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INFLUENCE OF SUBFACE CONDITIONING ON THE
IONIZATION, BREAKDOWN, AND TRACKING OVER
SOLID DIELECTRICS

INTRODUCTION

Mr, C. E. Boucher of Industrial X-Ray Engineers
observed that fewer failures occurred in his high voltage
x-ray equipment when some of the components were coated
with a suspension medium and small glass beads than when
these components were untreated. An explanation of this
behavior was sought in the understanding of the physical
phenomena involved in order to have & sound basls upon
which to write patent claims.

Several approaches were tried in order to find a
mathematical theory as a solution to this problem.
However, although a great deal of immedlately related
theory is available, no practical solutlion is apparent
because of the large number of paramelers involved and
the unknown manner of thelr variation.

An experimental solution to the problem was found
by the author and various physical phenomena were dis-
covered in the process of the solution. In summary, the
increased life of the dielectric is due to the suppression
of surface ionization. The suppression of lonization
decreases the ion bombardment of the dielectric and hence

reduces its deterioration and disintegration.



CONDITIONING OF SPECIMENS

The various specimens prepared for this investigation
were conditioned in accordance with the methods prescribed
by the American Society For Testing Materials, Standard
Methods of Conditioning Plastics and Electrical Insula-
ting Materials for Testing (3, pp. 308-310). The
conditioning proéédure is necessary since the electrical
and physical properties of electrical insulating materials
are influenced by temperature, relative humidity, and
contamination.

Because considerable time had elapsed between the
preparation and use of the numerous specimens, the speci-
mens were carefully washed and rinsed and their labels
were removed. The labels were replgced by a system of
code marks used to identify the specimens. The surface
area of the code marks was very much less than that of
the labels, and the code marks were not a disturbing
influence electrically as were the labels. After clean-
ing, the specimens were placed in an electric oven
designed and built to operate at the prescribed tempera-
ture of 50 + 3 degrees centigrade. The oven 1s shown in
Figure 1 and the heater elements and supporting racks 1in
Figure 2. The performance of the oven was better than

expected, because it is capable of holding the



Figure 1.
Electric oven for drying specimens.

Figure 2.
Heater elements and supporting racks
for electric oven.



temperature within one degree centigrade while the
perﬁissible tolerance was three degrees centigrade. The
specimens were kept in the oven for the required 48
hours or longer.

After baking, the specimens were removed from the
oven and cooled to room tempersture in a desiccator over
anhydrous calcium chloride. This desiccator, shown in
Figure 3, also served as the permanent storage place for
the approximately 100 specimens when not under test. The
desiccator was equipped with a small blower to circulate
the air and aid in the drying process. A small hole
drilled in the corner of the various specimens enabled
one to hang them on numbered hooks for fliling purposes.
Specimens of 0.25 inch in thickness or under must be kept
in the desiccator at least five hours prior to test. All
the specimens were less than 0.25 inch in thickness. The
specimens were placed under test in less than one half
hour after removal from the desiccator. To facilitate
the hendling of specimens a small wooden rack was made
which is shown in the foreground of Figure 3. Thils rack
also protects the prepared surfaces from unnecessary
handling.

Room temperature is defined as an atmosphere in

the temperature range of 20 to 30 degrees centigrade and



Figure 3.
Interior view of desiccator showing
specimens and desiccator tray.
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an unspecified relative humidity. The extreme excursions
of temperature experienced for the entire series of tests
were within & much narrower range than that permitted by
the ASTM standards. The extreme temperature limits for
all tests were a maximum of 28.2 and a minimum of 23.3
degrees centigrade. This degree of temperature regula-
tion was made possible by turning off the steam heat in
the research room and replacing it with an electric heater
of 2000-watt capacity. This heater operated 24 hours a
day. The heater is equipped with a bi-metalllic thermo-
stat as a control element. The maximum, minimum, and
average values of the atmospheric conditions experienced
during the individual test series are given in Table I.

All voltage measurements were made with a 2.00
centimeter sphere gap. These measurements were corrected
to standard conditions defined by a temperature of 25.0
degrees centigrade and a barometric pressure of 76.0
centimeters of mercury. These standards are set forth by
the AIEE in their Measurement of Voltage in Dielectric
Tests (1, pp. 3-7).



TABLE I

RANGE OF ATMOSPHERIC CONDITIONS EXPchlBNCED
DURING THE TESTS

IONIZATION CURRENT
CHABRACTERISTICS

Barometric Pressure mm Hg
Temperature Centlgrade

Vapor Pressure mm Hg

FLASHOVER
CHARACTERISTICS

Barometric Pressure mm Hg
Temperature Centigrade

Vapor Pressure mm Hg

RESISTANCE TO
ARC TRACKING

Barometric Pressure mm Hg
Temperature Centigrade

Vapor Pressure mm Hg

Maximum Minimum Average

760.0 748.0 755.1
26.0 24.0 25.0
9.94 6.98 B.25

763.3 740.2 752.2
28,2 23.9 25.7
8.56 6.79 T35

746.5 745.6 746.1
27.0 25.5 26.1
8.83 7.54 8.04



IONIZATION CHARBACTERISTICS OF SURFACES
AT ATMOSPHERIC PRESSUHE

Ihe High Voltege Bridge

High voltage gradlents cause heavy lonization over
the surface of materlals and subsequent surface failure.
The charged particles bombard the material and disinte-
grate it causing surface breakdown. Therefore, a method
is needed to measure this surface ionization. Also, 1t
is necessary to separate the lonization current from the
charging current. This need led to the use of a bridge
circult as a means of separating these currents. This
bridge circuit is used to balance out the 60 cycle
charging current leaving the ilonization current as the
unbalanced portion of the current in one arm of the
bridge. |

Conventional methods used in balancing alternating
current bridges were inadequate in this situation because
of the hnigh voltages used in making the measurements.
High voltages give rise to a high electric fileld
intensity, and a high field intensity does not permit
a bridge to be constructed for simple lumped circuit
parameters. All leads and components must be considered
as distributed circuit parameters, and the bridge must

have three dimensional symmetry 1ln space or
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a balance cannot be achieved. This type of bridge proved
to be very successful in researches conducted by Professor
F. 0. MeMillan on insulator corona and conductor corona
(6, p. 387, and 5, pp. 282-284). The source of excltation
for the bridge was a 100 kv transformer for which the
control circuit is given in Figure 4. The bridge circuit
with the measured values of the components is shown in
Figure 5. The symmetrical arrangement of the high voltage
brldgé is shown in Figure 6. A sheet of aluminum, 3 feet
by 4 feet, serves as a ground plane for the bridge and
the sphere gap. A general view which includes the appa-
ratus used in this study except the arc tracking equip-
ment (and the vacuum pump, which is hidden from view) is
shown in Figure 7.

