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ABSTRACT

A study of the factors which influence the stability of
simultaneous, distributed arcs on power lines 1s reported.
The typres of arcs studied were through air between iron elec-
trodes, flashover along a wood-sir boundary between copper
electrodes and arcs confined in expulsion-tube lightning .
arrestors,

Variations of line geometry influence line characteris-
tic impedance, series and shunt impedances and equivalent
length., The studies indlcate that of these factors, only the
series lmpedance between the simultaneous arcs is important
unless the line length separating the two arcs is very short.

The analysls illustrates that it is possible to calcu~
late approximate critical spacing of a test gap in terms of
the geometry and material of arc electrodes and the potentisal
et the gap. This potential was shown to depend upon both
the power frequency conduction characteristics of thg re-
mainder of the circuit and upon the nature of the surge
initiating the arc., The relative lmportance of these two
factors was estimated.

The studies show that 1t l1s possible for arcs to rob
one another after they have been independently initlated on
power distribution systems. Consequently, with appropriate
placement of lightning arrestors it is possible to protect
a system so that even though a direct stroke of lightning
mey initiate an arc at a location remote from the arrestors,
the arrestors can still rob the open arc of current and

hence extinguish it.



INTRODUC TION

The stability of simultaneous arcs which are separated
’on distribution lines by various distances is of prime
importance to the electrical distribution engineer. A
fundamental understanding of the various factors influencing
this stability is therefore desirable.

The difficulties assoclated with lightning have been
meny and varied since the earliest days of electrical power
transmission and distribution by use of open wire lines. A
great deal of research has been carried on to study various
phases of the problem and an excellent bibliography of re-
cent work in this field has been prepared under the
direction of the American Institute of Electrical Engineers.:
Much remains to be learned of the action of lightning and
its influence on power systems and these experiments and
analyses were performed to study basic properties of pro-
tection of distribution lines, It has been found that
when lightning arrestors protect a line there usually will
be a breakdown of the protective gap of the arrestor due
to induced potential on the lines prior to the actual strike
of the main lightning surge. Ususally the strike occurs at
8 point remote from the nearest arrestor since arrestor
density is frequently low, being in the order of one per

mile on many rural lines,

% Tor an extensive list of recent articles, see reference 1l.
For all numbered references see the bibliography at the end
of this thesis.
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The situation which results following a direct strike
of lightning is that of two simultaneous arcs on the system,
‘separated by an appreciable distance, and the studies of
this research were planned to investigate the system and
| basic arc properties which influence the stability of the
two arcs,

The negative resistance characteristic of an arc is
well known and as a result of this property 1t is apparent
that where two dissimilar arcs are in direct parallel, one
is unstable and the other, which has the greater stability
while conducting, robs the first and continues to carry the
entire current of the system. When the arcs are separated
by an appreciable impedance, but are still energized by the
same electrical source, it is possible to have stabllity of
both wi thout the occurrence of the robbing mentioned above.

0n distribution lines many factors could influence the
stability of the arcs, among which are line impedance and
propagation time, delsy time between initiation of the two
arcs, arc lengths and the mediums in which the arcs are
formed, nature and magnitude of the lightning discharge, a
variety of terminal conditions and the material of the
electrodes between which the arcs are established. Each of
these factors was investigated in the experliments described
later.

Dielectric recovery rates have been studied by McCann,
Conner and Ellis (2) in the California Institute of Tech-

nology High Potential Laboratory for ares with current as
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high as’ 800 amperes and with length as long as 11 inches,
Much of the equlpment developed during that study was used
énd modifled as required by the writer in the experiments
described in this thesis,

Several studies have been made of distribution systems
in connection with lightning problems, among which are
studles by Witzke (3), Harder and Clayton (4) (5) and Mac-
Carthy, Stan, Edge and McKinley (6). Much very valuable
information has been obtained but certain limitations of
the studies are apparent. Witzke, Harder and Clayton and
others have used analog computers to perform thelr experi-
ments and in the general study were confronted with the
problem of providing a satisfactory analog for a lightning
arrestor. Since an arrestor is non-linear and has the
property of introducing harmonics of power frequency volt-
age into the system when conducting, a completely satisfac-
tbry analog is difficult if not impossible to obtain. Re-
cent studies by Harder and Clayton (5) have been made using
a battery in series with a rectifier; however this is far
from l1deal as it cannot simultaneously represent the effect
of the arrestor to surges and to power frequency currents.

Other writers such as MacCarthy, Stan, Edge and
McKinley have collected data which describe actual operating
characteristics of the lines in use by various companies,
This is, of course, a slow and costly process and has the
disadvantage of not allowing control of condltions pertain-

ing to the lightning and, in addition, basic line parameters

<
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are usually fixed so that only length can be varied.

As a combination of these methods it was decided that
‘experiments on an artificial or analog line would be con-
ducted but at current and potential levels equal to those
used on real lines and that real arrestors and arcs of
lengths actually found in practice would be used. The High
Potential Laboratory 1s uniquely suited to this type of
experiment since two surge generators capable of producing
one million volts each, as well as a sixty-cycle source
which could be adjusted to obtain a variety of potential
and power ratings, were available.

The purpose of the research reported in this thesis
was to determine how variation of line and arc parameters
influenced the stability of the system of parallel arcs and
to establish criteria for which the arrestor would rob the
open arc. This condition on a line would, of course, result
in satisfactory performance since a lightning arrestor is
self-extinguishing at the first current zero.

No attempt has been made to investigate economic factors
of the desirability of certain arrestor spacings along lines,
nor has a statistical study of lightning performance been
included., It was felt that the former was a matter for the
power companies to consider, while the latter has been in-
vestigated by many writers in the past and tables and charts
have been prepared which zive the probable number of light-
ning strikes per mile of line per year for various areas of

the country, as well as the approximate range of charges

)
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and voltages likely to be encountered.

