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Synopsis: A satisfactory test technique
has been developed for studying the rates
of dielectric recovery of large air gaps and
other types of power-system insulation.
This permits the accurate control of the
fault conditions so that all practical types of
fault currents can be studied. These are:
(1) very high magnitude short-duration
surges typical of lightning currents; (2)
currents of power-system frequencies; and
(3) intermediate duration currents such as
those which might result from high-fre-
quency current zeros produced by natural
system oscillations.

Results are presented showing the rate of
dielectric recovery of 3-, 6-, and 1l-inch
standard rod gaps for power frequency
fault currents up to 700 amperes. Elec-
trode cooling effects were found important
at 3-inch gap spacings but not at six inches
or above. The 1l-inch gap data are pro-
portionately higher than the 6-inch data,
indicating that the results can be extra-
polated. The data show that for arcs of a
few cycles actual duration has little effect
on rate of recovery. A range of current
magnitudes from 50 to 700 amperes causes
only about a 2-to-1 variation in rate of
recovery. For the normal ratios of trans-
mission-line insulation level to operating
voltage (about four to one) minimum delay
times of from 0.025 second for 100-ampere
faults to 0.05 second for 700 ampere faults
are required before the recovery voltage
reaches the magnitude of the normal applied
voltage. Time intervals of 0.05 to 0.08
second are required before the voltage
strength has built up to twice this level or
one-half the initial gap strength. This is
contrasted with a corresponding time inter-
val of only 2- to 3,000-microseconds for
very short duration lightning-surge currents.

High-speed camera studies of the arcs
show that for power-frequency faults of one-
half to one-cycle duration, visible luminous
gases are present in the gap space for times
after current zero up to 0.07 or 0.08 second.
The illustrations and voltage breakdown
curves show that subsequent breakdowns
will occur through the region of brightest
photographic luminescence if such still
exists in the gap space. Under these condi-
tions breakdown is started by initial stream-
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ers from each electrode which, however,
propagate at much slower velocities than
for breakdown of air under normal condi-
tions. Time intervals as high as 30 or 40
microseconds are required for a low-imped-
ance path to be established.

This research program is being extended
to other insulating media and fault condi-
tions and fundamental studies are being
made of the dielectric-recovery mechanism.

NOWLEDGE of the dielectric-re-
covery characteristics of power-
system insulation following flashover or
breakdown is of fundamental importance
in determining and improving power-
system performance. However, rela-
tively little fundamental data have been
obtained because of the complexity of the
phenomena and the difficulty of perform-
ing significant tests on representative
insulation media. The bulk of the data
that have been gathered apply only to the
circuit breaker arc or to small gaps where
electrode effects dominate.

Studies of the primary insulations are
important in determining probabilities
of insulation failure resulting in sustained
faults, permissible reclosing times for cir-
cuit breakers, and the performance of
disconnect switches. - A study of the per-
formance of simultaneous arcs through
similar and dissimilar insulating media
and at various distances apart on systems
is required for better co-ordination of such
protective devices as deion protector
tubes. Dielectric-recovery studies are
also of great importance in determining
the characteristics of system transients
during such faults as arcing grounds.
The conditions under which arc extinc-
tion and reignition occur determine the
characteristics and magnitudes of the re-
sulting system transient voltages. Of
particular importance in this connection
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are the conditions under which current
zeros can be forced in arc extinction with
the resulting high voltages.

Recognizing this to be a general field
of considerable importance at the present
time, a co-operative research program on
dielectric recovery has been instigated
at the High Voltage Laboratory of the
California Institute of Technology. This
program is being sponsored by the De-
partment of Water and Power of the City
of Los Angeles, the Kelman Electric and
Manufacturing Company, and the South-
ern California Edison Company. The
first phase of this program, discussed in
this paper, deals with air insulation at
normal atmospheric conditions. This
medium was chosen first since it is the
most fundamental one of the practical
insulations and is subject to the least
number of controlling factors. A limited
amount of data had been obtained else-
where on large air gaps’? by artificially
producing faults and determining system
conditions under which reignition did or
did not occur. Also safe circuit-reclosing
times have been determined from staged
tests under a limited range of condi-
tions.®* Such techniques, however, per-
mit a very limited variation in the im-
portant parameters and require so long
that either insufficient data are obtained
or important variations have occurred in
the conditions during the period of the
test. Also many such staged tests are
performed by closing in on an artificially
produced or fused fault. Accurate timing
of the start of the fault current thus is not
obtained, and vaporized metal may be
produced in the gap by the fused ele-
ment.