The parallel electrodes used on the test specimens
are shown in Figure 8. This design of the electrodes
was decided upon after a careful study of the various
electrode shapes used by other research workers investi-
gating the characteristics of solid dielectrics. Parallel
‘bars were chosen since they give a somewhat more uniform
field over the area between the electrodes., This type of
electrode subjects a considerable area of the specimen to
a high voltage gradient; therefore, the characteristics
obtained are more typical of the general surface

conditions of the materials than would be obtained by
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CONTROL CIRCUIT FOE 100 KV TRANSFORMER

240 volt
60 cycle
Source

To Bridge

-1

T
3

¢

T, T4

230 Volt Variable Autotransformer

Isolation Transformer, 240:100
Maloney Electric Company

Single Phase Distribution Transformer
No. 711398

100 KV Transformer O0SC No., 3566

AC Voltmeter
Weston Model 155 No. 42071 0-75-150
G.E., Type P-3 No. 3320351 0-15-30

Figure 4



G

HIGH VOLTAGE BRIDGE

— N/ ,\‘\ ,/\.
R

C1

——
A-C Voltmeter

100 KV Transformer 0SC No. 3566

0.270 Megohm Current Limiting Heslistor
Carborundum Type

Exploratory Electrodes 3.5 to 15 mmf

Balancing Electrodes
Immersed in oll to suppress corona

0.247 Megohm Metal Film Keslistor
0.146 Megohm Metal Film Resistor
0,118 Megohm Metsl Film Reslstor

to By Ayrton-Perry Type Resistors
Total 62,290 ohms

2,0 cm Sphere Gap

CRO Tektronix Oscilloscope, Type 511AD

No. 3797

Figure 5
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Figure 6.
Arrangement of high voltage
bridge elements.
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General view of transformer and high voltage
bridge with cathode ray oscilloscope.
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Half round parallel electrodes
on specimen under test.

Figure 9.
Half round parallel balancing electrodes
immersed in oil to suppress ionization.
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smaller electrodes concentrating the field in a more
localized area, Half-round bar stock was used to concen-
trate the field close to the surface of the material.

The ends of the electrodes were rounded to eliminate
points of high electric stress. A parallel rule arrange-
ment was employed using strips of micalex lhsulation as
spacers., 7This combination was used for two reasoms,
First, it permltted ready ad justment of the electrodes
parallel to each other at any desired spacing, and
secondly, it provided a ready means for holding the
electrode spacing fixed against the electrostatic forces
tending to pull them together. The electrostatic forces
do becomé large enough to pull the unsuppbrted electrodes
together, Measurements showed that the micalex arms did
not disturb the tests, because the length of pgth over the
micalex is very much greater than that over the specimen
under test and because the micalex is a superior dielec-
tric for this purpose. Measurements of the capacitance of
the electrodes for different spacings on the various
insulating materials gave a range of 3.5 to 15 mmf when
measured on the General Hadio Type 716-C capacitance
bridge by the substitution method at 100 cycles. The
100-cycle frequency was chosen to avold the 60 cyqle
background noise which is present in the bullding at a

level high enough to make the measurements difficult.
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The electrodes used as a balancing capacitor in the
high-voltage bridge are shown in Figure 9. These are
duplicates of the exploring electrodes. This set of
electrodes is immersed to a shallow depth in General
Electric type 10-C insulating oil to suppress the edge
and surface lonlization around and between the electrodes.
The electrodes are placed on a specimen which is of the
same material and surface treatment as the one under test.
The specimen is then placed on an inverted pyrex cover
dish which is in turn placed in a pyrex pie plate. The
0il level is brought up Jjust high enough to wet the sur-
face of the specimen and the edges of the electrodes.
Because the dielectric constant of the o0il is approximate-
ly two, and only & small portion covers ﬁhe electrodes,
the capacitance of the balancing electrodes is not altered
enough to disturb the balance of the bridge beyond what
can be readlly compensated for. Pyrex was chosen for
the cover dish and the ple plate because it has a lower
dielectric constant than soft glass and hence its pre-
sence is less of a disturbing influence.

In a search for a sultable detector for the bridge,
seversl measuring devices were investigated. One of
these was the vacuum tube voltmeter. The response of a

vacuum tube voltmeter is determined by the circuit used.
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The diode input type of instrument may indicate elther
the average value or the crest value depending on a minor
circult change. The amplifier input type of instrument
may have three possible types of response depending on
the grid bias. They are a square-law response with no
wave form error, a square-law response with wave form
error, and average value response. Various types of
vacuum tube voltmeters were tried and found to be unsat-
isfactory because the only ones available were made for
single ended input and had an inadequate frequency
response. Also, the readings taken at a glveﬁ attenu-
ator setting could not be made to match'those taken-for
ad jacent attenuator settings. This difficulty was caused
by bringing the feed-back loop to the input attenuator,
coupled with the fact that in this investigation it was
necessary to connect the device to a low impedance source
from which the non-sinueoidal ionization pulses are
obtainable.

Other types of detectors were considered and
experimented with. Thermocouples and thermistors were
tried as a means of measuring the effective value of the
ionization current. Thermocouples could not stand the
overload imposed by flashover. Thermistors proved to be
of insufficient sensitivity. Observations made with the

cathode ray oscilloscope showed that the effective value
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of the ionization current is relatively very much less
than the crest value. This great difference in the
relative magnitudes of the crest values and the effective
values of the ionization current is due to the fact that
the ionization current is made up of sporadic unsustained
bursts of ionization current with very high crest values,
but with very low effective values because of the
discontinuity of the corona. 7This relation between the
effective and crest values has been shown by Professors
F., O. McMillan and H. G. Barnett in their work on radlo
interference measurements (7, pp. 857-862).

The most suitable detector for the bridge proved to
be the oscilloscope shown in Figure 7, which is proveded
with short direct connections to the vertical deflector
plates. This direct connection was necessary because of
the steep rise of the ionization pulses and the bridge |
circuit which made it necessary to operate the detector
with both deflector plates above ground. The oscillo-
scope was used to measure the crest values of the lonlza-

tion pulses.

The resistive arms of the bridge were calculated to
have sufficient resistance to give a reliable deflection
on the cathode ray tube even for the specimens showing

little ionization. Metal film non-inductive rscistors
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were used for the larger values of resistance, and Ayrton-
Perry type, wire-wound, non-inductive reslistors were used
for the low values, The resistance values used are given
Ain Figure 5.

