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SUMUARY

A satisfactory testing technique is developed for investigating
the recovery characteristics of various power system insulations,

Duration of the fault current, for a vertical test gap, has little
effect on the dielectric recovery. Five cycle fault current duration
decreases the initial rate of recovery, for a horizontal test gap,
below that for a half cycle, but for longer time delays thermal con-
vection increases the rate of recovery above that for a half cycle
duration,

The 11 inch test gap has a lower percentage recovery than the 6
inch test gap. The lower the boiling point and the lower the ioniza=-
tion potential of the electrode material, the lower the rate of recovery,

The increase in the rate of recovery produced by winds up to 1000
feet per minute is mainly due to displacement of the ionized gases from
the test electrodes, For recovery based on this displacement of the
ionized gases from the electrodes, the axial wind recovery should be
half of the perpendicular. However, the axial wind decreases the cross
section of the arc, heat transfer away from the ionized gases is in-
creased, and the axial recovery is greater than half of the perpendicu-
lar recovery, Wind velocities less than 100 feet per minute have a
negligible effeci on the dielectric recovery characteristics,

A 3000 frame per second camera is used to make a high speed photo-
graphic study of the arc., By using a system of mirrors, two mutually
perpendicular views of the arc are obtained simultaneously, on each

frame of the film, Breakdown occurs in the weakest path through the



ionized gases, even though this path is 2 to 3 times as long as the
electrode separation,

The extent of ionization of the luminous gases is obtained with
the aid of a microphotometer by taking density readings directly from
the image of the arc on the 16 mm, negative film, The average density
variation with time follows the general shape of the curve based on
diffusion as the only important deionizing agent, for a short time after
current zero,

The local coefficient of heat transfer obtained from the analogy
of the arc to a hot cylindrical solid body increases with the wind
velocity and the density of ionization of the luminous gases decreases
with increasing wind velocity.

The diameter and density of the arc are obtained from the photo=
graphic study and the recovery voltage calculated, at various time de-
lays, from Slepian's theory for the critical breakdown gradient of the
arc column, The results are in general qualitative agreement with the
experimental results,

The minimum reclosing time for high-speed automatic-reclosing cir-
cuit breakers on a transmission system can be reduced by a factor of
five for a wind of 1000 feet per minute (15 miles per hour) blowing

across the ionized fault path,
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I A REVIEW OF PREVIOUS INVESTIGATIONS

One of the most important design considerations of trans-
mission and distribution engineers is to improve system relia-
bility., Transmission and distribution line flashovers == caused
by direct or induced lightning strokes, switching surges or arc-
ing grounds =-- require removal of the line from service long
enough so that the arc does not restrike when the line is re-
energized., However, just as there is a minimum time for which
the line must be de-energized to allow the arc path to recover
sufficient dielectric strength, there is a maximum time after
which the transient stability limit of the line is exceeded and
the generating station loses synchronism with the rest of the
electrical system,

In large industrial centers, it is very important to pre-
vent power outages because of the expense incurred by the users
of the power in loss of plant operation., The frequency of these
outages has been reduced by improved insulation co-ordination of
systems through knowledge of the impulse characteristics of
station and line type insulations(l’z’B’A)and through the cor-
rect application of lightning arresters and de-ion protector
tubes(5’6'7'8’9’10). Greater dependability of transmission line
operation has also been obtained by the application of high-speed
automatic-reclosing circuit breakers, After the fault on the
transmission line has been cleared the re-closing circuit

breaskers reconnect the two parts of the system before the angular



displacement between them becomes large enough to cause a major
power outage(ll'lz).

Thus, the reliability of service to the customer is improved
and the maximum power which can be safely transmitted over high
voltage lines is increased, Originally the limitation in the
application of automatic-reclosing circuit breakers was the
operating speed of the reclosing mechanism which was about 35
cycles, Prince and Sporn(13)found that 12 cycles of de-energized
time was required, for faults lasting 8 cycles, to prevent reigni-
tion of the arc when the breasker reclosed. As the pneumatic re-
closing mechanisms of the high-speed circuit breakers were improved,
reclosing times were reduced to less than 9 cycles, Then the limi-
tation on reclosing time became the deionizing time required for
the arc path to recover its dielectric strength, Boisseau, Wyman
and Skeats(14)determined minimum insulator-flashover deionizing
times at various currents and voltages by supplying the fault cur-
rent from one voltage source and the re-energizing potential from
a second voltage source, The required de-energized time was less
than 10 cycles for 69KV to 230KV insulator strings at fault cur-
rents up to 10,000 amperes and it wes independent of the fault cur-
rent duration, The effect of capacitive current, induced from the
other two phases, on the minimum time for single phase reclosure
has been investigated by Maury(15). He found that dielectric re-
covery is not seriously retarded by capacitive current for 220KV

lines less than 100 miles in length,
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Except for the determination of minimum reclosing times for
high-speed automatic-reclosing circuit breakers very little work
has been done on the study of the dielectric recovery character-
istics of long arcs. Slepian has defined the long arc as that
arc in which the larger part of the dielectric recovery strength,
during extinction and deionization, resides away from the cathode
space; thus differentiating it from the short arc which recovers
instantly to 200 volts in the cathode space at current zero(lé)
while the remainder of the arc space contributes negligibly to
the dielectric strength,