A testing technique has been developed
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Schematic diagram of dielectric-
recovery test circuit

Figure 1.
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which overcomes these difficulties and is
an extension of work performed earlier
on lightning current faults.> The insula-
tion medium is first broken down by a
surge generator, the fault current allowed
to flow a specified time and then shut off,
after which the dielectric strength of the
insulating medium is tested over a wide
range of time delays with a second surge
generator. By this means data for com-
plete dielectric-recovery curves can be ob-
tained for a wide range of fault-current
magnitudes and durations. Because of
the very flat breakdown characteristics
of air insulation, particularly while still
under the influence of a predischarge, such
data are applicable to all practical types
of system overvoltages. This technique
permits the accumulation of a large mass
of data so that effects of the various im-
portant parameters can be studied and
quantitative correlations made with theo-
retical approaches to the problem.

Test Circuits and Techniques

The main test and auxiliary control
circuits are of interest not only because
they represent a new technique for study-
ing dielectric-recovery phenomena, but
also because of certain new control
methods that are being applied to surge-
generator testing. A general schematic
diagram of the test circuit is shown in
Figure 1. Figure 2 shows the main power
circuit. This part of the test circuit is
shown by heavy lines in Figure 1. Sixty-
cycle power is supplied from a 17-kv bus
through a single-phase induction reg-
ulator. This energizes a bank of four
150-kva 8.6- to 2.4-kv transformers which
supply the actual test circuit. By various
combinations of series or parallel connec-
tions a range of power currents and
voltages can be supplied to the test gap.
A further fine control of the fault current
is obtained with the current-limiting in-
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ductor which can be varied in approxi-
mately one-ohm steps up to 60 ohms.
Fault currents up to approximately 3,000
amperes can be obtained. The ignitron
circuit shown in Figure 1 is used to control
the fault-current duration if the self-
extinguishing characteristics of the circuit
are not to be studied directly.

To start a fault condition, the test gap
is first broken down by the surge generator
designated as Number 1. Its firing time
is accurately synchronized with the main
60-cycle power source by means of the
phase-shifting selsyn peaking-transformer
trip circuit shown in Figure 3. Thus
fractions or multiples of half-cycles of
fault current can be accurately duplicated.
As shown in Figure 3, radar pulse trans-
formers, rated 8 to 30 kv, have been used
with excellent results for tripping the
surge generators.

The facilities of the California In-
stitute of Technology High-Voltage Lab-
oratory include two 100-kv surge-gen-
erator charging circuits and two separate
10-bank, 1,000-kv surge generators that
can be used as two separate generators or
as one 2,000,000-volt generator. In this
test the two separate units comprised
generators Numbers 1 and 2.

When the main 60-cycle power circuit
of Figure 1is energized, the test-gap shunt
resistors are isolated by means of a small
air gap to reduce their required power
rating. For breaking down the test gap,
surge generator Number 1 is adjusted to
cause gap flashover on the wave front and
thus produce a very short duration volt-
age pulse which (due to its high effec-
tive frequency) can be kept out of the
main power circuit by means of the filter
circuit shown in Figure 1. The inductor
and capacitors of this circuit are shown in
Figure 2 together with the test-gap and
power transformers. At high frequencies
this circuit is a high impedance as viewed
from the test gap and thus permits suffi-
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cient voltage from surge generator Num-
ber 1 for gap breakdown in short times,
but allows very little voltage to reach the
transformer terminals.

With the use of only the one surge
generator and by blocking cut-off of the
ignitron circuit, it is possible to study
directly the reignition characteristics of
the test gap over a limited range of system
recovery voltages and frequencies, as in-
dicated by the range of variation of volt-
age and filter-circuit constants shown in
Figure 1. Natural system frequencies
from 300 to 7,000 cycles per second can
be obtained.