The studies have been limited to distribution systems
in the 3.0 kilovolt class and have included only expulsion=-
tube arrestors of the type normally used on distribution
lines., While higher voltage levels might introduce special
problems it was felt that the fundamental properties would
be very.similar'to those found at 3.0 kilovolts. Station
type arrestors were not studied since in the past they have
been too costly to use on distribution lines in large

numbers,



-6 -
APPARATUS AND TEST TECHNIQUES

APPARATUS

The research was performed on an artificisl line which
simulated as nearly as practical actual conditions found in
distribution systems. Since a pulse of lightning has a
very wide range of frequency components, it was necessary to
arbitrarily specify some upper value of frequency as the
highest whlch would be freely transmitted along the simulat~
ed line. Smythe (7) has shown that frequencies below the

cut-off value f_ = ——L_ , where f, is a critical

/L ¢
frequency and L and C are inductance and capacitance per
line section respectively, are freely transmitted; with
this as a criterion a frequency of 1 megacycle was taken as
8 reasonable figure for fc' Many of the tests were conduct-
ed with the line arranged to allow a critical frequency
greater than this value,

The capacitors used were bullt up of combinations of
basic 609 micromicrofarad units which would withstand a
surge test of 50 Kv with a 1% x 40 microsecond wave., These
were arranged in serles and parallel combinations as were
required to provide the desired total capacitance.

The coils were wound on 5 inch inside-diameter micarta
tubing with #12 AWG copper wire and had an average induct-
ance of 193 microhenry each. 8ingle layer solenoid winding
was used to obtain maxi%um insulation with minimum cost and

size.

The colls were mounted in two rows on wooden racks and
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were placed at an angle of 60° from the horizontal to
minimizé the muﬁual inductance between coils and thus to
insure that propagation would follow the line as desired
and not result from instantaneous induction effects. The
spacing of coils along the rack was at 12 inch intervals
for which measured mutual inductance was less than 0.2% of
the self.inductance per coil., Fig. 1 shows the physical
arrangement of the coils and capacitors with common ground
bus and illustrates the hardware used to obtain various
values of total capacitance per section by the series and
parallel connections. Appendix A describes tests made on
this line analog to determine how accurately it represented
an actual line and includes oscillograms showing propaga-
tion characteristics.

Most of the data pressented in this thesis were obtain-
ed from tests conducted with the circuit arranged as shown
in Fig. 2, in which the blocks show the functional elements
of the test apparatus. Two surge generators were used and
were connected to be tripped in sequence with the time
interval determined by a binary counter used in connection
with an audlo oscillator and square-wave generator. The
latter instrument was used to insure accuracy of the time in
each cycle at which the counting occurred. The counter was
arranged so that it could be used as a 4 stage or a 10 stage
unit and tests were conducted with time delays from 10
microseconds to several thousand microseconds by appropriate

changes of the frequency and number of stages,
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A 'sixty-cycle power source was connected through a
%+ inch stand-off gap to the 1ine and, as is illustrated in
.the circuit diagram, was arranged so that the duration of
current flow could be'controlled to allow any number of
| half-cycles that were desired. Most testing was done with
this control set to allow two cycles of conduction. It was
limited in that manner since most of the valuable data were
recorded during the first half-cycle; however, it was
important to know the long time conduction properties of
the arcs also,

Records were made‘simultaneously with three instruments
in most cases, and with at least two instruments for all
tests., A magnetic oscillograph recorded three voltages and
three currents as indicated on Fig. 2 and gave a complete
record of the long-time characteristics of the system. A
sample of one such record is shown in Fig. 3, where a
description of the test condlitions is given. A total of
approximately 3000 such records were made during the course
of the experiments. _

In addition to the magnetic oscillograph, a cold-
cathode electronic oscillograph was used at various points
in the system for many of the tests to obtain a detailed
record of the short-time varlations of currents and volt-
ages. These records were made by the electron beam direct-
ly impinging upon the photographic film which was under

vacuum,.

A third instrument, a hot-cathode single-sweep elec~-
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tronic‘oscillograph; was used as a visual monitor and to
keep continuous records of the time delay for each test,

TEST TECHNIQUES

As outlined earlier in this thesis the operation of
arrestors on a line is such that the tube is usually al-
ready conducting when the surge strikes the line. To simu-
late this the first surge generator was tripped, discharging
most of its energy through the tube to ground. The sixty-
cycle power-follow current continued to flow as the stand-
off gap became conducting at the discharge of the #l genera-
tor and at the end of the preset time delay, the second
surge generator was tripped. This discharged its energy
through the test gap to ground and at the same time initiat-
ed a travellng wave on the line with a shape determined by
the wave front of the applied wave and magnitude limited to
the flashover potential of the test gap being used. . This
wave traveled down the line to the tube where, due to the
very low impedance of the conducting tube (less than 1 ohm),
it was reflected with inverted polarity for the potential
wave.

Several serlies of tests of this type were conducted
with a wide variety of line and terminal conditions to deter-
mine which of the factors was most influential in determining
the stability characteristics of the two arcs and, wherever
possible, curves and functional relationships were obtained.

In later serles of tests the sixty~cycle power source

was moved to the test gap and connected to the end of the
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line at‘the terminal of the #2 surge generator. The only
important clrcult change réquired for this arrangement was
'that of adding a third tripping electrode to the stand-off
gap which isolated the sixty-cycle'system from the line,
since the time delay of'the line was usually so great that
power-foilow did not result in the tube unless flashover
occurred in the stand-off gap and tube simultaneously. In
all cases the magnitude of this tripping surge was limited
to a value too small to produce flashover of the main test
gap to which it was connected.

Since the arrestor was one of the main elements of the
test circuit, every effort was made to keep uniformity of
results. One arrestor was checked new on a five "yr"
section line and was re-checked periodically, as it Was be-
ing used in the regular tests, under the original conditions
to determine aging characteristics and variations due to
erosion., Appendix B shows the results of these tests and
clearly indicates that during the first 15 discharges
changes of characteristics were so rapid that these are not
usable for comparative purposes.,

It was found necessary to replace the core of an
arrestor about every 100 tests, when current had a crest
magnitude of approximately 900 amperes, with a replacement
core made of the same fiber used in new arrestors; these
were constructed in our own shop.

Fig. 4, in the upper photo, shows a complete arrestor

ready to mount on an exposed line, a cut-away section
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ARRESTOR TUBE STRUCTURE

TEST GAP STRUCTURE

FIG. 4 ARC ELECTRODES AND CONFIGURATICNS
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showing'internal_conStruction and cores to illustrate the
type of erosion which occurfed. Bach tube was used with
four or more cores and it was féund that after about five
tests, with & new core in a used barrel, a stability of arc
‘conditions was reached.