In his paper, "Extinction of the Long A, C. Arc", Slepian(17)
gives the following theory for deionization and extinction of long
arcs, If the arc column is to maintain its conductivity after cur-
rent zero in the long a.c, arc the ionizing agents, which depend
directly upon the gradient of the electric field, must produce
ions sufficiently rapidly to replace those lost by diffusion to
the boundary and by direct recombination of ions of opposite sign
within the arc space, The critical electric field gradient, which
varies inversely with the density of ionization of the arc space,
is obtained when the conductivity of the arc space is just main-
tained, or when the rate of loss of energy from the arc just equals
the rate of energy input from the applied electric field. The
rate of energy input from the electric field per unit length of

the arc column is
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Wy =XI
where X = electric field
I = total current produced by the ion motion,
=k Xne (a2
4
where
k = a constant of the gas depending on tempera-
ture and pressure,
a = diameter of the arc section,
n = average density of ions of one sign per
unit length of arec,
e = charge of the electron
therefore,

Wy =k X% e n (782)
4

It is assumed that no thermal ionization occurs until the gas
reaches a critical temperature, T,, and that ionization increases
rapidly with further increase of temperature(ls’lg). During the
extinction period of the a,c. arc the temperature of the arc
colunn falls below the critical temperature, T,, and thermal ioni-
zation ceases. Energy continues to be lost by recombination and
diffusion of the ions and also by loss of energy of the unionized
column of gas in the arc, This rate of thermal loss of energy per
unit length of the arec column, W3, is an increasing function of the
temperature., The value of W3 at the critical temperature, To, is

Wys which is proportional to the arc perimeter, or
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Wy = C77a.
where

C = a constant for the gas.
If the electrical input, Wy, is greater than Wo, then the tempera-
ture may rise to T, and the condition for arc reignition is satis-

fied, The critical breaskdown gradient is determined from the con-

dition,

WZ = WO
or

7[%% kX% en=C77a
and

Xc = D .

ag ﬁ%

where

D = a constant for the gas,
If the principal rate at which ions continue to be lost after current
zero is by recombinstion, then

_ 7a%dn . 77a? n?

4L At 4
dn - nR X,
dt
and
B = L
=%
where

oK = the coefficient of recombination which
varies inversely as the cube of the
absolute temperature.



1l _ = the reciprocal of the initial density
of ionization is neglected

therefore
x =p %

o

If the principal loss of ions is by diffusion, then

_Ta? dn - A77a n
4 dt

do - _4An
dat a

and

therefore

(20)

According to Slepian'é theory of diffusion the function of

an air blast in accelerating the deionization of the arc space is to
create a high degree of turbulence prior to current zero which en-
hances thermal conduction and ion diffusion. Turbulence bresks up

the highly ionized conducting gas into fine filaments interspersed

with masses of much less intensely ionized gas which has been deionized
by recent contact with the bounding walls or has been freshly introduced.,
At current zero the highly conducting regions rapidly lose their density
of ionization by diffusion into the adjacent non-conducting gas, thus
producing more uniform and much lower maximum density of ionization and

therefore a higher breakdown gradient than without the air blast.,

Browne(21)obtained evidence supporting this enhanced diffusion theory



of dielectric recovery. He produced turbulence in a cylindrical

chamber by causing the arc to rotate under the influence of an external
magnetic field, In experiments with air as the dielectric, he found

that the rate of recovery was directly proportional to the speed of ro-
tation of the arc (up to 600 meters per second). In later experiments

to determine the recovery characteristics of air blast circuit breakers,
Browne(zz)found two stages of dielectric recovery. The very rapid re-
covery in the first stage was attributed to the enhanced diffusion of
ions from high intensity to regions of low intensity. The rate of re-
covery in this stage was determined by the degree of turbulence in the
arc prior to current zero, The recovery in the second stage was much
slower and was due to diffusion of ions to surrounding surfaces and re-
combination of ions within the arc column, The above theory does not agree
with the displacement theory of Prince(23)which states that the dielec-
tric recovery characteristics of the oil blast circuit breaker are
directly proportional to the velocity of the oil blast directed at the
arc, Hence, recovery is the result of cool unionized oil driving a wedge

of high dielectric strength into the arc.

II DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL RESULTS

In order to investigate the dielectric recovery characteristics of
long power arcs in various insulation media an extensive research program
was instigated at the High Voltage Lsboratory of the California Institute
of Technology., This research was sponsored on a co-cperative basis by

the Department of Water and Power of the City of Los Angeles, the Southern



California Edison Company, and the Kelman Electric and Manufacturing
Company .

2.1 Tests Using Actual System Recovery Voltage.

The first phase of this research program was to determine
the dielectric recovery characteristics of air, An attempt was made to
study directly the reignition characteristics of standard rod gaps up
to 11 inches in length, A schematic diagram of the circuit used to
obtain this data is shown in Fig, 1, The test procedure consisted of
breaking down the test gap with a surge generator which then allowed
power current to flow through the test gap at a magnitude determined by
the system voltage and the current-limiting reactors. The length of the
gap and the system natural frequency were then adjusted until the rate
of recovery of dielectric strength of the air gap was just sufficient to
extinguish the arc at the first current zero. A point on the recovery
curve was then obtained by measuring the time to crest and the crest
magnitude of the system recovery voltage.

This technique has been used earlier(24’25)in determining
the recovery characteristics of short arcs, but because of the relatively
slow rate of recovery of long arcs, the inflexibility of the testing
equipment, and the difficulty in obtaining dependable results (see
Appendix I for previous publication of these results), a new testing
technique was developed,

2,2 Two Surge Generator Testing Technique.

This new testing technique, which is an adaptation of that

used by McCann and Clark (26), makes possible accurate control of the
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magnitude and duration of the fault current. This control is independent
of the reignition test voltage and also eliminates the extra complication
of varying the system natural frequency in conjunction with the magnitude
of the fault current, The dielectric is first broken down by the No, 1

or constant-voltage surge generator, which then allows fault current to
flow at the desired magnitude and for the required number of half- cycles
of 60-cycle power; then the rate of dielectric recovery of the medium is
tested over a wide range of time delays with the No., 2 or variable-voltage
surge generator, and the dielectric recovery curve is obtained as shown
schematically in Fig, 2,

A general schematic diagram of the test circuit is shown
in Fig, 3, and a photograph of the main part of the power circuit is shown
in Fig. 4. The 60-cycle power is supplied by a 17KV single phase line
through an induction regulator to 4-150 KVA power transformers., By
various connections of the power trensformers, adjustment of the induction
regulator voltage, and by varying the tap of the 0-60 ohm current-limiting
reactors, fault currents up to 2000 amperes can be obtained,

The duration of the fault current is determined by the
inverse-parallel ignitron circuit shown in Fig. 6. The control of the
ignitrons is similar to that of an electric welder except that the
auxiliary FG 105 thyratrons are biased to cut-off by the following timing
control circuit. A pulse from No, 1 surge generator is applied to the
single=shot multivibrator shown in Fig, 5. The plate-to-grid RC coupling
time constant of the multivibrator, which controls the time delay for the

output pulse, is varied by changing the value of the condenser, This output
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pulse is applied to the grid of a 2050 thyratron which supplies current
to two high speed relays in its plate circuit, Normally-closed contacts
on the relays open in less than 5 milliseconds and apply the negative
bias directly to the FG 105 thyratrons. Thus, any number of half=-cycles
of power current can be obtained by suitable adjustment of the timing
condenser, Originally 2050 thyratrons were tried in place of the high
speed relays but induced pulses from the 60=-cycle power circuit fired
the 2050 thyratrons and biased the FG 105 thyratrons to cut-off, which
prevented current flow in the ignitron tubes,

A typical test shot is initiated by tripping the No. 1
surge generator which breaks down the test gap. In order to accurately
synchronize the tripping of the generator with the 60 cycle power source
an electrical trip circuit, which has no appreciable time delay, is
necessary, This electrical trip, shown in Fig, 7, consists of a phase=-
shifting selsyn and a peaking transformer, which apply an 8 KV pulse to
the radar pulse transformer through a thyratron circuit. The pulse trans-
former, which has a ratio of 8 KV to 30 KV, and the triple sphere gap used
to trip the surge generator are shown in Fig, 8, The two surge generators
are basically identical, each, consisting of 10 capacitor banks of ,25
microfarads each, connected in a modified Marx circuit, Charging voltages
are supplied by two 100 KV voltage-doubling rectifier circuits. (See Fig. 9)