The Number 2 surge generator is used
for the second type of dielectric-recovery
study in which the insulation strength of
the test medium is tested at various time
intervals following the end of a controlled
fault current. The Number 2 surge gen-
erator and ignitron circuit are both timed
by a pulse taken from the Number 1 gen-
erator as shown schematically in Figure 1.
The ignitron bias control and timing-
control circuits are shown in Figure 4.
The pulse from the Number 1 generator is
applied to a single-shot multivibrator
circuit whose time delay in sending out a
pulse can be controlled by the variable
capacitor shown. This pulse is applied to
the grid of a 2050 thyratron whose plate
circuit supplies current to high-speed re-
lays in the bias-control circuits of the
F6105 ignitron control thyratrons, see
Figure 4. These relays have a delay time
of only five milliseconds so that the igni-
tron circuit can cut off the fault current
at any desired current zero. For fractions
of a half-cycle it was found readily pos-
sible to trip the F6105 grid-bias circuit by
an induced pulse from the Number 1 gen-
erator. Thus the ignitrons are immedi-
ately conditioned to block off at the first
current zero. The duration of fault cur-
rent then is varied by the initial trip time
of the Number 1 generator.
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Figure 2. View of main power circuit showing test gap in fore-
ground and power transformers in background. Capacitors and Figure 4. Timing and bias-control circuits for main ignitron fault-duration

inductor of filter circuit are on right side

TEN-STAGE SCALE-OF-Two COUNTING
Circult

It is desired, of course, to control ac-
curately the time of firing of the Number
2 surge generator to study the dielectric-
recovery properties of the test medium
over a wide range of times after the end of
the fault current. For this purpose a
binary or scale-of-two flip-flop circuit®
was developed which counts pulses from a
variable frequency square-wave genera-
tor. This circuit is shown in Figure 5
with its schematic diagram in Figure 6.

Each stage of the counting circuit con-
sists of two tubes which have two stable
states and can be changed from one to the
other by the appropriate trigger pulse,
the two stable states being distinguished
by which tube is conducting. The ter-
minal Out of one scale-of-two is connected

Figure 3 (below). Control pulse circuits for timing surge-generator trip circuits

Figure 5 (right). View of timing control circuit for the number 2 surge generators showing
oscillator, square wave generator, and binary counting or delay circuit
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directly to the terminal In of the next
scale-of-two and so on for 10 stages.
When T-2, Figure 6, of the preceding
stage becomes conducting, a negative
signal is applied to the plate of the Off
tube and through the resistance-capac-
itance cross coupling to the grid of the
On tube, which causes the flip-flop to pass
to its other stable state. When T-2 of the
preceding state becomes nonconducting
the resulting positive pulse has no effect
on the following scale-of-two. Each
scale-of-two produces one negative pulse
for each two that ate applied to it from
the preceding stage, so that for 10 stages
a total of 21 or 1,024 pulses input to the
first stage is required to produce a com-
plete operation of the counting circuit.
Thus, by varying the frequency applied to
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control circuit

the counting circuit a varying time delay
can be obtained. The oscillator driving
the square-wave generator will apply
frequencies up to 80 ke, and thus for 10
stages time delays from over one minute
and down to about 13,000 microseconds
can be obtained. Less stages are used for
shorter delays. Values less than 100
microseconds can be reproduced.

The counting circuit is triggered by a
pulse from the firing of the first surge
generator which changes the stable state
of the 6SN7 gate control tube, thus put-
ting a positive bias on the 65J7 amplifier
tube and allowing this tube to supply
square waves to the first scale-of-two.
The stable state of the gate-control tube is
returned again to its cut-off state by a
negative pulse from the counting circuit
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at the end of its operation which in turn
negatively biases the 65J7 to cut-off and
resets the counting circuit for its next
operation. The control pulse out of the
counter is fed to the Number 2 surge-
generator trip-pulse circuit shown in
Figure 3.

AvuroMaTIC FusE CHANGERS

Although the inductance-capacitance
filter of the main power circuit, Figure 1,
presents sufficient impedance for the
short-duration pulse of the Number 1
generator, it is not very practical to have
a filter of sufficient impedance to allow a
conventional surge generator to produce a
full wave with a tail of 40 microseconds or
more. It was found quite easy, however,
to use a series-fused gap so co-ordinated
as to allow the fault current to flow but to
insulate against the discharge of the
Number 2 generator. An automatic fuse
changer was developed to allow continu-
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ous operation without shutting off the
main power circuit between test shots.
This is shown in Figure 7. The device
pulls a small diameter copper wire from a
spool around and between gap terminals
at the top. The fuse holder is driven
through an insulated shaft by a limit-
switch position-controlled motor that
accurately positions each quarter-turn
of the fuse-holder rotor.