The ionization and breakdown over the surface of a
s0lid dielectric is a function of the crest value of the
applied voltage. The most reliable method of measuring
this crest voltage is by means of a sphere gap. The range
of voltage covered by the ionization measurements was such
that the two-centimeter sphere gap was of the proper size,
In the use of the two-centimeter sphere gap it was found
to be very important that the spheres be polished and
cleaned frequently, since the voltage at which the clean
gap fires is lower than that for the oxidized gap. For
this series of experiments, the sphere gap was also
irradiated by the light from a mercury-arc lamp. This
ultraviolet radiation produced the ions enabling the gap
to fire in a more reproducible manner than would be pos-
sible without irradiation. The convenlence this afforded
led to more consistant results and a great saving in time
in determining the ionization and flashover voltages. The
difference in the break-down voltage between the irradiated

and the unirradiated gap was found to be negligible.
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Ionization Current leasurcments

The crest values of the ionization current were
measured for four differeht spacings of the parallel gap
electrodes. The'spaclngs were 0.25, 0.50, 0.75, and 1.00
inch. For each spacing the crest values of the ioniza-
tion current were recorded from the onset of ionization
to the point of flashover or beyond, depending on the
specimen under test. For some of the specimens it was
possible to take readings of the ionizatlion current for a
limited part of the range beyond the flashover polnt.
This was made possible by using the alr stream from a
small blower to extinguish the arc after onset of flash-
over. Tests showed that the ailr stream directed toward
the specimen at flashover did not alter the initial
flashover voltage of the specimen. Because the cathode
ray oscilloscope immediately restores itself after
flashover it was possible to observe the lonization
current between the flashovers at potentlals in excess
of the initial flashover voltage.

The ionization current characteristics for the
various specimens are shown in Figures 10 to 27. These
were plotted to the same scale of the coordinate axes for
the sake of comparison. All measurements were made with

60-cycle alternating current. With few exceptions there
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are two curves for each spacing, one marked positive and
one negative. The positive curves are for the crest
values of ionization current that occur during the posi-
tive half of the 60-cycle exciting voltage, and the
negative curves are for the crest values of ionization
current that occur during the negative half of the 60-
cycle exclting voltage, using the ungrounded exploratory
electrode as a point of reference as shown in Figure 5.
Vertical arrows are placed on the curves 2t the flashover
voltage as determined for the specimen with the electrodes
connected in the bridge circuit as shown in Figure 5. A
dashed line shows the flashover voltage for the specimen
with the lower exploratory electrode directly connected
to ground and the right side of the bridge disconnected.
This change produces the conventional flashover circuit
described later and shown in Figure 32. When the lower
exploratory electrode is directly connected to the ground,
the flashover of the specimen occurs at a lower voltage
than when the electrode is connected in the bridge
circuit, because in the bridge circuit the electrode has

a resistance of 0,573 megohms between it and ground.

The 1onization current characteristics for the

lsomica serlies is shown in Figures 10 to 18. The ioniza-

tion currents are given at onset and flashover for all
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the specimens in Table II. The isomica series includes

the untreated specimen and those coated wlth'four different
suspension media with and without glass beads. The sus-
pension medis are used to hold the small glass beads on
the surface of the specimen. The glass beads vary in size
and are less than 0.002 of an inch in diameter. Flame
testsshow them to be made of sodium glass. They are a
product of the Minnesote Mining and Manufacturing Company
and are sold as pavement marker beads. In the isomica
series the specimen coated with Dolph's Synthite exhibited
the strongest surface lonization. The untreated specimen
and those coated with the suspension media ail‘cxhiblted
strong surface ionization of the same order of magnitude.
Over half the curves in the group without the glass beads
showed a tendency to rise, starting with the curvature
concave downward, then reversing to concave upward. This
tendency was found for only two of the curves in the glass
pead-coated group of this series. The variation of the
jonization current with spacing is not a linear relation
because the field between the electrodes becomes less
uniform as the separation is increased. The isomica
specimen coated with Scotch Cast and glass beads showed
the lowest surface ionization, and that coated with Dri-
Film 88 and gless beads was very nearly as good. The

ratios for both the positive and negative
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TABLE I1

. 41
IGNIZATION LATA FOR| VARIOUS SPFCIMENS AT DIFFEFENT FLECTRODE SPACINGS
Specimen Ionizjsztion Voltzge and Current at Flashover
Electrode Spacine in Inches 0.25 0.50 1.00
At Onset At Flashover At Onset At Flashover At Onset At Flashover | At Onset A;Jﬁt Flzshover
KV KV RV ML EV MA KV MA MEA KV MA KY ¥
+ [ - [ = T - + | - -
£
Isomica 5.68 10.0|0.08 13.9 |0.25 s A ) I
6.78 9,83 10.6 0.68 18.0 |5.32 [5.32 |[14.4 6:1715.6511%9:1 1.15 1305 [7.1416.32
Isomica & Dolph's Synthite 9.70 {0.17 14.1|0.40 16.010.17
H.12 9,33 10.3 017 389 17.48 17.48 15:4 7.85 (7.83119.3 1.14 |127.9 {5.83 15.73
C's. Syn. & Gl. Bds. |6.65 10,0 10.14 | -
7. 65 10.8 21,2 0.11 16,4 [2.09 |2.09 [183.3 [0.29 2,68 1,17 122.9 10,29 0,14 27,0 0, 2
Isomica & Scotch Csst O B4 124£910.12 14.310.12 17,0 10,25
6.072 9.66 3.68 0.1z 17.2}5.1815.18 |14.7 7.0115.73118.6]" 0.17 [27.816.31}6.31
Sc. Cast & Gl. Bds. 6.17 f :
7.12 9,86 12,210.0810.08 |16.0|0.85 [0.77 {17.3{0.16 0.9710.16|23.8({0.2310.16|76.,310.7716.19
Isomica & Silicone Varnish 5.87 2.57|0.28 13.810.10 27.110,.10
5.07 9,85 10.5 1010 (17.8 |4.46 |4.46 {14.9 5.04 |4.L6}19.0 0.96 |25.4 |4.3613.72
811, Var. & Gl. Bos. |6.22 7.2310.06 R
8.76 9.46 11.8 0.13115.0 |1.62 11.62 {13.6 2¢3512.35119.610.38 |0.06 |26,3 |3.11 |2.66
Isomica & Dri-Film 238 ' 17.710.10 13:110,10
6.38 12,87 211041 10,58 10458 |117.0 jAelh |4.36 {142 5.48 15.04118.3 0.10:12545 14 {3.92
Isomics & Dri-Film 38 &
Gla_ss B‘D'-C‘s ,.7: O.%O 1206 ’)004 0.0A- 15.4 0097 0-97 1809 00156 lo?:‘ 1.;1 ?1-4 Ooll 0004 ;6-3 1079 1.:
Black Brkelite 13.0]0.34 16.110.34
6.65 P L0.1{D.5410.54 1168 }4e?4 |5.19 |14.8 Lelh 14.58}118.6 0.34|25.514.581%.19
Bek. & Dolph!'s Synthite
& Gless Beads 6.90|C Q.40 12.212.0610.C4 115.3 11.17411.37(17.8{0.11 1.67{1.05{71.5|0.04|0.04125.711.751C.85
Bak. & Scotch Cast &
Glzss Besds 6.30 0L]9.70 12.1{0.18{0.06 {16.8}1.37 {0.77 |18.9|0.19 0.9510.16121.6|0.10|0.06 |27.410.58{C.58
3ak. & Silicone Vernish
& Glass Re=zds 7.16 9.10 11.210.04 |0.02 {15.41.46 |0,70(|15.7 |0.11 1.4612.07[19.810.723}0.04{25.111.30({C.66
Bask. & Dri-Film 88 & C.R|7.10
T 70 9,70 10.610.0410.04 |116.111.201.25]17.910.16 0.9710,891-°1.510.0810.04126.111.171C.77
. 13.0{1.62 16.2 {0.34
no o 10.3 2 By 9 L85 (18.5 19,84 16.20|14.1(0.67 2 |0.00]25.2 0.94 i79.719.841%.19
Luc. & D's. Syn. & Gl. Rds. 2.00 12.1(0.40 14.810.24 | 174 1020
Q.45 9.79 15.6 ‘1eddh (178 |4.26 |4.26]19.8 0.10(22.83.943.04]22.7 0.10 {28.815.6012.64
Lucite & Sc. Cast & G1l. BRds. 12+010.28 15.5 10.28 17.610.10
8.85 9.93 13.8 0.28 16.5 |2.77 |1.84 [18.3 211.64123.3 0.28125.2 12.9211.16
Lucite & Plzstic Cement & G.B 2. Q10.47 15.4({0.18 18.510.17
8.87 31,0 14.6 1.14117.2 14.05 {3.71 ]18.9 2.714.0513.21123.8 0.80128.0]4.8912.57