The No, 1 surge generator voltage is adjusted to break
down the test gap on the front of the impulse, In order to protect the
power transformers from this impulse voltage an 1-C filter circuit is

used as shown in Fig, 3, The filter circuit constants were determined



i .iul‘ﬁ ; g ; .1
T , |

; Uih\_ﬂu'.u.,u.ﬂ___\u a_glml
SADIYARANED IDDNS ONIANLL 3104 SLIND2A1D IS INd 1O2AINOD L'9o1d

AMOE =AA
- JZdMP

3&nd

Lo

e
“ ket O ) Pu M ki IF5e iy3d
| NN NN ot N $ = NG J451Nd + |

.,,. >g.+m _ ,;!
>GOMM v _. . _ NAS13S
R _ : . wzﬁuim ERE

\ﬁ‘

AT~ AAS
/M Jaaa

ISV L
._ ._ T g u:« M,m__

~ wﬂ,ln*
sy

A {
/Y
L

N
LN

L0




18,

Fig. &

Photogreph of Pulse Transformer
and Triple Sphere Gap Trip
for Surge Generators
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by the lumped constant method on the analog computer such that the
impulse transmitted to the transformer terminals is limited approxi-
mately to ten percent of that applied to the test gap.

When the main 60-cycle power circuit of Fig, 3 is
energized, the test gap shunt resistors are isolated from the 60-cycle
voltage by a small auxiliary air gap to reduce their required power
rating, After the test gap has been broken down by No, 1 surge generator
and power current has flowed until the specified current zero, the
dielectric strength of the gap as a function of time is desired. To
prevent distortion of the No. 2 surge generator voltage wave by the power
circuit, an automatic fuse changer is placed in series with the main
power circuit, as shown in Fig, 3. The fuse gap isolates the power cir-
cuit from the test gap when No. 2 surge generator voltage is applied to
the gap., Effectively the fuse gap is in parallel with the main test gap
and if it does not recover dielectric strength faster than the main gap,
then No., 2 surge generator voltage breaks down the fuse gap. The voltage
wave then has an oscillating wave tail produced by the L-C filter circuit
(see oscillogram test numbers 26, 28, 29 and 32 of Fig, 11, Appendix I),
The original fuse changer (see Appendix I) had a fuse length of 12 inches.
Because its recovery rate was not sufficiently faster than the recovery of
the 11 inch test gap, it was necessary to develop a 26 inch automatic fuse
changer, To investigate the effect of wind on the recovery character-
istiecs at a short time after current zero, it was necessary to increase
the rate of recovery of the 26 inch fuse gap by directing an air blast

across it and into a fiber arc chute, and by adding electrostatic shielding
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spheres (see Fig, 10).

A wide range of time delay in tripping No, 2 wvariable-
voltage surge generator is obtained by a delay circuit which is
initiated by a pulse from the trip eircuit of No, 1 surge generator
(see Fig, 3). This time delay circuit, shown in Figs, 11 and 12, con-
sists of a ten stage, scale-of-two, "flip-flop", or Higinbothom circuit,

Each stage of this circuit consists of two tubes having two stable states
which can be changed from one to the other by an appropriate trigger
pulse, One negative pulse is produced by each stage for every two
negative pulses applied to it, or for 10 stages a total of 210 o 1024
negative pulses must be applied to the first stage to produce one negative
output pulse, The delay time of this ecircuit can be adjusted from 13,000
microseconds to over one minute by varying the frequency of the oscillator
from 80 kilocycles to 80 cycles, Smaller time delays can be obtained by
decreasing the number of stages of the circuit.

The initiating pulse from No, 1 surge generator changes the
stable state of the 6SN7 gate control tube, which applies a positive bias
to the 6SL7 amplifier tube which in turn connects the osecillator to the
"flip-flop" circuit (for details of operation, see Fig, 11), At the end
of a complete operation of the delay circuit the gate control tube is re-
turned to its cut-off state by a negative pulse from the delay circuit.
The negative pulse from the delay circuit is also applied to the trip cir-
cuit of No, 2 surge generator through a phase inverter,

The first delay circuit. which was constructed contained

germanium diode coupling between stages, These diodes did not stand up
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to service in the high voltage laboratory and the reason for their
failure is probably because of incomplete shielding of the circuit
from surges, The germanium diodes, type IN34 and IN38, were replaced
by 6AL5 vacuum tube diodes and the Eccles-Jordan plate-to-grid inter=-
stage coupling was changed to the Higinbothom plate-to-plate coupling.
Then the circuit operated satisfactorily.