RECORDING EQUIPMENT

The complete circuit is suitable for
testing insulating media with initial in-
sulation levels up to about 300 or 400 kv.
As shown in Figure 1, shunts are used for
measuring the gap current and voltage.
Low-frequency records are obtained with
a magnetic oscillograph and high-speed
records with a Westinghouse cold-cathode
cathode-ray oscillograph with both elec-
trostatic sweep control and a high-speed
drum-type film holder. The cathode-ray
oscillograph can be tripped from the
Number 1 or Number 2 generator as de-

Figure 7 (left). Auto-

matic fuse changer for

series gap in main
power circuit

Figure 8 (right). Typical
fault-current  recovery-
voltage oscillogram for
tests using natural sys-
tem-recovery  voltage.
(Test 167 of Table I)
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sired. In addition, photographic studies
of the arc path can be made with two
cameras; a high-speed (3,000-frame-per-
second) Fastman prism shutter-type 16-
millimeter movie camera and a high-
speed rotating camera with film mounted
on a rotating 3,600 rpm 12-inch drum
which rotates past a fixed lens.

Tests Using Actual System-
Recovery Voltage

Standard rod gaps were used in all
studies reported here. The test-circuit
insulation levels are adequate for study-
ing gap spacings up to about 15 inches.
Previous data on lightning surge cur-
rents® had been obtained at gap spacings
of 6 and 11 inches. Most of the data dis-
cussed here were obtained at the same
spacings to correlate with those tests.
In addition 3-inch gaps were studied.

When using the actual system-recovery
voltage of the circuit supplying the fault
current, the logical procedure is to vary
one of several possible parameters until
critical reignition is reached. A point on
a dielectric-recovery curve then can be
obtained by the crest magnitude and time
to crest of the system-recovery voltage
when the arc just fails to restrike. The
parameters which can be varied are the
time constant of the circuit to control
the rate of rise of the system-recovery
voltage, the applied circuit voltage to
control the magnitude of the recovery
voltage, the magnitude of the fault cur-
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Figure 9. Data on dielectric recovery of standard rod gaps using natural system-recovery voltages. (See Table I)

A. Gap spacings from 2.5 to 4.25 inches

rent, and the gap spacing. Unfortu-
nately, it is difficult to vary any one of the
above parameters without causing ap-
preciable changes in one or more of the
others.  Variation of circuit voltage or
system natural frequency at a fixed fault
current produces a very slow test pro-
cedure since it requires an accurate read-
justment of the current-limiting reactor.
The best test procedure found was to set
the circuit voltage, natural system fre-
quency, and limiting reactor and then
vary the gap spacing until the critical
reignition condition is reached.

With gaps of the order of three to six
inches, it was found that the -circuit
voltage had to be reduced to the order of
1,000 volts rms, or less, before arc ex-
tinction would occur naturally with fault
currents of practical magnitudes. This
was true with system natural frequencies
as low as 300 cycles per second. Even
then the currents were below 50 amperes.
Therefore this phase of the study neces-
sarily was confined to currents of this
magnitude or less. Under these condi-
tions the arc drop was appreciable and,
as is to be expected, accurate reproduc-
tion of test conditions was difficult. It
was found in all cases that if the arc ex-
tinguished itself naturally it did so within
the first half-cycle or at the first current
zero. However, for any two faults with
identical settings of the controllable
parameters the magnitude and duration of
fault current from its start to the first
current zero varied considerably. This
erratic characteristic therefore requires
so many tests to get a mean critical con-
dition that enough points for even a por-
tion of a dielectric-recovery curve can
not be obtained in a short enough time so
that the effects of variations in atmos-
pheric conditions can be eliminated or
studied.

Table I lists 76 sets of critical reignition
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B. Gap spacings from

test runs that were made. In the tabula-
tion are given the applied voltage-crest
fault current, per cent of one-half cycle of
the fault current, crest magnitude, and
time to crest of the system-recovery
voltage. The current data apply to the
actual oscillograms from which the re-
covery voltage point was scaled at the
test shot on which the circuit just re-
covered. A typical oscillogram from
which these data were obtained is shown
in Figure 8. As shown in Table I,
the crest current ranges from 7 to 52
amperes and the time to current zero from
18 per cent to 100 per cent of a half-
cycle. Various analyses of the data were
attempted, such as segregating into
groups of limited current variation, but
the spread in the points as plotted on
dielectric-recovery curves completely

5.0 to 6.9 inches

masks any effects of variation in the
fault current. The only logical segre-
gation found is with regard to gap spac-
ing. In Figure 9 are plotted all records
segregated into two groups of gap spac-
ings. These data will be discussed in
more detail later.