- It should be noted that the tubes identified by
numbers ohe through three were of an older and slightly dif-
ferent design than those numbered four through sevén. This
difference 1s reflected in a slightly higher arc potential
during conduction for the older type; however the character-
istic trends measured with the two types are the same.
Fig. 6 and Fig. 8 are based on the early tubes and have
somewhat higher values of test gap length than would have
been found had the later tubes been used, as can be seen by

comparison with corresponding points on other curves,



TEST SEQUENCE AND RESULTS

Thé test plan was developed to discover as much basic
information as possible concerning the phenomena found in
nature in connection with the simultaneous parallel arcs,
Andrews and McCann (8) had found that arrestors frequently
become conducting as much as 50 to 250 microseconds prior
to the direct stroke of lightning to the system. The in-
vestigation of the influence of the variation of this delay
time was carried out over a range somewhat wider than this
to cover all probable delays, and a total delay varying from
10 to 650 microseconds was used. The time interval was
measured with a cathode-ray oscillograph and photographic
records were made of each test using a 35 mm camera photo-
graphing the pattern on the screen of the tube.

Variations of time delay resulting from inherent errors
in the counting system, due to random phase relation between
the audio oscillator of the counter and the firing point,
occurred with a total spread of # 3%. The basis of compari-
son of characteristics of the arc stability was that of the
length of the test gap.

The test gap used in the initial phases of the research
was a standard rod gap, made of 3 x + inch squars-cut steel
rods mounted in the fashion prescribed by AIEE standards
for high potential testing. In later work flashover along
wood and flashover between additional modified copper-tipped
rod gaps were tested in order to simulate conditions found

on dlstribution systems in which flashover occurs along
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crossarms between various pieces of hardware,

The lower part of Fig. 4 shows the mechanical arrange~
‘ment of the three types of test gaps and illustrates how
the seven foot section of fir crossarm material was moved
along . the suppbrts so that an undamaged section was avail-
able for each new series of tests. Electrodes were re-
surfaced by machining after every 20 tests in all cases and
wood sections were used for a similar number of shots.

TIME DELAY TESTS

The procedure followed was that of starting each series
of tests with a short test gap so that in both the tube and
test gap stable arcs would be established. The test gap
was then lengthened until a critical length was determined
for which a test had equal probability of resulting in
parallel stable conduction or of the arrestor robbing the
test gap during the first few microseconds with power-
follow being appreclable only in the tube. Since tests
were conducted at time intervals of as much as several
minutes, and as the conduction properties of air and of
tubes are highly variable, some spread of data was to be
expected. While the total number of tests required to
establish a critical level varied, ordinarily from 20 to 40
tests were made., The critical level was established as is
customary in critical flashover characteristics from a plot
of length versus test number and a mean length was deter-
mined from these points. One such typical plot 1s shown 1in

Fig. 5. These tests were not taken in a series as numbered
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but were interspersed with tests at other time delays in
order to reduce systematid errors which might have resulted
from tube aging or system changes over the several days
time required to obtain data for the entire time delay
curve, This accounts for tests at very long and very short
spacings on Fig. 5 which might otherwise not seem to be
appropriate.

Check tests were made, to definitely establish the
influence of the tube on the system, by removing the tube.
In all cases the test gap then carried power-follow current
for all gap lengths up to 7 inches, which was the longest
gap used, clearly showing that the tube was robbing the
test gap of current and that the test gap was not extin-
guishing due to the natural recovery properties of the
system,

The total curve of time delay as a function of test
gap spacing is shown in Flg. 6 and shows relatively small
variation except at very short times for which the two
surges existed simultaneously on the line. For times in
excess of 50 microseconds such as are likely to be found on
réal systems, the influence of the first surge generator on
the system had been damped out and the system was stable
with the tube carrying sixty-cycle power-follow current.
Since in actual distribution systems the arrestor flashover
results from induced potential which rises relatively slow-
ly, the mechanism used here to initiate the arc in the

arrsstor 1s not a true duplicate of practice and hence
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values for very short times, below 50 microseconds, are
probably not applicable to explain line phenomena,

Throughout the remaining tests on the system the time
delay used was 170 microseconds. This was a typical value
measured in distribubtion syétems and since Fig. 6'in&iaatss
that this value is not in a region of rapid change, small
variation in delay about this value would thus not be
serious,

LINE LENGTH TESTS

The length of the line section between the tﬁo arcs
was known to be a rather important parameter and the next
tests were made to determine the nature of this influence
on test gap length. The procedure followed that usedrin
the time delay seriles with variation in test gap length be-
ing the parameter for which a critical value was'fouﬁd
corresponding to each line length used., The range of dis-
tances covered by the tests corresponded to ap?roximately
three miles of typical distribution line.

With the circulit arranged as shown in Fig. 2, tests
were conducted from the maximum line length to as short a
line as was possible while still allowing the two_arcs to
be initiated independently. Since connection of the test
gap and the tube at the same spot always produced a single
arc with both surge generators being discharged through the
same weaker dielectric path, it was ﬁecessary to limit
length to a minimum value. That value was sucﬁ that the

transit time of the line section was sufficlent to‘allow
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the potential to bulld up at each arc position so that
flashover occurred only from the surge generator connected
at that point. TFor the tubes and spacings used in these
experiments this distance corresponded to approximately
400 feet of line or a propagation time of about 0.4 ﬁicro-
second, This short transit time was possible because for
test conditions near the critical gap spacing the dielectric
strengths of arrestor tube and test gap were ﬁearly equal,

The tests were continued with the sixty-cyclg power
source connected to the test gap and with the tube on the
open end of the line, corresponding in a practical distribu-
tion system to a lightning strike occurring between the
isolated arrestor and the power source. The curve'obtained
for this sefies is a smooth continuation of the one found
for the earlier series of line length tests with an increas-
ing critical gap length as the line length was increased,
The'complete curve of line length as a functioh of critical
gap spacing is shown in Fig. 7. The criticalrgap spacing
was carried to 5-3/4 inches with individual tésts having
been made for spacings as long as 7 inches, Thisvvalue is
3L times the equivalent rod gap SPacing for basic impulse
level at 3 Kv and was considered to be well above any
probable value which would occur on a systenm,