No, 2 surge generator voltage is adjusted approximately
to the critical value by changing the shunt and series discharge resistors
shown in Fig. 3 and also by changing the number of capacitor banks in
the generator. As the shunt discharge resistance determines the No, 1
surge generstor voltage available to break down the test gap initially,
its lower limit is such that the No, 1 surge generator voltage just breaks
down the test gap., In order to obtain voltages as low as 5KV with No, 2
surge generator for short time delays after current zero, three banks of
capecitors, each consisting of three banks in series, are used with a
corresponding change in the discharge resistance to keep the time to
half value of the voltage wave tail close to 40 microseconds., All the
dielectric recovery data haw been obtained with the impulse voltage wave
as close to the standard 13 - 40 microsecond wave as possible, According
to experiments performed by Bellaschi and Rademacher(27), the dielectric
strength of air for switching transients from 600 to 1000 cycles per second
is 90-95 percent of the strength for the 14 - 40 impulse wave, Therefore,
the dielectric recovery curves obtained in this study can be directly ap-
plied to transients occurring on transmission and distribution systems,

After the critical breakdown voltage is approximately
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determined, the test data, consisting of at least 40 separate records,
are obtained over a limited voltage range by varying the 60-cycle
charging voltage to the surge generator, Typical data establishing the
critical voltage at one point on a dielectric recovery curve are shown
in Fig, 13, At the critical voltage shown in the above figure there
are an equal number of flashovers and full waves, Above this critical
value flashovers predominate and below this value full waves predominate,
In order to study the effect of wind on the dielectric
recovery characteristics of the ionized gases produced by the fault cur-
rent, the main test gap is enclosed in a l4-inch square cross section
duct as shown in Fig., 14. The central part of the duct is made of plexi-
glass so that a photographic study of the arc can be made., This size is
selected for the duct because wind velocities up to 1000 feet per minute
can be obtained in it with the centrifugal blower which is available, and
because the longest electrode spacing to be used is 11 inches., By suit-
able adjustment of the armature series resistance of the d,c., motor sup-
plying power for the blower, wind velocities of 100, 380, 660, and 1000
feet per minute can be obtained, The wind velocity is measured by means
of a hot wire, bridge-type flow meter. By connecting the duct to the
suction side of the blower a uniform wind velocity distribution is ob-
tained to within one inch of the duct walls, The entrance end of the
duct is flared out to decrease entrance disturbances, but no attempt is
made to streamline the electrodes as it is assumed that turbulence pro-
duced by them has little effect on the recovery characteristics, For

the data obtained with no wind in the duct, the duct was blown out for
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15 seconds following each test shot, in order to insure that no residual
ionization remained in the test gap to influence the recovery voltage
for the following test shot,

The recovery voltage measuring circuit consists of
potential dividers, each of which is 3000 ohms of non-inductive resist-
ance, used in series and parallel combinations to obtain divider ratios
of 1500-6000 ohms to 75 ohms, The 75 ohms is the terminating impedance
for a Westinghouse cold cathode electronic oscillograph, (shown in
Fig. 15), which is connected to the low voltage end of the potential
divider through a 75 ohm characteristic impedance coaxial cable, The
voltage across the 75 ohm impedance is applied to the deflecting plates
of the oscillograph through a decade resistance which is adjusted to
obtain convenient deflections in the oscillograph, A typical group of
recovery voltage oscillograms are shown in Fig, 16,

A General Electric six-element magnetic oscillograph was
used to record 60-cycle current and voltage. Magnetic oscillograms have
been taken for approximately ten percent of the test records to check the
magnitude and duration of the fault current and also the time delay
between the tripping of the two generators. Oscillographic records of
one half and five cycle current duration are shown in Fig, 17.

Some difficulty was encountered in preventing No, 2 surge
generator tripping with No. 1 as both have a common connection in the
discharge circuit at the test gap, and also a common ground connection,
By adjusting the trip gap and the last gap in the No, 2 surge generator

as large as possible, the disturbances produced when No., 1 surge generator
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Fig. 16

Typical recovery voltage oscillograms of second
surge generator discharge voltage wave for an

11 inch gap, 300 amperes, 1/2 cycle fault current.
Recovery time delay is 120 milliseconds.
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is tripped do not trip No. 2 surge generator. Because of induced pulses
in the 40 foot trip lead running from No, 2 surge generator to the cathode
ray oscillograph, the timing sweep of the oscillograph tripped from the
firing of No., 1 surge generator., By running this trip lead as close to
the ground plane as possible the oscillograph tripped only from the No, 2
surge generator trip signal,

The Westinghouse cathode ray oscillograph mentioned pre-
viously was continuously evacuated to & pressure less than 0,001 mm, of
mercury by a high speed molecular pump, This pump gave some bearing
trouble, A small misalignment of the bearings, which was serious because
of the limited stator-rotor clearance (,006 inches) and which could not
be eliminated because of the design of the bearing supports, caused the
pump to stall after new bearings had been installed less than a week,

An o0il diffusion pump replaced it satisfactorily after a large baffle was

added between the pump and the oscillograph chamber, The baffle eliminated

contaminating oil molecules from the vacuum chamber of the oscillograph,
2.3 Photographic Study.