s
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ionization current values at flashover for the untreated
isomica to that for the isomica coated with Scotch Cast
and glass beads at the different electrode spacings are
as follows:- '

Spacing 0.25" 0.50" 0.75" 1.00"
+ - = - + - + -
Batio 2.94 2.94 6.25 6,90 6.37 30.5 9.26 33.3
This proves that the glass bead-coated surfaces show a
marked 1mpr6vement over the untreated specimen in the

reduction of the surface ionization.

Black Bakelite With Various Surface Irestments

Black bakelite shows strong surface lonization, but
somewnat less than does isomica. In the bakelite series
the test for the specimens coated with only the suspension
media were not made since the date obtained from the
isomica series showed that the suspension media alone did
not produce any material improvement over the uncoated
base material. The characteristics for the bakelite
series are shown in Pigures 19 to 23 and in Table II.
Black bakelite showed an unusual characteristic in that
the negative values of the ionization current were larger
than the positive values for three of the spacings. The
0.25 inch spacing shows the usual behavior where the

positive values of ionization current are larger at all



k3

times than the negative. For the 0,50 inch spacing the
two currents start at about the same value after which
the negative current values become larger and continue
larger than the positive values. For the C.75 and 1.00
inch spacings the curves start in the normal merner and
then cross over at about the midpoint with the negative
current values becoming larger for the latter portion of
the curves. This behavior was checked & number of times
and was found to be reproducible., The glass bead-coated
bakelite group gave low values of ionization current
comparable with those of the isomica group. The black
bakelite specimen showing the lowest surface ionization
was that coated with Scotch Cast and glass beads and the
one coated with Dri-Film 88 and glass beads was very
nearly as good. The ionization current ratios at flash-
over for untreated black bekelite to that coated with
Scoteh Cast and glass beads are as followsi=-

Spacing 0.25" 0.50" 075" 1.00"

+ - + - + - + -

Batio 2.98 2.95 3.10 6.75 M4.46 28.6 7.93 8.93
Here, as in the previous series, the specimen coated with

Seotech Cast and glass beads showed the lowest surface

ionization.
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Lucite With Various Surface ITreatments

The surface behavior of untreated lucite was very
different from that of any other specimen. The untreated
specimen gave the highest crest values of ionization
current as shown in Figures 24a and 24b. These two figures
are from the same data plotted to different scales. The
scale selected as a standard for all other specimens
‘and used in Figure 24a does not include the ﬁigher values
given by lucite; therefore, a second plot was made with
a change in scale to include the full range of experimen-
tal data as shown in Figure 24b. While lucite gave the
highest crest ionization current, in contrast, it gave
the lowest effective value of ionization current. This
observation, a very striking one even though only
qualitative, is based upon the consistant observation that
the ionization current pulses on the untreated lucite
surfaces were relatively very high and infrequent during
each half cycle of the applied 60-cycle voltage. The
foregoing observation applied to both the positive and
negative half cycle. This behavior of lucite is due to
its very high surface resistance as compared to that of
the other specimens. All the coatings used on the lucite
increased the surface ionization current over that for the
untreated material. Untreated lucite also showed no

negative ionization current pulses for some of the
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electrode spacings. The 0.25 inch spacing showed no
positive or negative ionization prior to flashover. The
only event for this spacing was flashover with no appar-
ent prior ionization. For the 0,50 inch spacing positlive
ionization occured prior to flashover, but the negapive
pulses of ionization appeared only at flashover. The 0.75
inch spacing gave the full range of positive ionization,
but no negative ionization at any time. The 1,00 inch
spacing showed the usual positive ionlzation, but the
negative ionization appeared for only a part of the
range before flashover took place. Only one other speci-
men, lucite coated with plastic cement and glass beads,
gave no negative ionization. In this case, it occured
at the 0.25 inch spacing and is shown in Figure 27. The
other two specimens of the series behaved in a manner
which was comparable to that of éther specimens and are
shown in Figures 25 and 26. Again as in the two previous
series, the specimen coated with Scotch Cast and glass
beads gave the lowest values of ionization current. The
ionization ratios at flashover for the untreated specimen
to that of the glass beaded one are computed from the
data in Table II and are shown as follows:i-

Spacing 0.25% 0.50" 0.75" 1.00"
4+ - + - + - + -

Ratio 1.14 - 4.42 3037 3091 — 3.91 4.48
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These ratios again demonstrate the effectiveness of the

glass-beaded surface in reducing surface ionlzatlion.

Besults Of Ionization Current Meassurements

Some characteristics are common to nearly all of the
specimens. They are the following:-

1. The onset of positive ilonization occurs before the
onset of negative ionization.

2. The positive ionization pulses are larger in ampli-
tude than the negative pulses.

3. The ionization current curves show a common trend.
For the surfaces without glass beads, the curves
rise abruptly and go through a change in curvature.
For the surfaces with glass beads, the curves rise
gradually and remain concave upward.

4, The specimens showed a short time-hysteresis effect
due to ionic charges trapped on the surface. The
time needed to adjust the equipment in order to take
readings was enough in all cases to enable these
surface charges to disslpate and permit the specimen
to come to equilibrium for the applied voltage at
which the reading was taken.

There are a few characteristics to which no except-

ions were observed. They are as followsi-
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1. The onset of ionization for the glass-beaded speci-
mens 1s more gradual than for those wlthout beads.
2. The onset of ionization in all cases is abrupt. The
pulses appear to burst out with a definite amplitude.
3. The glass-beaded surfaces gave a much lower surface
ionization than the untreated surfaces.