CHARACTHERISTIC IMPEDANCE AND LINE CAPACITANCE TESTS

Although there is fair uniformity of line construction
on distribution systems, there is a considerable variation

in estimates of line characteristic impedance due to
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imperfect knowledge of actual line geomeitry; therefore it
was felt that this factor should be carefully investigated
to determine if variations in line geometry would materially
influence the arc stability. The model line was arranged
so that inductance and capaéitance could>readily be éaried
independently of one another; however in a real system the
two are both determined by line spacings. The next tests
were performed keeping inductance per section constant and
keeping the same number of sections but varying the capaci-
tance per section., This had the effect of varying both
characteristic impedance and equivalent length since length
of the model line was based upon propagation veloéitj of the
highest frequency components of surges being equal torthe
velocity of light. These tests were performed since it was
convenient to vary capacitance and because it was thought
that the dominant factor in determining stability was the
series impedance between the arcs. Tests Were:made on a
line of 2.8 miles equivalent length with capacitance varia-
tion in the ratio of 16 to 1. The curve:of Fig. 8 shows the
results of this series of tests and indicates that the
capacitance of the line is a relatively unimportant factor
in determination of arc stability within the rangekwhich
would be encountered on actual distribution lines.
Associated with this series of tests, check points
were taken in which the equivalent length was held fixed
and characteristic impedance was varied. This was based

upon line length being measured in terms of propagation
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time on the line.  Since the highest frequency components

of the surges propagate with a velocity approaching that of
7light, aﬁd since the velocity in units of line "I7" sections

per second is v = — L where L and C are inductance and

capacitance of each 1%n2 séction, the total equivaleﬁt line
length was taken as N x4/ L C xc. N represénts the
number of sections and ¢ is the velocity of light, 984 feet
per microsecond in British units.

Three check points were evaluated by series of tests in
which the product L x C was fixed by doubling C aﬁd halving
I first, and then using factors of 1iC and 2/3L andvzéc and
2/5L respectively. To maintain constant total transit time
the number of line sections was also constant so that the
total inductance was varied accordingly. This gave a range
of Z, of 2.5:1 total. These points were compéred.with the
curve of Pig. 7 and were found to correspond to values on
this curve for the same total series impe&ancé:(i.e; same
total number of coils in the series line) but were apparent-
1y independent of line shunt impedance. :This:clearly
indicates that except for very short lines where transit
time is so small as to not allow the two arcs to be inde-
pendently initiated, the line characteristic.impedance and
transit time effects are small and for vériation of line
geometry the dominant factor in determining arc stability is
that of the series impedance. | |

In actual lines, since wire size and spaéing influehce

both series and shunt impedance, the physical arraﬂgement
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of the line is thus apparently of importance only in-so-far
as 1t controls series impedance. In the leboratory model
‘series impedance is affected by both physical length and
characteristic impedance.

ARC CONFIGURATION TESTS

The next tests investigating arc dielectric material
were made by changing from a standard rod gap as the test
gap to investigation of wood flashover between copper elec-
trodes. The photograph in Fig. 4 illustrates the mechanical
arrangement used in these tests. Seven foot lengfhs of clear
Douglas Fir, free from knots and other grain irregularities,
were used; the width of the material was five inches. Cop-
per straps were attached to one side of the wood and arrang—
ed so that the contact pressure was uniform over the esuntire
series of tests. Preliminary tests on splintéring and
physicalrdamage to the wood indicated that as many as 50
tests, using a surge simulating a lightning diécharge of
crest current magnitude of 4000 amperes and a charge of ,02
coulomb while doing considerable mechaniéal démage, caused
no measurable change of electrical flashover characteristics.,
With power-follow of one-ha;f cycle at 800 amperes crest
magnitude, damage was much greater and electrical‘character-
istics began to change appreciably after 25 tests, so an
arbitrary limit of 20 tests per wood section was imposed.
Mg, 9 shows the effects of surges dnly and of éurges com-
bined with power-follow to wood surfaces. |

The test procedures used with the test gap being a
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standard rod gap were duplicated for the wood flashover
test gap using the same type of arrestor tubes and similar
" line arfangements.

Since the influence of time delay and line shunt im-~
pedance had been found to have small influence on thé sta~-
bility of the paraliel arcs for the rod gap test gap it was
decided to make these'correéponding tests using wood flash-
over dlstance as the comparison parameters for slightly
different line conditions in order to make the scope of the
investigation as wide as possible. This was justified'on
the basis that the fundamental arc characteristics of the
wood flashover and of the rod gap were similar,

The time delay variation was investigated over the same
range éf time that had been used in the case of the rod gap
but with an equivalent length which was somewhat Shorter,
being 1.2 miles, whereas with the rod gap the equivalent
line length was 2.8 miles., '

The results of these tests are presented in the curve
of Fig. 10 and show that no appreciable variaiion of
ecritical gap length as a function of time delaj exists, ex-
cept at very small time delays,

The dependence of arc stability upon line length was
investigated with the power source connecfed first to the
tube end of the line and later with it connected to the test
gap. Line parameters were identical.to those used for cor-
responding lengths for the rod gap tests so that direct com-

parison could be made. The curve of Fig, 1l shows this
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dependence, and shows the curve presented earlier as Fig. 7
for the rod gap, for comparison. The two curves are similar
in shape and differ chiefly in magnitude of tﬁe critical
spacing. The ratio of spacing at a particular line length
'is in the range 0.6 to 0.8 for line lengths up to~%-1;5/4
miles and approaches unity for longer line lengths.

The results of tests made by varying the line shunt
impedance per section as a function of critical gaﬁ length
are summerized by the curve of Fig. 12 and indicate no ap-
preciable dependence of arc stability upon shunt iﬁpedance.
As was the case for the rod gap tests, chéck points were
made with constant effective line length and variable
characteristic impedance with the same result as discﬁssed
earlier, that the stability is apparently dependent upon
series impedance only and not basically upon transit-time or
shunt impedance.

The difference in performance of the rod gap and wood
with reference to line length gave a means of discovering the
basic criterion of arc stability. The differénce of
dielectric recovery rates of the two materials offered one
possible explanation, while the longer~time arc—bufnlng
characteristics 6ffered a second. The dielectric recovery
rates were next investigated. |

DIELECTRIC RECOVERY RATES OF ROD GAPS, WOOD FLASHOVER

AND ARRESTOR TUBES.