Tests Using Two Surge Generators

With the ignitron circuit and suffi-
ciently high circuit voltages so that arc
drop is not a factor, accurate controlof the
magnitude and duration of the fault cur-
rent is obtained. Individual tests can be
made at the charging rate of the surge
generator or l-minute intervals. Thus
the study of the effects of the controlling
factors becomes practicable since the
circuit test conditions can be accurately

Figure 10. Comparison of time-lag or volt-time curves (obtained by two generator tests) for 3-
inch rod gap with no predischarge and predischarge of one-half cycle 250-ampere crest
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Table I. Summary of Actual System Recovery Tests

Test Gap Per Cent Crest Crest Re(:.overy
Oscillogram Gap, Crest, Half- Transformer, Gap, . Time,
Number " Inches Amperes Cycle Volts Volts Microseconds

duplicated and many test points ob-
tained during essentially . constant at-
mospheric conditions.

The method of testing the gap, at a
given time interval following the end of
the fault current, is to raise the voltage
applied by the Number 2 generator until
breakdowns occur. Then oscillograms
are obtained over a sufficient voltage
range to produce a volt-time or time-lag
curve. It is not considered necessary to
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use a standard 1/, by 40-microsecond
wave. The volt-time curves under the
conditions of a predischarge are much
flatter than with no predischarge and un-
affected by large variations in the tail of
the test waves. This had been observed
previously for the lightning surge stud-
ies.> Typical volt-time curves both with
and without a predischarge are shown in
Figure 10.  Two things of interest are
illustrated by this figure. One is the more

McCann, Conner, Ellis—Dzelectric Recovery Characteristics

random nature of the data when the
medium is recovering from a fault. The
other is the fact that although the volt-
time curves plotted through points ob-
tained in this way have less turn-up than
for gaps without a predischarge, the
breakdown can occur at much longer time
lags. Further, it was found that for a
region of time intervals (that increase
with magnitude of the fault current)
breakdown can occur at a relatively slow
rate. This is illustrated by the oscillo-
grams of Figure 11. This same phenom-
ena had been observed when studying
gaps recovering from high-current short-
duration surge currents.® There, how-
ever, it was found only for time intervals
less than about 100 or 200 microseconds
or when the gap is still carrying small
currents. In the case of one or two half-
cycles of power-frequency fault current
this region extends to about 40,000 micro-
seconds for 100-ampere faults and to
about 70,000 microseconds for currents as
high as 700 amperes. The percentage
of such slow breakdown records decreases
at the longer intervals. However, even
though all breakdowns are at this slow
rate there still exists a definite critical
voltage below which breakdown will not
occur. Because of this type of breakdown
and the possibility of the media not sup-
porting voltages below the apparent
critical, it was considered desirable to use
as long tail test waves as practicable.
Surges with a time to half-value of about
80 microseconds were used for the data in
all of the dielectric-recovery curves ex-
cept the highest point on the 11-inch gap
curve, Figure 14(B). Asshown by Figure
11, partial breakdowns were also re-
corded at the shorter time delays after
current zero.

HicH-SPEED CAMERA STUDIES

Much valuable information has been
obtained from the high-speed photo-
graphic studies, particularly from the
records obtained with the 3,000-frame-
per-second movie camera. Portions of
one of the more interesting of these
records are shown in Figure 12. The
first group of frames shows the first 2,300
microseconds of the fault-current arc.
The second group shows the luminous
gases present in the arc 0.013 second after
the start of the fault or 0.0043 second after

_the end of current flow. The third group

shows the luminous gas in the arc just
prior to the flashover produced by the
Number 2 surge generator 0.041 second
after the start of the fault or 0.0322
second after the end of the fault-current
flow. In all cases photographed the
luminous gases either moved out of the
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center of the gap toward the electrodes or
the gases near the electrode remained
luminous longer. As shown in the third
group of records in Figure 12, there still
remains a faint path of luminosity in the
gap through which the second discharge
occurred. In all recorded cases the period
in which visible luminous gas remains in
the central region of the gap corresponds
to the maximum delay for which slow
voltage breakdown is observed. The
fourth group shows the second discharge,
and the fifth, the luminosity which still
persisted at one terminal after 0.12
second. Faint traces of luminous gas are
visible in such a record as long as 0.15 to
0.17 second after the end of the fault cur-
rent even though no second discharge is
applied.