In most instances the glass-beaded surfaces showed
ionization at a very low level for a considerable voltage
range before the ionization would show an appreciable
rate of rise as the 60-cycle voltage was increased. This
condition was due to ionization taking place beneath the
surface and around the edges of the electrodes. The
glass beads on which the electrodes rest have alr spaces
between them in which the alr becomes overstressed and
gives rise to this low level ionization.

When the glass beads are present on the surface of
the insulation there is a marked decrease in the visible
corona discharge between the electrodes and also in the
related audible nolse right up to the point of flashover,
The visible corona is a very narrow line around the edges
of the electrodes. In other words, the glass beads act

as an ionization suppressor,
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IONIZATION CHARACTERISTICS OF SURFACES
ALl VARIOUS GAS PRESSUBES

Ihe Vacuum-Pressure System

The combined vacuum and pressure system was designed
and constructed by the author., A schematic diagram of
the vacuum system is given in Figure 28, and a general
view of the high-voltage bridge with the vacuum-pressure
cylinder in the background is shown in Figure 29. The
specimen cylinder was made large enough so that the
exploratory electrodes and the specimen could be placed
inside and not be disturbed electrically by the proximity
of the cylinder wall, base plate and top plate. Thils
arrangement was very lmportant in achieving a balance of
the high-voltage bridge. The base plate was of cold
rolled steel and was nineteen inches in diameter. The
top plate was textolite of the same dimensions. insula-
ting material was used for the top plate to permit entry
of the high voltage leads with 2 minimum of capacity
between the leads. lThe glass cylinder was 12 luches in
dismeter and 18 inches long with ends finished by hand
on a steel plate using number 80 carborundum grit. Eight
vertical cold rolled steel rods were used to hold the
end plates against the cylinder. These rods were placed

near the outer edge of the end plates to minimize the
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capacitance effect. The valves for the system are of the
taper plug type, and were individually ground and fitted.
They are lubricated with a silicone compound which has a
vapor pressure of 10- mm of mercury. 7The function of the
valves is explained in Figure 28. A mercury menometer
was built to calibrate the Bourdon-type vacuum and pres-
sure geuge. Corrections for barometric pressure and
temperature were taken into account for the callbration.
The manometer is shown at the left and rear of Figure 29.
A length of rubber pressure tubing connects the system to
the mechanical vacuum pump. The tubing serves as an
electrical insulator and as a vibration insulator for the
specimen cylinder. The metal pasrts of the cylinder must
remain electrically insulated so that the high voltage
bridge may be balanced. The entire system was subjected
to a hydrostatic test at a gauge pressure of 35 pounds
per square inch. For the safety of the operator during
the tests, a sheet of 3/4-inch plywood was placed between
the operator snd the specimen cylinder.

Besults Of lIonization Current Heasurements At Various
Gas Pressures

Two series of tests were made, one in air at seven
different pressures and one in sulfur hexafluoride at

four different pressures. Isomica coated with Dri-Film 88

and glass beads was used as the test specimen in both



52
cases. Isomica was chosen as a base material because it
ls used in the construction of high-voltage equipment.
Dri-Film 88 was used as the suspension medium since it
contains some silicone compounds which show a minimum
tendency to carbonize at flashover. The ionization curves
for the two series were plotted to the same scale for the
abecissa, but to different scales for the ordinates. The
specimen in alr gave ionization currents in the millisme
pere range while in sulfur hexafluoride the range wes in
mlcroamperes, This is shown in Figures 30 and 31. None
of the curves is for the full range of ionization current,
since it was necessary to aveoid flashover because the gas
charge would be lost if the system had to be opened to
change the specimen., Data tsken from cother workers were
used to calculate the flashover value at each of the pres-
sures at which tests were run (8, pp. 126-133 and 2,
pp. 580-584). All tests were made at a gap spacing of

0.50 inch,

The tests in alr show a greater increase in the rate
of ionization for pressures below one atmosphere, and a
lower increase in the rate of ionization for pressures
above one atmosphere as shown in Figure 30. This de-~
crease in rate with increase of pressure is due to the
decrease of the meen free path, and because the normal
process of ionization by collision has been altered. For

pressures of 1.380 atmospheres and above, only negative
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1onization takes place because the mobility of the elec-
trons relative to that of the positive ions has been
changed.

The limited supply of sulfur hexafluoride permlitted
operation only at the four pressures shown in Figure 31,
Both positive and negative ionization took place in these
tests for the limited pressure renge available. The most
striking observetion is the low level of ionmization in
sulfur hexafluoride, which is borne out by the total
absenoé of visible ionigzation at any time. The structure
of sulfur hexafluoride is such that it behaves as an elec-
tron trep which accounts for the extremely low level of
surface ionization. At higher pressures, the gss would
have a greater dielectric strength than the specimen
tested.

Some of the properties of sulfur hexafluorlide are as
follows:

Empirical formula SF6

Structure:

All six fluorine atoms are at the corners of
a regular octahedron, with the S atom at its
center. The F atoms are at distances of

1.58 Angstrom units from the S5 atom. These
bonds, having both ionic end covalent proper-

ties, are mainly covalent.
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Molecular weight: 146.06
Toxicity:
Sulfur hexafluoride has been described as a
physiologically inert gas. However, in the
presence of corona, arc, or spark discharge,
it is slowly decomposed to the lower
fluorides of sulfur which are hydrolyzable and

toxic.,
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FLASHOVER CHARACTERISTICS OF SURFACES
AT ATMOSPHERIC PRESSURE

Determination Of Flashover Characteristics

The circuit for the determination of the flashover
characteristics is shown in Figure 32. Since this section
of the work was the beginning of the project, the flash-
over tests were run as an independent series, although
normally a flashover test would be made at the end of an
ionization run with the ald of a circuit change that
alters the high voltage bridge to that of the flashover
circuit in Figure 32. No ultra violet source was avallable
to irradiate the sphere gap for this part of the work.

The flashover voltage was determined for five electrode
spacings for each specimen. The spacings were 0.25,
0.375, 0.50, 0.625, and 0.75 of an inch, Untreated
isomica and untreated black bal€lite were iested over a
range of spacings from 0.062 to 1.00 inch. These spacings
were adjusted on the insulation test specimen by means of
brass gauge blocks carefully made to the required width.

Flashover tests on 25 different speclméns with
different surface conditions were completed. Nine of
these were with isomica base material, ten with a black
bakelite base and six with lucite as the base material.

In each case the clean base material with no treatment

was tested followed by tests on the base material with a
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FOR
FLASHOVER CHARACTERISTICS

ANN———
R

' A-C Voltmeter
Weston Model 155 No. 42071 0-752450
G.E., Type P-3 No., 3320351 0-15-30

T3 100 KV Transformer OSC No. 3566

R 0.270 Megohm Current Limiting Kesistor
Carborundum Type

Cy1 Exploratory Electrodes 3.5 to 15 mmf

G 2.0 cm Sphere Gap

Figure 32
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coating of the suspension medium, and finally with the
glass beads applied to the suspension medium. To insure
reliable flashover results each specimen was carefully
cleaned, dried in the low temperature oven and then kept
in the desiccator at room temperature until tested.