The rate of dielectric recovery of arcs in standard

rod gaps following various types of discharges has been
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investigated by several experimenters., McCann and Clark (9)
developed a technique using two surge generators and in-
iestigated recovery rates of 6 and 11 inch rod gaps follow-
ing predischarges of several types of surges. McCann,
Conner and Ellis (2), using a similar method, extendéﬁ this
work to include 3, 6 and 11 inch rod gaps_and measured di-
electric recovery rates following conduction of sixty-cycle
power-follow current for a variety of current magnitudes
and durations. Although there has been a great deal of ex-
perimental work on wood flashover characteristids,Afor ex-
ample Bellaschi (10}, no comparative and well tabulated
recovery rate data are available on wood sections of a
length such that quantitative comparison to rod gaps is
possible,

The lightning simulating surge generator which had been
used throughout these experiments had a discharge character-
istic of 4000 amperes crest with a total chargé of 0.02
coulomb. Using this predischarge tests were performed to
determine recovery rate curves for rod gaps of S and-6 inch
lengths and for wood flashover for the same lengths, as well
as rates for the special strap electrodes shown in‘Fig. 4
and for the expulsion tube.

These experiments were conducted in a fashion similar
to that used by McCann, Conner and Ellis with much of the
same equipment and modifications weré made as were required
by the new and speclal conditions. The time ihterval_be;

tween surges was varied from 80 to 15,000 microsecbnds s0
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| that a binary counter suitable for these time delays was
arranged. The tripping system for the surge generators
‘which had been used by the earlier experimenters had proved
to beIVery critical to adjust and difficult to maintain

over the wide ranges of potential required. A triplé.gap
had been used which was constructed with a pair of 10 centi-
meter diameter spheres with a third smaller sphere adjacent
to the other two. These gap structures were repléced by a
pair of gaps constructed of hemispheres with a needle point
coaxlial with the hemisphere axes and insulated frém one by
an appropriate fiber sleeve. The initiating pﬁlse from a
4C35 thyratron circuit produced flashover of the insuldator
from the needle point to the ground hemisphere, supplying
sufficient ionization to very rapidly initiate an arc be-
tween the two hemispheres. This arrangement had the advan-
tage of Qperating over a very wide range of potentials with-
out mechanical readjustment.

The special copper-tipped strap electrodes déscribed
egrlier were constructed to investigate the iﬁfluence of
electrode size and material on dielectric breakdown,
recovery rate and arc conduction characteristics. Ellis
(11) had investigated the influence of electrode ﬁaterial
on recovery rate with use of iron and carbon electrodes
under identical conditions. It is his conclusion that the
material with the lower boiling poinﬁ and ionization poten-
tial has the lower dielectric recovery rate; éonsequently

arcs between copper electrodes should recover more'slowly
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than between iron electrodes due to slight differences from
both of these effects.

The‘possibility existed that the differehce in the
material and mechanical arrangement of the rod gap and the
electrodes for the flashover along the wood might be .so
influential in change of recovery rate that it Would com-
pletely obscure the differences between air and a parallel
air and wood dielectric. Comparison of the recovéry rates
between the special strap electrodes in air_and rod gaps in
air over several hundred tests as plotted on Fig. 15 show
no appreciable differences however, so the effect of slight-
ly reduced rate of recovery of copper relative to iron, due
to lower boiling point and lesser ionization potential, 1is
apparently exactly compensated for by the increased recovery
rate produced by the cooling effect of the larger area of
electrode and change of shape. Therefore differenbeS'be-
tween the rates of recovery of rod gaps and wood flashover
were caused by the wood only and not by the electrodes.

The curves of Fig. 13, in addition to eliminating
material and configuration as variables to be considered,
illustrate that for both the 3 and 6 inch length test gaps
the wood recovers more slowly than does air for the samé
spacing,

A second seriesvof dielectric recovery tests was con-
ducted following power-follow currenf of one-half cycle
duration and 800 amperes crest magnitude for rbd gaps of‘

% and 6 inch spacing, for wood flashover of 3 and 6 inch
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electrode spacing and for the 3 Kv arrestor tube used
throuwhout this research. The one curve of the six inch
rod gap was compared to work done by Ellis (11) as a check
and agreement was within 2 Kv at all points. Fig. 14 shows
the points determined during these tests, as wellvasﬂboints
determined by Ellis, together with the points for the other
four curves.

The results of relative rate of recovery for the three
inch rod gap and wood flashover are the same as those found
in the surge predischarge case for which the air ﬁas found
to recover more rapidly than the wood. The long time re-
covery of the six inch gap shows the wood to recover more
rapidly than the air for times in excess of 30 milliseconds;
however this is not important in the present research since
the stability of the two arcs had been established prior to
a time corresponding to a half-cycle of gixty-cycle power
frequency which is only 8.35 milliseconds. ‘

The time delay for each curve was reduced to as short a
value as was possible for which a definite reéovery.voltage
existed. The "long-tail" flashovers discussed by Ellils (11)
were encounteréd in testing the wood flashover and tubes as
well as for the rod gaps and established the minimum
recovery time for all curves on both Fig. 13 and Fig. 1l4.

The results of these curves clearly indicate that the
lesser stability of wood as compared>to an aif rod gap arc
found in the line length series of tests and plotted_in

Tig. 11 is not accounted for by faster dielectric recovery
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gince actually the rod gap i1s found to recover faster.
Consequently the explanation of lesser stablllty of wood
‘must be accounted for by the second of the factors sugzested
earlier, namely that of difference of long-time arc-burning
potential,

While the dielectric recovery rate tests were not
directly applicable to explain the phénomenon encountered
in the line length tests, the data are none the less
valuable to power distribution engineers in connec tion with
general studies of line design. |

LINE TERMINATION RESISTANCE TESTS

The next tests were conducted to evaluate the influence
of line termination impedance upon the arc stability; In
the earlier tests, as stated in the introduction, the line
‘section was terminated at either end by a resistance approxi-
mating the characteristic impedance of the line, So that the
test section then was equivalent to a segment of an infinite
system. Since in practice lines are often terminated at
power transformers, it was desirable to invesﬁigate the in-
fluence of various termination resistances. A range of re-
sistances from 53% to 168% of the characteristic impedance
of the line was used..

