-~150,000 volts.
Note that negative  beads ™ are just starting to form.

Left — [PEEK] Right+ [PEEK]
Fi1G6. 38. —CoprPPER WIRE.

Diameter 0.26 cm.——spacing 120 cm.—200,000 volts.
Polished at start—note negative apparently following
spiral “grain” of wire.
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PLATE LXVIll
A.l. E. E.
VOL. XXXI, NO. 6

. [PEEK]
Fic. 40.—ONE orF Two PARALLEL STEEL Rops PoINTED AT ENDsS
(DIRTY).

Without stroboscope.
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PLATE LXXI
A.lLE. E.
VOL. XXXI, NO. 6

{PEEK]
(1)

[PEEK]

[PEEK]

o)
Fic. 43. —DPARALLEL WIRES AT SAME POTENTIAL, WITH DIFFERENT
SPACINGS.

At left, view perpendicular to plane of wires.
At right, view in plane of wires.






1912] PEEK: LAW OF CORONA 1123

giving the effect of a single discharge completely across between
the conductors.

In the hope of throwing further light on the discharge and loss
mechanism an investigation of corona and spark was started
with the help of the stroboscope. This investigation is still being
continued. _

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 conductor as in
Fig. 30 (1).

Examination of this was then made through the stroboscope
which was so set that the left needle, Fig. 30 (2), was seen as
positive, and the right as 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. This confirms the speculation made above. Thus,
the discharge always starts out from the positive toward the
negative. Fig. 31 (1) is the discharge as it appears without
stroboscope, 31 (2) with right needle as positive, 31 (3) with
stroboscope shifted 180 deg. to show left needle as positive.
In 31 (4) the stroboscope has the same position as 31 (3), but
the voltage is higher, and many fine ‘‘ static '’ sparks can be seen.
Note that the discharge gives one the impression of a spray issuing
from the positive under pressure and being collected in at the
negative.

If voltage above the visual corona point js 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 the
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 prob- .
able that it always extends out but is not always visible except
as surface glow. Thus, the appearance of beads and fringe to
the unaided eye is really a combination: of positive and negative
corona. In Figs. 32 and 33 two wires are placed close together
at the top. The bottom is bent out and needles fastened on.
Fig. 32 is without strobescope. Fig. 33 is taken with strobo-
scope set to show positive right and negative left. Thus, posi-
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tive and negative coronas for points and wires are directly com-
pared. Fig. 34 (1) is taken without the stroboscope, (2) with
right negative, (3) with stroboscope shifted 180 electrical
degrees to show the right positive. Fig. 35 (1) shows the left
wire negative and right positive. These wires were, at the
start, highly polished. At first corona appeared quite uniférm,
but after a time unde. voltage the reddish negative tufts separ-
ated, more or less evenly spaced as shown. 35 (2) is the same
with stroboscope shifted 180 degrees. Fig. 36 shows a section
of this wire photographed on an enlarged scale without voltage.
The bright spots are still polished and correspond in position to
the negative tufts. The space in between is oxidized. Thus, the
negative discharge appears to throw metal or oxide from the
surface at discharge points. This takes place with either copper
or iron wire.

Fig. 37 shows positive and negative wires widely spaced to get
uniform field. A close examination of the negative shows beads
about to form. Fig. 38 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 pn
wires, etc. This discharge has the appearance of a bluish spra.?r,.
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. Fig. 39 shows one of two parallel polished rods, (120
cm. spacing), supported at the top and brought to sharp points
at the bottom. 39 (1) shows how each wire appears without
stroboscope. 39 (2) is the wire when positive. 39 (3) the wire
when negative. Note the dark space on 39 (3) between the
point and negative corona spiral of tufts. 39 (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. 40 without stroboscope. With certain forms
of dirt on the wires the negative corona appears as red spots, the
positive always as streamers. It is also interesting to note that
if a uniformly rough wire is taken, as a galvanized wire or ‘‘weath-
ered "’ 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 non-oxidized spots. It is probable that the
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polished spots are kept so by metal and oxide being *‘ thrown out”’
at the negative, as suggested above.

The corona loss seems to be in the form of a * conduction’’ across
from positive to megative, always starting from the positive con-
ductor—thus starting alternately at each half cycle, from one
conductor, then from the other. The voltage point on the wave
at which corona starts is higher than where it stops. Work is
also being done to determine the relative position on wave at
start of positive and negative coronas.

"Many of the stroboscope data to date are given here as taken
and without speculation. It is hoped that considerable light
will be thrown on the mechanism of discharge and loss by this
investigation.

XI. MECHANICAL VIBRATION OF CONDUCTORS AND OTHER
PHENOMENA

Over a year ago a pair of 20-mil steel conductors, 500 feet
long, were strung at about 10 ft. spacing, for power loss measure-
ments. It was noticed at high voltage that the conductors
vibrated, starting with a hardly perceptible movement, which in
a few minutes had an amplitude of several feet at the center of
the span. Generally one wire vibrated as fundamental, the other
as third harmonic. The period of the fundamental in this
case was about one per second.

Figs. 41 and 42 show this condition repeated in the laboratory
on short lengths of conductor. In Fig. 41, one wire is vibrating
as the fundamental, the other as the second harmonic. The mo-
tion is rotary. For the wire with node in center, Fig. 41, it is
extremely interesting to note that for about one-half of the rota-
tion 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.

Fig. 43 shows two parallel wires connected to the same side of
the transformer, and at a constant spacing S of 120 cm. from the
conductors of the opposite line; 180,000 volts is impressed
between lines. Both front and edge view is shown. (1) shows
the two wires of same potential 2.54 cm. apart. (2) shows the
wires 1.27 cm. apart and much less corona than on (1). (3)
shows the wires very close together, and that the corona has
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increased again. The critical voltage is maximum, therefore, for
spacing somewhere between (2) and (3). Note that the coronas
are repelled out and the space between the two wires is dark. A
somewhat similar thing takes place on a stranded cable where
the critical voltage is much higher than the critical voltage of
a single strand, but somewhat lower than a solid conductor of
the same outside diameter.

Fig. 43 means that when conductors of a given polarity are
placed near other conductors of the same polarity the critical
voltage is increased, also that there is a certain best arrangement
of conductors for maximum e,.

XII. GENERAL REMARKS

While the experiments and deductions included in the pres-
ent paper throw a great deal of additional light on the
mechanism of corona formation and loss there is still considerable
work to do both from an experimental and theoretical standpoint.
It was thought best, however, in order to make the results most
useful, to put them in the hands of other investigators as soon as
obtained, and in their.present form.

Extensive experimental investigations are still being planned
and carried on. These have a bearing on theoretical work done,
but not included here. Of special interest will be the effect of
frequency on power loss and visual corona, over a very wide
range, corona at continuous impressed volts, etc.