(This procedure is described above in the section on
conditioning of specimens.)

To further increase the reliability of the flash-
over results at least five flashovers were made at each
gap spacing for each material and the electrodes were
moved to a2 new location for each flashover so that surface
damage due to a previous flashover would not influence the
later values. The average of successive flashovers at a
particular spacing on a given specimen was teken as the
flashover voltage when corrected for air demsity. Stand-
ard air density is defined as a barometric pressure of
760 mm of mercury and a temperature of 25 degrees centi-

grade,

Regults Of Flashover Iesgts

The flashover characteristics are plotted for each
specimen with the gap spacing as abscissa and the flash-
over kv rms as ordinate and are shown in Figures 33 to
56. The kv rms-distance ratio curves were obtained from

the flashover characteristics by dividing the ordinate of
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a polnt on the flashover characteristic by its abscissa
and plotting this ratio as a new ordinate for the glven
abscissa. This 1s only an approximation of the gradient,
but it serves to give some notion of the electric field
variation with the gap separstion.

The flashover data for the various specimens taken
from the curves to smooth out the experimental variations
are shown in Teble III at the end of this section. An
examination of the table shows that without exception the
addition of the glass beads to the surface of a specimen
reduced the flashover voltage measureably below that for
either the base material alone or the base material
coated with the suspension medium. This is in agreement
with theory. Any surface is weaker than the gas adjacent
to it, and the rougher the surface, so long as it is not
increased materially in length, the weaker it is electri-
cally. This is due to the fact that the gas between the
irregularities is subjected to much more dielectric flux
and hence a hléher voltage gradient because the insulating
irregularities, in this case the glass beads, have a
much higher dielectric constant than the alr or gas

between them.
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FLASHOVER DATA FOR VARIOUS SPECIMENS AT DIFFERENT

ELECTRODE SPACINGS

Specimen Flashover KV EMS
—— From Experimental Curves
Inches Flashover Distance — 0.50 10.625(0.750
Isomica & 6.5 2ol 11.35113.%-115.1%
Isomica + Dolph's Synthite 6. 9.1 11.55{13.6 {15.4
Isom.+D!s Syn + Glass Beads | 6.25| 8.9 11.25{13.2 {14.8
Isom. + Scotch Cast 6. 9.45 [11.95{14.1 {15.95
Isom. +Sc. Cast + Glass Bds. | 6. 9.15 (11.5 |13.4 [14.95
Isom. + Silicone Varnish 6. 9.2 1.8 (15,610
Isom. + Sil, Var, + Gl, Bds.|6. 8.7 11.0 {13.0 {1l4.6
Isom. + Dri-Film 88 6 9.4 11.9 [13.9 {15.4
Isom. + D.F, 88 + Glass Bds.|6 B.7 10.7 {12.4 {13.9
Black bakelite 6 9.2 11.6 {13.9 [16.0
Blk. Bakelite + Dolph's Syn.| 6 9.7 12.4 |14.5 |16.4
Blk. Bak. +D!s Syn. #81, Bds. |5 709 10.2 Hl2,25:140%
Blk. Bak., + Scotch Cast 6 9.6 12.35(14.8 {16.45
Blk. Bak. + Sc. Cast + Gl. B. |6 8.55 [10.65(12.5 {1&4.2
Blk. Bak. + Silicon Varnish |6 Gud o J1l.5 (137 125.8
Blk. Bak. + Sil.Var. + Gl1.B.|6. 8,45 |10.55112.6 (14.55
Blk. Bak. + Dri-Film 88 [ 9.5 12.1 (14.45 {16.45
Blk. Bak. + D.F. 88 + Gl1l.B., | 6. 8.9 11.0 {12.9 {14.65
Lucite 7 30255 13.45(16.35119.3
Lucite + Dolph's Synthite 7 9.9 12.55135:.35 817575
Luc. + D's Syn. + Glass Bds. 6 9.6 12.1 38,3 116.2
Luc. + Scotch Cast 7 10.5 13.251{15.9 [18.45
Luz. + Sc. Cast + Glass Bds. 7 9.35 111.45(13.4 {15.15
6 9.8 12.4 |14.6 [16.4

Luc. + Plastic Cement + G.B.
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ASTM ARC TRACKING TESTS

The arc tracking tests were performed to
determine the arc resistance time of the various
specimens and to relate the other experiments to a

standard test.

General

These tests are described in detail as High-Voltage,
Low-Current Arc Hesistance Of Solid Electrical Insulating
Materials by the American Society For Testing Materials
(4; pp. 1136-1147). The purpose of these tests is to give
a relative eémparison of solid dieleectrics in thesir
ability to withstand surface flashover under conditions
of high voltage and low current. The arc résistanoe time
of a specimen is defined as the total time of operation of
the test sequence until failure occurs. In the present
experiment the polint of failure for the specimens was
determined by the formation of a carbonized track for
all but two., These two were lucite and the point of
failure was recorded when they burst into flame. For all
the speclmens tested the point of failure was very dis-

tinct.

Deseription Of Equipment

The circult diagram of the arec-tracking equipment
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is shown in Figure 57. A general view of the complete
equipment with auxiliary instruments 1s shown in Figure
58. The low side voltmelers were calibrated against a
secondary standard. The millliammeters used to measure
the arc curreant were callbrated with both direct and
alternating current. A precision milliammeter was used
for the direct current calibrations and a2 thermocouple
and microammeter were used for the alternating current
calibrations.

The 0-50 ma instrument has an iron vene movement
(A Figure 57). The shield made for this instrument
can be seen in the interior view of Figure 59. An iromn
shield proved unsatisfasctory as it disturbed the flux
configuration of the coil surrounding the iron vanes. A
brass shield proved satisfactory after it was slit with
a jeweler's saw to minimize eddy current effects. The
shield is connected to the high voltage terminal of thils
milliammeter. Since the electrostatic forces present in
the equipment were large enough to move the iron vane
when the milliammeter was disconnected, the shield was
necessary.

When the equipment was operated at full voltage the
electrostatic forces became great enough te pull apart the
wires of the vacuum thermocouple of the O-lOAma rf

milliemmeter (A, Figure 57). It was necessary to bulld
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Figure 58.
High voltage, low current arc resistance
testing equipment.

Figure 59.
High voltage, low current arc resistance
testing equipment with cover removed.
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a small shield of copper foil surrounding the thermo-
couple. The shield was connected to the high voltage
terminal of the instrument.

Because electrostatic forces would otherwise pull
the filaments of the pilot lamps apart, shielded cases
were installed and grounded to eliminate this source of
fallure.