Detailed examination of such records
shows that extensive motion in the arc
path occurs even during the half-cycle of
fault current. The arc develops, then ex-
pands radially (in, of course, a tortuous
corkscrew path) with visible diameters
of two or three inches. The luminous
area shown in the frames reaches its
maximum at the crest of the fault current
Figure 11. Typical oscillograms showing slow breakdown characteristics obtained when and diminishes only slightly by the time

number 2 generator voltage is applied at short time intervals

Figure 12. High-speed movie camera record of 3-inch gap discharge. Initial fault current one-half cycle of 100-ampere crest
A—Start of fault current. B—During second half-cycle of time from start of arc. C—Period just prior to second discharge. D—Period just
after second discharge. E—Period toward end of visual luminescence showing ionized gas in region of one terminal only
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Figure 14 (below). Dielectric-recovery curves obtained with two generator tests

A. Three-inch standard rod gaps

10

TIME TO FLASHOVER IN MICROSECONDS

atmospheric conditions

zero 77,000 microseconds

Time delay after current

B. Six- and 11-inch gaps

/

UAL SYSTEM RECOVER
AP (FIB.9) (|0-54) AMPERES

-

0.5}

\3%

CRITICAL FLASHOVER

80

N

ot

250/ AMPS

3

0 AMFS

\\

e
L1

3
N
N

RECOVERY VOLTAGE IN K.V.
s
\\.\
\
\\eo

A

€0 80 100 120 140
RECOVERY TIME IN THOUSANDS OF MICROSECONDS

3" STANDARD ROD GAP ~ Lz CYCLE OF FAULT CURRENT

0 STD. CON!

200

Rmical. £

1o

180 et

CTED)

o
O
X
2

%0

POINTS ~ | —
-

1 IN. ROD |GAP

TEST PDINTS

140

300/ AMPERES -

% cvd

LE ~

NN\

CRITICAL FLASH

\

A

»
-]

\

/D

\\

3
o

\

A\

3

RECOVERY VOLTAGE IN KV

AN\

“ /

o

W\’

40

Na
N
AY

6 INCH ROD GAP

* 100 AMP CREST)
O 315 AMP % CYCLE

O 700 AMP.

X 315 AMP | CYCLE

A\

1950, VOLUME 6¢

TIME IN

McCann, Conner, Ellis—Dielectric Recovery Characteristics

oF

-
200

4 8 10 12 1
TIME IN oF

Figure 15. Comparison of dielectric-recovery
characteristics of standard rod gap for different
types of predischarge

the fault current reaches zero. For half-
cycle faults it is quite intense for three
or four more half-cycles. However, it
does not drift out or away from the gen-
eral region of the gap in the period that it
is photographically visible.

The record in Figure 12 is of particular
interest since it shows that a large time
interval was required for the second dis-
charge to build up to maximum in-
tensity. This corresponds to the slow
rate of breakdown mentioned previously.
The first frame of the fourth set shows
initial streamers propagating from each
electrode through the trail of luminous
gas. The next frame shows the intense
return strecamer that completes the dis-
charge. Of these two initial streamers the
one passing through the gas of greatest
luminosity is more intense itself. The
time interval between these two frames is
about 400 microseconds, but of course
about 300 microseconds of time is lost by
the shutter action and the first faint trace
may have started just before the shutter
closed. Thus the actual time of build-up
can not be determined from such a record.
Actually the longest times for breakdown
to develop as recorded with the oscillo-
graph were of the order of 30 or 40 micro-
seconds. This was true even for very
short time intervals between the end of
the fault current and the application of
the test voltage.

The photographic records showed that
for time intervals above 70- or 80,000-
microseconds, the second discharge de-
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parts greatly from the path of visual
luminosity. By this time the hot gases
have disappeared in the central region of
the gap and the second discharge takes a
straight path between the electrodes.