Fig. 15 shows the results of these tests and indicates
that line termination has negligible influence on stability.
This is explained by the fact that ét either end of the
section the conducting arc represents an impedance of less

than 1 ohm in the steady state condition and since the
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bstability is a function of the arc-burning characteristic
and not of the time rate of dielsctric recovery this result
would be éxpected. The impedance of the arcs during
ignition and during the first few microseconds of conduction
is difficult to define but it is undoubtedly large since
this impedance changes from a value approaching infinity to
a value of less than 1 ohm during the ignition time,

LIGHTNING SURGE VARTATION TESTS

In order to investigate the influence of wvariation in
lightning surges the crest magnitude and wave shapé of the
second surge was varied on a system using a 7 "/7" section
line with a rod gap as test gap connected to the sixty-cycle
power source. The wave shape of discharge current was
characterized by a very hizh short pulse near the front of
the wave, which was largely dependent upon the‘teSt gap
length, followed by a second and lower peak and then by an
exponential decay. Table 1 below shows the time to decay to
one~half of the lower peak as well as the magnitude of this
peak for the waves used and compares theif infiuence on the
system in terms of rod gap critical spacing.

Table 1

Surge-Charge Constant at .02 Coulomb

Wave Time to decay Crest Approximate Critical
Shape to half crest Current Rod Gap Length

A 10 microsec 1660 amperes L inches

B 17 - 14 862 [£4 % n

c ory " 431 n % on

D 81 i 290 i = 1
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The range of time to half crest measured on direct
strokes of real lightning is approximately 15 to 90 micro-
éeconds so the wave shapes described in Table 1 cover most
of the usual range, AIEE tests for distribution lightning
arrestors include voltage tésts with wave shape of 1%tx.40
kmicroéecond and current tests with 5 x 10 and 10 X 20
microsecond waves,

The critical test gap length does not follow any pro-
gressive trend with change of wave shape but has a méximum
deviation from the mean of 26% over the range testéd. This
indicates that while the differences in lightning account
for a part of the variation of stability foundkin nature,
they are not the dominant factor as variations of liné
length, and arc electrode and dielectric materials are of

much greater importance,
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MATHEMATICAL DESCRIPTION OF STABILITY THEORY

Thé characferistics of arc discharges in air have been
‘studied by many experimenters and Loeb (12) has collected
and summerized much of the best data and verified theories
of arc conduction.

An acceptable relationship between d-c arc potentisl
and current for arcs of various lengths is given by Loeb as
(1) v=ofeL 4 XL L

where L is the arc length, v and i are arc potential and

current and the four constants ¢¢ ,5, U and " are the Ayrton
constants which depend upon electrode material and shape,
and upon the gaseous medium in which the arc occurs. For
arc conditions with current in excess of 100 amperes it is
usually possible to neglect the last term of equation (1)
completely and describe the arc potential in terms of elec-
trode conditions and length, Fig. 16 shows the results of
data collected to determine O(and(B for the rod gap and wood
flashover. In all tests made to obtain these curves the
crest current exceeded 800 amperes so the Z/and.d"tarms were
neglected.

The arc robbing mechanism can be described by consider-
ation of the case in which the arrestor is mounted at the
end of the line remote from the sixty-cycle power source.
With this arrangement the arrestor conducts power-follow
current 170 microseconds prior to the second or lightning
surge and the level of sixty-cycle potential at the test gap

is fixed by the tube current and arc voltage, the system
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impedances and the source potential, The diagram of Fig. 17
shows the circuit layout, éomplete with impedance values for
tha components effective at power frequency.

Tripping of the first surge generator was arranged to
be synchronized with the sixty-cycle source such that maxi-
mum severity of current through the arrestor would be ob-
talned and in most of the work this was at 60 electrical
degrees after source potential zero.

For low magnitudes of current the arrestor acted as an
arc with negative resistance characteristic; however as the
current increased to the order of 500 amperes and above the
oscillograms indicate that potential began to rise with
Increased current showing that above that level the arrestor
had the characteristic of a positive but nonlinear resistor.
In view of this fact it was possible to evaluate the poten-
tial at various points in the system in terms of usual
phasor notation. The following equations are thus wvalid
only in time intervals for which currents and voltages are
large and would not apply, for example, at or near voltage
zero., Since power-follow current through an arrestor does
not result for surge application near voltage zero however,
use of these equations l1s appropriate as an approximation
to estimate the potential levels throughout the circuit,

The instantaneous potential at the test gap is thus
given by the following equations using the rms alternating

current circuit notation of Fig, 17.
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A Z,
> =AVAVAV, AVAVAV: .
I
.V v
~) E, TEST Veune g TUBE
GAP

SOURCE RATING 3.0 KV RMS AT 300 XKVA
PER UNIT SYSTEM Z RATED = 1000(KV)2 = 20 omHmS
KVA

VOLTAGE REFERENCE ig = 1/0° PU

v
Zt' INCLUDES TRANSFORMER IMPEDANCE, SURGE FILTER INPEDANCE
AND IMPEDANCE OF INDUCTION REGULATOR AND SUPPLY LINES.

= 0612 £ § .153 PU

%L REPRESENTS LINE IMPEDANCE

= N(.00436 ¢ j .00241) PU WHERE N IS NUMBER OF LINE
SECTIONS.

FIG. 17 EQUIVALENT POWER FREQUENCY CIRCUIT
' DIAGRANM
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(2) Sz = Viube =¥
AN VA
3) B -I%t =¥ = T
(3) Eg 12 Vtest gap vtest gap ZE_
- - ' .
(4) vinStantaneous Vtest gap Ve sin {W (T / at) / 9}

where wT gives the relative firing angle of the first surge
generator with respect to the phase angle of the power
source and o t gives the delay time between # 1 and # 2
surge generator discharges.

The foregoing equations thus allow calculation of the
potential which exists at the test gap at the instant the
stability of the two arcs is determined, for a given system
and a known arrestor arc potential and current. Both tube
potential and current values are required since V and f are
not, in general, in phase through the tube.

Slepian (13) in his discussion of the extinction of
long a-c arcs bases the extinction or reignition criterion
upon energy balance in which heat losses in the arc due to
conduction, convection and radiation are compared to elec-
trical energy input. The arc extinguishes if heat losses
exceed input and is stablé if electrical input exceeds

total heat losses., In equation form stability is insured

it p_ > dW_ where P_ is electrical power input and _dW
€ dt e at
is rate of loss of thermal energy.
Duesterhoeft (14) states that in the conductive state
an arc is maintained by thermal ionization even though the

average molecular energy is much less than the ionization

potentials of the gases present. This is possible since
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collisions are so frequent that those molecules which do
have sufficientlenergy produce ilonization. In the course
‘of his work Duesterhoeft has prepared a curve giving an
estimate of energy content of air per cubic centimeter above
that contained at 300° XK as a function of temperature.