The four resistors (Blo, Bogs BBO’ Buos Figure 57)
in the primary circuit are used to regulate the arc
current of the seoondary‘circuit from 10 milliamperes to
40 ma in steps of 10 ma. The resistor BlO is always in
the circuit.

The suppressing resistor (Bg, Figure 57) found in
the unit was replaced with one of the proper value. The
number of inductances in the secondary circult was re-
duced and the inductance of the group adjusted to the
proper value on the General Radlo 650-A impedance bridge
by changing the mutual coupling between them. The purbose
of the resistance and inductance is to suppress parasitic
high frequencies in the arc circuit.

A synchronous motor (M, Figure 57) is used to drive
the three bakelite timing cams shown in Figure 59. The
cams operate microswitches (81/8' 31/4' 81/2, Figure 57)
that open and close the primary circult in a prescribed
sequence. The time for both the open and closed intervals

of the primary circult was determined by measuring
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thousands of intervals with & cycle counter shown
immediately to the right of the unit in Figure 58. This
measurement showed thet the cams originally in the unit
were not properly cut. Therefore, after the necessary
calculations, the cams were re-cut on the milling
machine of the physics department, the only available
milling machine the design of which would permit the
remilling of the cams. The intervals were then checked
by repeating the measurements with the cycle counter,

As a further check a dual channel Brush recorder was used
to measure the time intervals. One channel of the
recorder carried the signal and the other the time base.

A new shaft was machined for the cams because the original
was not accurate enough to permit the cams to operate
within the tolerance prescribed. 7The timing tolerance

for any interval is 0.00833 seconds.

The high voltage switch (84,'F1gure 57) was entirely
redesigned in order to offer less contact resistance upon
eclosure and to offer a higher leakage path when open.

The secondary circuit was completely re-wired and
greatly simplified. Over half or more than five feet of
high voltage cable were removed without altering the
circuit.

The electrode assembly shown in Figure 60 was taken

apart and rebuilt. An additional template was made to
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ELECTRODE ASSEMBLY |

Figure 60
Electrode assembly for high voltage, low-
current arc resistance testing equipment.
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make possible the assembly to the prescribed tolerances.
The spacing between the electrodes is 0,250 * 0.002 inch.

A calibration was mzde which gave the primary vol-
tage (measured by V,, Figure 57) as a function of the
secondary voltage (measured by VB' Figure 57). In order
to cover the entire voltage range, several electrostatic
voltmeters were used on the high side. After the above
data were available, it was possible to adjust the
primary circuit resistors. This procedure is necessary
to the establishment of a standard rate of rise of the
high voltege wave for each increment of current in the
primary circuit.

The conditioning of speclmens and observation of
atmospheric conditions for the ASTM tests conform to the
methods described in the first section of this report.

As 2 final check after rebuilding end calibration,
the equipment was operated at full voltage in a dark
room to test for corona. This necessitated the re-routing

of several leads to give corona-free operation.

Besults of And Conclusions From ASIN Arc Tracking Tests

The arc resistance time for each specimen is shown
in Table IV. The magnitude of surface arcover is increas-
ed each minute until failure of the specimen takes place.

The details of the ome-minute intervals in the test



TABLE IV

ASTM ARC BESISTANCE TIME FOB VARLOUS SPECIMENS

o4

ASTM DESLIGNATION: D 495-48T
Specimen Thick | No. of | Arc hesistance 4}
ness | lests | Iime

; ; in Min. & Sec. ‘
| , J
- Maximum | Minimum Average |

Isomica 0.120 5 g 04:05 | 04:03 04 :04

‘Isomica + Dolph's Synthite 1 0.120 4 i 00:55 | 00:12 | 00:24
' isom. + D's Syn. + Glass Beads 0.120 5 | DD:B2 ' 00:38 | 00:45 |
‘Isom. + Scotch Cast 0.120 g 00:27 l 00:14 | 00:20 |
lIsom. + 3c. Cast + Glass Beads 0.120 5 - 01:03 | 01:01 | 01:05 |
! | ' ? : ?
Isom, + Silicone Varnish 0.120 5 . 00:06 00:06 | 00:06 |
Isom. + Sil. Var. + Glass Beads 0.120 4 | o00:48 | 00:13 | 00:28 |
'Isom. + Dri-Film 88 0.120 5 . 04:06 04:02 | 04:05 |
| Isom, + D, F, 88 + Glass Beads 0. 120 5 VI RIVE Uoiu2 5 Q3:C3 .
| | | |
L S B o O o . - , BT PRSORENE D T =% . I FPu Bt et
| Black bskelite 0.200 5 00:06 00:06 E 00:06 |
; - | |

' Blk. bakelite + Dolph's Zynthite 0.200 4 02:07 P O2305 ; 02:06
| Blk, Bak. + D's Syn. + Glass Beads | 0.200 5 00:60 | 00:33 | 00:42 |
| ! |
|blk. Bak. + Scotch Cast | 0.200 5 00:45 | 00:22 00:30 |

{Blk. bak. + Sc. Cast + Glass Beads | 0.200 5 0l:45 | 00:41 00:69
' Blk. pak. + Silicon Varnish ‘0.200 5 00:14 | 00:06 00:09 |
| 81k ," Bak. * S4l, Vapr., +.G1, Bds. 0.187i 5 0o 9 | 00822 002745
Blk. Bzak, + Dri-Film 88 0.262 & D207 01318 | 01:39 {
blk. sak. + D.F. 88 + Glass peads 0,262 5 02:10 02307 } 02:09 |

Lucite 0.125 5 01:07 01:05 01:06
Lucite + Dolph's Synthite 0.140 5 Q107 01:05 01:06 r
Luc. + D's 3yn., + Glass Beads | 0.140 5 | 00:37 00:35 ! 00:36 |

| | |

Luc. + Scotch Cast L0185 5 00:22 00:12 | 00:18

iLuc. + Sc, Cast + Glass Beads 50.140 5 Ulink Q1302 ; 01:18

| Luc. + Plastic Cement + Glass Bds. 10.125 5 j 02:05 02:03 | 02:04
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sequence are shown in Table V.

Untreated isomlca and isomica coated with Dri-Film
88 had the highest arc resistance times. The correspon-
dence between the times for these two specimens is
greater than one would expect comsidering ordinary
experimental error. Untreated black bakelite was the
poorest specimen. v

The majority of the specimens treated with glass
beads showed a marked improvement over the same base
material coated only with the suspension medium. The
exceptions may be due to the shape of the are tracking
electrodes. They are chisel-shaped with elliptical
contour. The electrode shape gives rise to a very non-
uniform field with a great concentration of flux at the
points of the electrodes. Under these circumstances, the
electrodes may find lmperfection in the uniformity of the
surface treatment not visible to the eye.

In general, the arc tracking tests substantiate
the results obtained with the lonization tests. The
suppression of lonization increases the time a specimen is

able to withstand arcover.