EFFECT OF ATMOSPHERIC CONDITIONS

The tests reported here were performed
with air under natural conditions and
subject to normal variations. As sig-
nificant changes occurred in the weather,
test runs were repeated to determine the
effect. In such cases the variations be-
tween mean critical breakdown values
were of the same order of magnitude as
the standard correction factors to be ap-
plied to air without a predischarge. Typ-
ical data of this type is shown in Figure
13. The principal results o” the grouping
of the three runs is the correspondingly
greater spread in the points. The ap-
plication of the standard correction factor
for varying atmospheric conditions to the
test data brought the grouping closer to-
gether. In most of the data presented
here, such correction factors amount to
only three or four per cent at the most.
Under these conditions they were ap-
plied to the data but probably have no
significance. Only the two points shown
in Figure 14(B) had larger correction
factors.

DieLEcTRIC-RECOVERY CURVES

Thirty-five or forty test points appear
to be adequate for establishing a critical
point on a dielectric-recovery curve.
However, two to four such runs were made
at each time interval in an attempt to
establish accurately the dielectric-re-
covery curves presented here. Thus each
point is the result of 70 to 150 actual
tests. The data obtained for longer time
intervals is plotted in Figure 14 for 3-,
6-, and 11-inch horizontal rod gaps. As
shown, the bulk of the data has so far
been obtained for one-half cycle of power
current. Shorter duration arcs have not
yet been studied in detail. It has been
found that the rate of recovery is rela-
tively insensitive to longer durations.
Points obtained with one or two cycles of
fault current are not appreciably dif-
ferent than those for one-half cycle.

Comparison of the three-inch and six-
inch gap data in Figure 14 shows that not
only is the strength of the three-inch gap
proportionately higher at any, time in-
terval but its relative rate of recovery is
more rapid. Examination of critical
breakdown curves for rod gaps without a
predischarge shows that the relative
strength of a 3-inch gap is greater than a
6-inch gap whereas the curve becomes a
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straight line above six inches. This is
due to the gap configuration and probably
also explains the first of the above com-
parisons for the cases with predischarges.
The second effect is probably due to
electrode cooling. The greater conduc-
tivity of the electrodes can have an ap-
preciable effect in cooling air adjacent to
each electrode. For gaps of six inches or
more this effect should not be appreciable
as shown by the comparison between the
11-inch and 6-inch gap curves. These
show quite similar rates of recovery and
the 1l-inch data have the same propor-
tionality factor at all points. It thus
appears evident that data obtained from
gaps of these lengths can be extrapolated
to larger gap spacings. These same con-
siderations apply to data of Figure 9 for
tests obtained using natural system re-
covery. Here gaps in the region of three
inches have about twice the proportionate
rate of recovery as 6-inch gaps. This is
somewhat higher than the proportionate
ratio observed in Figure 14.

The 6- and 11-inch gap data of Figure
14 show that for fault currents of 100 to
700 amperes, time intervals of 0.02 to
0.04 second are required for the insulation
to recover to one-fourth of its original
strength and 0.05 to 0.08 second to re-
cover to one-half its original strength.
This region corresponds to the normal
range of ratios of original transmission-
line insulation strength to normal applied
voltage showing the time intervals re-
quired after the interruption of the fault
before it is safe to reclose the circuit
breakers.

Figure 15 shows the correlation (in the
region of shorter time delays) between the
two types of tests described here and data
previously obtained® with high-magnitude
short-duration fault currents representa-
tive of lightning surges. The very rapid
recovery to lightning-surge currents is
contrasted with the much slower re-
covery, even to power-frequency cur-
rents as low as 20 to 50 amperes. The rel-
atively slow rates of recovery for 60-cycle
fault currents make it appear unlikely
that normal power-line insulation would
recover after an appreciable fraction of a
half-cycle of fault current flows unless
after such long times that the arc has ex-
tended itself greatly by rising out of the
central region of the gap. Assuming an
average of 0.25 for the ratio of normal
system voltage to mnormal insulation
strength, one finds from the dielectric-
recovery curves that even if the system
transient or recovery voltage did not ex-
ceed normal voltage, its frequency would

* have to be less than 60 cycles to prevent

its crossing the dielectric-recovery curve.
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For a system natural frequency of 1,000
cycles per second and assuming an over-
voltage of 1.5 times normal, the ratio of
normal applied voltage to normal insula-
tion level would have to be of the order of
0.01 or less. However, as shown by the
dielectric-recovery curves for short-dura-
tion surges, a good probability exists for
recovery at a high-frequency current
zero. This was discussed in reference 5.