A photographic study of the arc is co-ordinated with the
dielectric recovery characteristics for both axial and perpendicular winds
across 6 and 11 inch test gaps. So as to obtain a more detailed picture
of the geometrical structure of the ionized gases in the arc, mutually
perpendicular views of the arc are taken simultaneously by means of the
mirror system shown in Figs. 18 and 19, Twenty-five hundred feet of 16 mm,
super XX film have been used in msking this extensive photographic study

(28)

with a 3000 frame per second camera, Previous experimenters used a
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similar technique with a rotating drum camera to determine whether or

not the localized afterglows observed in rotating-mirror spark photographs
were the result of the geometrical configuration of the path taeken by

the spark channel,

Each complete photographic record of the ionized gases
consists of from 200 to 400 individual frames, The exposure time for
each frame is about 75 microseconds with a dead time of about 260 micro-
seconds between frames, The total time from the initiation of the No, 1
surge generator to the disappearance of the luminous gases varied from
0,067 to 0,150 seconds, This does not represent the time for cohplete
recovery of dielectric strength because the film is not sensitive to
infra-red and ultra-violet radiation, The film does have a fairly uniform
exposure sensitivity in the visible spectrum range for equal intensities
of radiation., Since the variation in light intensity for a complete
record is too great to obtain the correct exposure for the whole film,
the camera aperature was set at f-8, (which overexposed the part of the
£ilm where current flowed) in order to have optimum exposure conditions
for the luminous gases., Two records of the photographic study of the arc
phenomenon are shown in Figs, 20 and 21, The first shows an 11 inch test
gap for no wind and the second an 11 inch gap for 1000 feet per minute
wind directed perpendicularly across the electrodes, The upper part of
the frame shows the plan view where the wind blows the ionized gases down=-
ward in the picture and the lower part shows the elevation view looking
into the wind duct as shown schematically in Fig, 19,

2,4 Experimental Results,

Dielectric recovery characteristics of an unconfined arc
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-8.3 msec. -4.2 msec. 0 msec

No. 1 Surge Gen. Current Crest Current Zero 1. 7 msec. 5.0 msec. 8.3 msec.

17. 3 msec.
No. 2 Surge Gen.

11. 6 msec. 14.9 msec. 17.0 msec. 17. 6 msec. 22.3 msec.

25. 6 msec. 28. 9 msec. 37. 7 msec. 44.3 msec. 57.4 msec.

Fig. 20
Typical photographic record taken at 3000 frames per second
showirég two mutufally perpendicular views of the arc for 300
ampers, half cycle, ll-inch test gap mounted horizontal with no
wind. Upper Picture - Plan View
Lower Picture - Elevation
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. 7 msec. 5.1 msec. 8.5 msec.

No.1 Surge Gen. Max. Current Current Zero

11. 9 msec. 15. 3 msec. 18. 7 msec. 22.1 msec. 25.4 msec. 28. 7 msec.

32. 6 msec.
No. 2 Surge Gen.

32.9 msec. 35.3 msec 55.3 msec

32.0 msec. 32.3 msec.

Fig. 21
Typical photographic record taken at 3000 frames per second
showing two mutually perpendicular views of the arc for 300 amperes,
half-cycle, ll-inch test gap mounted horizontal. With wind of 1000
ft. /min. directed perpendicular to electrodes in top view.
Upper Picture - Plan view
Lower Picture - Elevation
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in still air have been investigated and the results published in an
earlier paper (see Appendix I). Test gaps of 3, 6 and 11 inches were
used, and because of electrode configuration and cooling effects the

3 inch gap recovered proportionately more rapidly than the 6 and 11 inch
gaps, For 3 to 11 inch gaps the initial slove of the recovery voltage
varied from 1 to 3 volts per microsecond, These initial rates of
recovery for long a.c. arcs correspond to the following initial rates

of recovery for short a,c., arcs; the initial rate of recovery of the 11
inch gap is approximately the same as for the 4 mm, electrode separation
used by Browne and Todd(zg), and the 3 inch gap the same as for the 8 mm,
gap spacing of the short a.c, arc. The above initial recovery voltage
rates show very clearly why so much difficulty was experienced in obtain-
ing natural recovery (see Table I, Appendix I for summary of recovery testsz
for long arcs using voltages greater than for the corresponding short
arcs in the above reference,