TABLE V

SEQUENCE OF ONE-MINUTE CUHRENT STEPS

ASTM DESIGNATION:

(D 495-48T)

96

Step Cur- Time Cycle Approx- To-
rent, imate tal
ma. Rate of Time

Heat in

Genera- Sec.

tion,w.

1/8“'"100..-00 10...00 1/4 s€cC. On, 1 3/4 3 60
sec. off

1/“"'-100.0000 10.-0-. 1/4 ﬂec. On, 3/“’ 6 120
sec. off

1/2"‘10...-.0 10..... 1/“ 8€eC. On, 1/“ 12 180
; gec, off

1D vinaneas 10, 0% oontinuons 24 240

B0 s ivnisises RBeins - OOHEATINOUS 34 300

i i insiae e CORELINONS L5 360

BOyesesessese HO..... continuous 56 420
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SUMMARY AND CONCLUSIONS

The ionization experiments at atmospheric pressure
proved that without exception the specimens treated with
glass beads suppressed the surface ionization and corona
to a very marked degree. In these experiments the usual
process of lonlzation by collision is altered when glass
beads are present on the surface, In the presence of the
beads the electric field and effective resistance for the
surface are altered in such a way as to restrict the
formation of electron avalanches. This alteration in
turn causes the reduction of the surface ionization. The
decrease of surface lonization and corona reduces the
ion bombardment of the dielectric which leads to the
improved 1life of the high-voltage dielectric.

The ionlzation experiments performed in a gaseous
atmosphere showed a further improvement in the suppression
of surface ionization as the gas pressure was increased.
This decrease in lionization 1s due to the fact that the
mean free path of the ionized particles has been reduced
with the increase in pressure so that for the same elec-
trode spacing an increased voltage gradient is necessary
to accelerate the particles to 1on1z1ng speeds between
collisions.

The flashover tests proved that for the surfaces
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treated with glass beads, the flashover voltage was lower

than for the base material alone or for the base material
coated with the suspension medium. This is what one
would expect from theory. Any surface 1s weaker than

the gas adjacent to it. And the rougher the surface, so
long as the surface length is not materially increased,
the weaker the surface is electrically. This phenomenon
is explained by the fact that the gas between the irregu-
larities is subjected to a higher dielectric flux density
and hence, a higher voltage gradient because the irregu-
larities, in this case the glass beads, have & much higher
dielectric constant than the air or gas between them,

In comparing the ionization experiments with the
flashover tests, it must be borne in mind that surface
ionization and flashover are different phenomena and
hence, different parameters are involved.

The main purpose of the ASTM arc tracking tests
was to serve as a standerd engineering test on the speci-
mens used in the other experiments, rather than as a
research test. The electrode shape gives rise to a very
non-uniform field. Furthermore, the high-voltage wave
form was not nearly so good as for the other experiments.
These low current ASTM tests showed that ln the majority
of cases, a specimen coated with a suspension medium and
glass beads could withstand low-current arcover consider-

ably longer than could a specimen coated with the
suspension medium alone.
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The researches accomplished have éfforded an in-
sight into future investigations. Some of these are
proposed as possible experiments. For example, 1t
would be of interest to compare the crest value of the
ionization current with the rms value, because this varles
greatly with the specimen involved. To accomplish this
an electronic device should be constructed with balanced
input and dual channels so that the positive and negative
rms values of the 1on12ation current could be measured
simultaneously.

Additional precise work needs to be done on the
glass beads or other materials used in their place. The
dielectric constant of the particular glass beads should
be determined. This may be accomplished by optical means.
Measurements should be made of the bead sizes to determine
their range and distribution. Irregular-shaped particles,
both crystalline and amofphous should be substituted for
the glass beads. The effect of roughening the surface by
means other than applying glass beads should be studied.
Furthermore, suspension media of an entirely different
classification should be tried.

The experiments should be performed using direct
current and under a known field configuration if possible.
These provisions would lead to results more nearly

amenable to the development of a mathematical theory.
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APPENDIX

Due to the fact that a few questions were ralised
during the final examination, additional experiments have
been performed. The results of these experiments are
given below.

No noticeable difference was observed in the
character of the ionization pulses as shown on the
oscilloscope upon reversal of the exploratory electrodes
provided they are kept polished and clean at all times
during experiments.

In order to show that a given deflection on the
oscilloscope means that the source voltage wave has a
definite sense, the following experiments were made.

The connections of the cathode ray tube are as
shown in Figure 5. First, when the positive terminal of
a battery is connected to the upper deflector plate, the
electron beam is deflected upward. Also, the insertion
of a point to plane rectifier shows that the oscilloscope
deflection means a definite sense which is always related
to the sense of the 60 cycle wave., The polarity was
oheoked by use of a permenent magnet moving coll
instrument. In other words if the upper deflector plate
is positive, the high voltage terminal of the bridge 1is

positive and there is an upward deflection on

oscilloscope.
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" To show that the indication on the oscilloscope
denoted a discharge from only one electrode at a time,
the following experiments were made.

The exploratory electrodes were observed through a
rotating disc type mechanical stroboscope. Synchronizatiam
was checked with the General Badio Strobotac. The disc
'of the mechanical stroboscope rotates at a synchronous
speed of 1800 rpm. There are two slots in the disc
diametrically opposite each other., Each mechanical degree
on the étrobascope represents two electrical degrees on
the applied 60 cycle voltage wave. The exploratory elec-
trodes were excited in the bridge circuit so as to show
heavy ionization to the unaided eye. When viewed
through the stroboscope disc, total darkness was observed
at 0, 90, and 180 mechanical degrees. <These are the
points where the voltage wave crosses the axls as seen on
the oscilloscope at 0, 180, and 360 electrical degrees.
In the vicinity of the intermedliate positions of 45 and
135 mechanical degrees, the ionization adjacent to both
electrodes appeared at maximum brightness. This cor-
responds to the ionization pulses or spikes that appear
near the maxima of the voltagé wave at 90 and 270
electrical degrees as seen on the oscilloscope. Both
electrodes appear to be bright at the same time because

the time interval of observation is not short enough to
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show the progress of the glow across the surface of the
dielectric between the electrodes. Also, the positive
ionization pulses leave the positive half of the 60
cycle exciting wave in the upward direction only, rise
steeply, and decay slowly as shown with the expanded sweep
of the oscilloscope. The negative pulses leave the nega-
tive half of the 60 cycle wave in the downward direction
only.

An explanation of the fact that there was loniza-
tion from one electrode only for a given oscilloscope
deflection is shown by the following considerations.

The mobility of electrons is very very much
greater than that of the exygen and nitrogen constituents
of the atmosphere, therefore, the electron flow consti-
tutes the current and determines its sense of flow.

For any half cycle, one electrode is positive
while the other is negative. During the next half cycle
the polarity of both electrodes is reversed. For any
half cycle the electrons are attracted by the positive
electrode and repelled by the negative electrode. When
a charged particle moves across the space between two
electrodes, the current in the circuit will be a

function of the velocity of the charged particle.