In order to apply this information to'the present cal-
culations it is necessary to estimate the volume and temper-
ature of the arc region at the instant following the surge
discharge and to estimate the initial rate of change of
temperature, This is done in Appendix B.

From equation (1) the electrical power input can be
evaluated as a function of current, i, and length of gap, L,
(7) P =vi=i(«f B L) £ T ATL
and equatlng thls to the power required to sustain the arc
due to thermal losses as estimated by Duesterhoeft
(8) Poritical - K volume = kAL |
where A = effective arc area and k is time rate of change of
volume energy density. Equating the powers from equations

(7) and (8) and solving for the arc length, L,
(9) L& _J 4 1
kA - - 18

and for long arcs such as used in this research ¥ is very

small so solving for L in terms of v

g
V(l-kA )-OC

é

which shows how the critical length increases with current

(10) L~

available, and how length depends upon arc potential.



- 50 =

I the physical system used here, as noted before, the
test gap potential is largély fixed by the sixty-cycle cur-
rent flow through the tube after the transients of the
surge are attenuated so that the gradient in the test gap
is determined by this potential and the gap length. The
arc conduction is maintained chiefly as a result of ioniza-
tion by collision and the energy of the collisions depends
partially upon the electrical gradient. Therefore for a
fixed gap potentlial there exists a maximum gap length for
which the gradient is sufficiently high to sustain the re-
quired current following the surge discharge to maintain
the arc.

When the arc does continue, the current rises rapidly
with time causing the potential to fall due to impedance
drop in the system and at the same time reduces the poten-
tial at the arrestor to a value too low to sustain its con-
duction. The entire current is thus transferred to the test
gap is a few hundred microseconds as is verified by the os-
cillogram records. The longest transfer time observed was
about 1000 microseconds but most were much shorter, being
in the order of 100 microseconds or less.

Appendix B shows calculation of critical gap length by
use of the preceding equations for lines of 5 and 10 "77"
sections and gives data on typical conduction characteristics
of the tubes used in these experiments.

While the conditions required for arc stability in this

sltuation are somewhat different from those encountered in
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most system recovery‘aﬁalyées, the basiec criteria are simi-
lar. In the st_ufdies_ of Ellis (11) the time rate of dielec-
tric recovery was measured by variation of applied potential
as a function of time after current zero. In the present
' research, however, the potential is largely fixed by the
system and stabllity can be detefmined in terms of current
flow thréugh the arc space as carried by the ionized gases,
and the gradient required to maintain this current.

Several factors influence the time variation of arc
current in the test gap following the surge, among which are
the rapid air motion caused by pressure waves produced dur-
ing the surge generator discharge, the shape, material and
spacing of the test gap and the temperature and ion density
in the gap produced by the initial discharge.

The case for which the circuit is inverted, with the
power source connected at the tube, is somewhat different
and the previous equations are not directly'applicabie.
Since the tube current is, in that case, not drawn through
the line the potentials at the tube and test gap are the
same for times in which the second surge is not supplying
energy to the system and when the test gap is not carrylng
current.

The discharge of the first surge initiates power-follow
current through the tube and the level of line potential is
then fixed by tube conduction characteristics. The dis-
charge of the second surge, 170 microseconds later in this

case, changes the potential at the gap, and any small power-
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follow current which}ié started through the test gap is in
a direcﬁion such as to lower the potential at that point.
As a consequence the longer the line, the lower the poten-
tial at the test gap for a particular arrestor, so the
' Shorter the critical test gap length becomes.

| For this situation the general trend can be predicted
but caleﬁlations of even very approximate values of critical
gap length appear to be impractical due to the lack of know-
ledge of temperatures and rate of change of ion density in
the gap following the second surge discharge.

This research has been limited to an investigation of
the influence of system conditions on the arc stability and
‘to a preliminary investigation of actual arc conditions.
Further research investigating the properties of ares would
be valuable in explaining this and many other arcing

phenomena in the power transmission and distribution field.
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CONCLUSIONS

Evidence hgs been given that the stability of two arcs
existing simultaneously on a distribution line at positions
separated by various distances is essentially independent
~of line termination impedance, of transit time and line
capacitance and is only slightly influenced by the time
which elapses between the initiation of the two arcs. The
time between initiation of the two arcs must be gufficient
to allow the first to stablilize prior to the striking of
the second in order that time delay have small effect on
stability.

The influence of line length and characteristic imped-
ance on the stablility has been shown to be important due to
their influence on series impedance of the system. The line
series impedance, source impedance, source potential and
arrestor arc drop, and current together with the nature of
the second surge, determine the potential at the tesf gap
and consequently are of prime importance in the determlna-
tion of stability.

Data for critical potential as a function of time were
found to desceribe the time rates of dielectric recovery of
wood flashover and to extend the knowledge of dielectric
recovery rates of rod gaps for various conditions of pre-
discharge. Although these data do not serve to directly ex-
plain the phenomena here encountered, they are none the less
valuable in the engineering field.

The basic theory of recovery of long arcs as first
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outlined by Slepian was applied to the system and genersal
agreement with ﬁhe mechanism was found., The critical sta-
'bility criterion was found to be maintenance of a minimum
current following the surge discharge to provide sufficient
electrical energy to the arc space to maintain conduction.

| A detailed study of the physics of the arc space with
regard to ion density and rate of ion loss has not been in-
cluded since it is outside the scope of this research. The
work done in this field by Duesterhoeft and others has been
applied, however, to substantiate the development of the

explanations of the phenomena here described.,
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APPENDIX A .

LINE ANALOG TESTS

A series of tests were made on the analog line to
determine how accurately i1t represented a real line for
transmission of surges of the type used in these experi-
ments. A recurrent surge oscillograph which had been de-
veloped in the High Potential Laboratory was used. The
instrument was constructed so that pulses of various shapes
could be generated repeatedly every 1/60th of a second and
with a recurring sweep at the same rate a standing-wave
pattern of transients could be obtained.