FuTture TEsTS

Unfortunately this is a very complex
subject and many more tests are re-
quired before some of the important con-
clusions can be reached on this subject.
Data have to be obtained for fault-cur-
rent durations between the range of the
short-duration lightning surges and ap-
preciable fractions of one-half cycle of
power frequency. The effects of appre-
ciable air velocities and of gap positions
must be studied and similar data ob-
tained for other media such as insulator
strings and wood insulation. This, to-
gether with a fundamental study of the
mechanism of recovery and breakdown
during the second discharge through the
weakened arc path, constitute the second
phase of this project now in progress.
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Discussion

O. Ackermann (Westinghouse Electric
Corporation, East Pittsburgh, Pa.): Any-
body who has worked on the recovery
characteristics of arcs will agree fully with
the authors that the subject is very complex
and that it is difficult to perform significant
tests, that is, tests from which any conclu-
sions can be drawn beyond the immediate
region within which they have been per-
formed. In other words, extrapolation so
far has been very risky. In order to fit
isolated groups of data into a coherent pic-
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Figure 1. Interrupting ability of rod gaps

(5.5 to 11 inches) at low 100-per cent power-
factor 60-cycle currents

A. Applying to both horizontal and vertical
gaps: limit for clearing within four cycles
B. Applying to vertical gaps only: limit for
clearing at all, sometimes after as much as 30
cycles
C. Limit of explored area; horizontal gaps
clear anywhere within this range, sometimes
taking up to 70 cycles
D. Average gradient for initial breakdown
of rod gap

ture, a reliable core or outline is needed such
as now is taking shape in the hands of the
authors of this paper.

A few years ago the writer found it
necessary to check into the clearing ability
of the air gaps employed in series with ex-
pulsion-type arresters for transmission lines,
the question being, what leakage current
flowing over the outside of the tube or over
an insulator supporting the tube can be
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interrupted by the series gap. Tests were
made on rod gaps ranging from 5!/, to 11
inches, both in vertical and in horizontal
position; the currents were limited to 500
milliamperes and less. The data were co-
ordinated on the basis of kilovolts rms per
inch of gap spacing; the results are shown
in Figure 1 of the discussion. Horizontal
and vertical gaps clear equally well in the
current and voltage range where the clearing
requires only a few cycles, that is, while the
arc still is in the more or less direct line
between the two electrodes. In the sub-
sequent cycles some flaring out and length-
ening occurs even in the vertical arc, but
the process cannot go very far and the arc
will not clear at all unless it can do so within
the first 30 cycles. Horizontal arcs never
failed to clear within the range of the per-
formed tests, which is indicated by line Cin
Figure 1 of the discussion.

In all these tests the current was entirely
resistance limited; therefore, after current
zero, the voltage reappeared across the gap
in the form of a symmetrical 60-cycle sine
wave, starting from zero. In the critical
clearing tests indicated by line A4 in Figure 1
of the discussion, the dielectric-recovery
curve of the gap must have more or less
followed that sine wave. To see how this
fits into the picture presented by the
authors in Figure 15 of the paper, we select
the 5-kv 66-milliampere point of our line 4,
convert the voltage to that for an 1l-inch
gap, that is, 55 kv rms, 78-kv crest, and
plot the corresponding sine wave in Figure
15. This is done in the Figure 2 of the dis-
cussion, and it appears that the new curve,
although arrived at by an approximative
method, fits fairly well into the general pic-
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Figure 2. Comparison of dielectric-recovery
characteristics of an 11-inch rod gap for
different types of predischarge

ture and adds information on one of the
numerous fringe areas to this extensive
problem.

G. D. McCann, J. E. Conner, and H. M.
Ellis: The authors were happy to receive
the additional information provided by
Mr. Ackermann’s discussion and to see the
agreement with data presented in the paper.
As pointed out by Mr. Ackermann, the very
great complexity of this subject makes it
extremely risky to rely on a few isolated
points for reliable information on dielectric
recovery or try to extrapolate into uncon-
firmed regions.

It was for these reasons that so much
effort has been devoted by the authors to
the development of a reliable and suffi-
ciently rapid dielectric-recovery testing
technique that makes possible a compre-
hensive study of this subject.
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