Since publishing the results given in Appendix I, the
effect of current duration in unconfined arecs for an 11 inch vertical
test gap has been investigated, A comparison of recovery rates for 300
amperes of half and five cycle duration, shown in Fig, 22, indicates
that current duration has little effect on the rate of dielectric recovery
of a vertical test gap. DBoisseau, Wyman, and Skeats(l4)found that the
duration of fault current has no effect on the deionization time required
for successful reclosure of circuit breakers. The above figure also
shows that there is little difference in recovery between the horizontal

and vertical test gap configurations for a half cycle of fault current.
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In obtaining recovery data, it is quite common to teke
200 to 300 successive test records with the same electrodes. The con-
dition of the electrode tips after varying amounts of use is shown in
Fig. 23. To determine the effect of electrode condition on the dielec-
tric recovery, the critical breskdown voltage of a six inch test gap is
obtained, without predischarge, for new electrcdes and those which have
been used for some 80 recovery tests with fault current. The difference
in eritical breskdown voltage is less than one percent, indicating that
the recovery data are independent of the condition of the electrode sur-
faces,

To determine the effect of electrode material on the
recovery characteristics, recovery data have been obtained for carbon
and iron electrodes under identical c¢ircuit conditions., For a 3 inch test
gap the recovery with carbon electrodes is 30 to 40 percent higher than
for iron, for a recovery time delay range of 30 to &0 milliseconds. The
low=boiling=point iron electrodes vaporize much easier than the high-
boiling=-point carbon electrodes(30), The electrode vapor in the arec
column changes the effective ionization potential of the gas and vapor
'mixture. Carbon is more difficult to vaporize than iron and it also has
e higher ionization potential than iron; 11,22 volts for carbon as com-
pared with 7,83 volts for iron, Since both of these ionization poten-
tials are lower than nitrogen (15.6 volts) and oxygen (12,5 volts), the
effect of their vapor in the gas is to lower the critical breakdown
voltage, Therefore, the more volatile lower-icnizatione-potential iron
electrodes lower the critical breakdown considerably more than the car=-

bon electrodes. Spectrograms for both carbon and iron electrodes at arc



Initiel
Condition

80 Shots
1/2-Cycle

80 Shots
5-Cycles
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lengths of 6 and 11 inches show that these electrode materials are
present in various states of excitation in the arc; but as the arc
length is increased it is expected that the electrode material has a
smaller effect on the critical recovery voltage.

For short arcs Browne(zs)found that the critical re-
ignition voltage is higher for low-boiling-point electrodes than for
high-boiling-point electrodes., This is in contrast with long arcs
where the reignition voltage is lower for the low-boiling=-point steel
electrodes than for the high-boiling-point carbon electrodes. If it
is assumed that the temperature of the electrodes can not be higher
than their respective boiling points, then the low-boiling=-point
electrodes are at a lower temperature than the high-boiling=-point
electrodes at current zero, Electrode cooling effects are much more
important for short arcs than for long arcs (the greater relative rate
of recovery of dielectric strength, noticed in Appendix I, for the 3
inch test gap over the 6 and 11 inch gaps is attributed to the electrode
cooling effect), Hence, the increased arc reignition voltage for low-
boiling-point electrodes for short arcs can probably be attributed to
the greater cooling effect of these electrodes over that for the high-
boiling=-point electrodes,

The main subject of this thesis is the effect of wind on
the dielectric recovery characteristics of air gaps. The first experi-
mental results show the effect of wind velocities up to 1000 feet per
minute directed perpendicular to the axis of the test electrodes, as

shown in Fig, 24, on the recovery characteristics of a six inch test gap
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with 300 amperes fault current of a half cycle duration, The curves
obtained for wind velocities of zero, 380, 660 and 1000 feet per minute
are shown in Fig, 25. The effect of current magnitude and duration on
the rate of recovery of dielectric strength with wind perpendicular to
the electrode axis is presented in Figs, 26 and 27 for 800 amperes fault
current of a half cycle duration and 300 amperes fault current of five
cycles duration, respectively. Because only a small air blast could be
used on the fuse gap without affecting the magnitude of the five cycle
fault current, the rate of recovery of the test gap is greater than that
for the automatic fuse changer at this current duration and for wind veloci=-
ties greater than 380 feet per minute., Therefore, data could not be ob-
tained for the higher wind velocities with 5 cycles of fault current.
The recovery characteristics for an 11 inch test gap at the various wind
velocities are shown in Fig, 28 for 300 amperes fault current of a half
cycle duration,