Fig. 18 shows in the top row a series of three double
exposure oscillograms for which the wave shapes at the send-
ing and receiving ends of the line are shown. The sweep
scales shown are in microseconds. For these oscillograms
the line was terminated by a resistor equal to the calcu-
lated characteristic impedance of the line, The oscillo-
grams numbered 1 and 2 were taken with identical line
conditions but with two different sweeps to show the
details of the wave front and to show the over-all shape of
the waves. The transit time of the 1% mile line was calcu-
lated to be approximately 8 microseconds and the oscillo-
grams verify this value., The applied wave shape was 2 x 50
microsecond and had a crest magnitude of approximately 150
volts. The slight irregularity in the wave of oscillogram
# 2 at 16 microseconds shows the result of imperfection of

line termination and results from a small reflected wave.
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FIG., 18 RECURRENT SURGE OSCILLOGRAMS

SHOWING LINE ANALOG CHARACTERISTICS



- 57 -
This 1s evident in both waves as slight reflections could
~occur frém elther the sending or receiving end.,
| The over-all characteristics of the oscillograms indi-
cate that for waves of this sort the circult is a satisfact-
ory-analpg of a real line. The third oscillogram illus-
trates the transmission of a chopped wave for which the
pulse applied to the line was a part of a 2 x 50 micro-
second wave chopped at 1} microseconds. In that case,
since the major frequency components are much higher than
for the full wave, the line rapidly attenuated the high
fréquency components and appreciable attenuation and dis~
tortion of the pulse are noted in the received wave. Tor
pulses much shorter than 1% microseconds this effect would
have been even morse pronounced.

The remaining oscillograms were made to check the
characteristic impedance of the line. A pulse was applied
at the sending end and the receiving end was terminafed in
various values of resistance., The records were made with
the oscillograph near the sending end of the line and show
the applied pulse and the reflected wave returning about
16 microseconds later, The phase and magnitude of the re-
flected wave clearly indicate the order of magnitude of the
characteristic impedance relative to the load impedance
connected.

Oscillogram # 4 shows the reflected wave with receiving
end of the line shorted and oscillograms # 5, 6, 7 and 8

show results of tests with the ratio Ry .4 YL/C equal to
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.4, .65 1 and 1.6 respectively. Oscillogram # 9 shows
the reflection ﬁhich occurred with aﬁ open-ended line,

The oscillograms verify the calculations of character-
istic impedance and show how well the line analog represents
a real line. The small irregularities in the waves are
chiefly the result of reflectioﬁ set up at the junction of
the "YT" sectlons and are due to the "lumpy" character of
the analog line. Some small irregularities may be due to

noise pickup on the line also,
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APPENDIX B

CALCULATION OF APPROXIMATE CRITICAL TEST GAP LENGTH
| The equivalent circult of the system to power frequency
current is shown in Fig. 17. The curves of Fig. 19 show
crest values of tube current and voltage as a function of
test number and illustrate the effect of erosion of the core
and tube barrel. In Table 2 are tsbulated average stabiliz-
ed values of current and voltage for both the 5 section line
from the curves of Fig. 19 and also for the 10 section line
from similar curves for another tube.

Table 2

Conduction Characteristics of 3.0 Kv Expulsion Tubes

Source Potential 3.0 XKv rms

Series Impedance Crest Current Crest Arc Potential

5 section line
.083 £ j .165 PUx 720 amperes 800 volts

10 section line -
2105 £ j 177 PU 700 amperes 350 volts

#Per unit quantities based on 3.0 Kv and 300 Kva.

The equations developed earlier can be applied to
" evaluate test gap potential and to calculate the approximate
critical length of the test gap for the circult configura-
tion of Fig. 17.

From equation (2) the phase angles of §tube and E with
respect to the applied line potential can be determined and
from equation (3) the test gap potential 1s obtained.

For the 5 section line V = ,14 and T = 5.1 per unit.
tube
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v; ) .
. 1 = -45°
From these values Vtest 28D «25 /=45~ can be calculated

and with wT = 60° and At = 170 microseconds, equation (4)
can be used to evaluate Vinstantaneous = 340 volts.

The arcs used in these experiments were all "long" in
' the electrical sense so equation (10), in which the parameter

¥ is neglected, is applicable.

v( 1- 5) - &

B
Values of & and @ can be obtained from Fig. 16 for both the

L =

rod gap and wood flashover but values of d and kA are not
available with a satisfactory degree of accuracy. The
dimensionless ratio d . is calculated by taking a known

kA
critical test gap length for one circuit condition and once

established, this value can be applied to calculate other
test gap lengths for comparison with measured values.

Fig. 11 shows a critical rod gap length of 4 inches
and a critical wood flashover length of 3-1/8 inches for
the 5 section line, which is equivalent to 1680 feet. From

equation (10) rearranged

(1-_6 )=_8LFx = _24x4#50
kA v 340

43

for the rod gap, and

(1 - &) =_34.5 x 3.13 £ 130 = ,70
kA 340
for the wood flashover, which results in values of £11 of

57 and .3 respectively.
The 10 section line current and tube arc voltage are
4,95 and .083 PU respectively, so from these values and a

new equivalent circuit similar to Fig. 17, but with larger
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impedances appropriate to the increased line length, the
test gap voltage is calculated as
' Y, 0 .
1 =, {-4
test gap 284 ) from which

Vinstantaneous = 425 volts.

Using the values of kg‘ determined previously, the new
critical lengths are calculated from equation (10) as

1o =Sy
L WA ) "X _ 425 (.43) - 50 = 5.5 inches

e 24

425 (.70) - 130 = 4.8 inches
34.5
for the wood flashover., These values compare satisfactorily

for the rod gap and L

with the measured values of 5-5/8 inches and 4-1/4 inches,

respectively.

An order of magnitude estimate of the value of éi
can be obtained from information given by Duesterhoeft (14)
and from photographlic and oscillographic records made during
the present research. An arc in air at normal pressure and
at a temperature of 5000° K was found by Duesterhoeft to
have an initial cooling rate following current zero of
10° degrees per second and can be shown to be described by
k=1.,87 x 108 ergs per second per cubic centimeter. Photo-
graphic records show that the initial flashover has a region
of highly luminous gas of fairly uniform cross section of
about 0.9 inch diameter following the surge used through
these experiments. The value of kA in British units is thus
195 watts perninch.

The oscillographic records indicate that the minimum

current for arcs which were sustained had a value, for tests
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at the 4 inch critical rod gap spacing, between 1 and 10
amperes. The best average value estimated from these
‘records would be about 3 amperes,
The critical voltage for this rod gap was known to be

340 volts, hence the value of & can be determined from

V=X A£BL £ diL from which & = 145 watts per inch.

From these values iz, = ,74 which is in the same order of

magnitude as the value .57 calculated by the earlier method,
which was based on the power balance criterion proposed by

Slepian.
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