Initially it was intended to include data for 100 feet
per minute wind velocity in the above curves but the recovery character-
istics for this wind are about the same as for no wind, A comparison of
recovery characteristics for no wind and 100 feet per minute wind for 300
and 800 ampere currents of a half cycle duration are shown in Fig, 29 A,
and B, Because the 100 feet per minute recovery voltages are slightly
lower than the no wind voltages and because for short times after current
zero the 380 feet per minute wind curves have lower recovery rates than
no wind (see Figs, 25 and 26), the possible motion of the arc due to

magnetic fields, produced by unsymmetrical leads and other current
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carrying parts of the circuit, has been investigated., To determine if

the above condition is a magnetic effect the wind duct is reversed end-
for-end, as shown in Fig., 4, without changing the electrical circuit con-
figuration. There is no noticeable change in recovery rate for the 100
feet per minute wind, as shown in Fig, 29, but there is a considerable
increase in recovery rate for the 380 feet per minute wind. With the
duct reversed the rate of recovery of dielectriec strength of a six inch
gap with 800 amperes fault current for the 380 feet per minute wind is

22 per cent higher than for the normasl duct direction at 17.5 milliseconds,
and 15 percent higher at 32.5 milliseconds after current zero, Evidently
a component of magnetic field in a direction perpendicular to both the
axis of the electrodes and the direction of the wind produces a small dis=-
placement of the arc, while fault current flows, in a direction opposite
to the normal wind direction, Hence, for a short period of time after
current zero, the rate of recovery of dielectric strength is lowered by
this magnetic effect for the normal duct configuration, and is raised for
the duct reversed,

To study the effect of the wind direction across the test
gap the dielectric recovery characteristics have been investigated for the
wind directed axially along the electrodes, as shown in Fig, 32, The
recovery characteristics of a 6 inch test gap are obtained for this elec-
trode configuration for 300 and 800 amperes crest current of a half cycle
duration for 1000 feet per minute wind., The results are shown in Fig., 33,

The effect of turbulence on the dielectric recovery of the

ionized gases has been investigated by placing a wire screen at the input
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end of the wind duct and measuring the recovery voltage for 1000 feet
per minute wind velocity. No charge in the recovery voltage was ob-
tained; hence, introducing turbulence into the laminar flow at wind
velocities up to 1000 feet per minute has no effect on the dielectrie

recovery characteristics of the luminous gases,

The method of establishing the critical recovery voltage for a
typical set of data is shown in Fig, 13, The critical is established
on the basis of statistical weighting of at least A0 separate tests, .
One of the main reasons for the spread of data around the critical
voltage is because of the variation in path taken by the No. 2 surge
generator, as shown in the elevation view for the photographs of the
second surge in Fig, 31, The path taken by the No, 1 surge generator
can cause a magnetic blow-out effect when the power current flows and
cause a considerable shift in the location of the ionized gases when
the dielectric strength is tested (see Fig, 41 A,). Another reason for
the spread is because of oxide impurities at the cathode which influence
the mechanism of arc reignition (32, 33) for low-boiling-point electrodes
as described previously under experimental results, The fault current
magnitude varies up to 15% for a typical set of data, but the variation
in current magnitude is found to be independent of the spread of recovery
voltage.

For a short time after current zero the wave shape of the No, 2 surge

generator voltage is characterized by a long wave tail representing a
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Fig. 30

Illustration of ''long tail"' flashover of second
surge voltage when applied at short time intervals
following power current zero. Power current

300 amperes crest for one-half cycle, 6 inch test
gap, recovery time delay 8.7 milliseconds,

recovery voltage 15 KV crest.



(a)
17. 3 millisecs.
800 amperes crest, half cycle
no ‘wind.

(d)
51. 9 millisecs.
800 amperes crest, half cycle
no wind.

54s

(b)
51. 9 millisecs.
800 amperes crest, half cycle
380 ft. /min. wind perpendicular
to electrodes.

(e)

32. 6 millisecs.

800 amperes crest, half cycle
380 ft. /min. wind axial
to electrodes.

Fig. 31
Photograph showing variation in path taken
by No. 2 surge generator for various recovery
time delays for 300 and 800 amperes crest.

(c)
32. 6 millisecs.
300 amperes crest, half cycle
380 ft. /min. wind perpendicular
to electrodes.

(f)
32. 6 millisecs.
300 amperes crest, half cycle
380 ft. /min. wind axial
to electrodes.
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glow discharge type of breakdown, Oscillograms of the long tail break=-
downs are shown in Fig, 30. For a 6 inch test gap this breakdown is
more pronounced when the critical voltage is less than 20 KV, At this
voltage the electric field adjacent to the electrodes is approximately
10 KV per inch and of course is much less than this in the rest of the
test gap. Townsend's coeeficient of ionization, o< , where o< is the
number of ionizing collisions per cm, advance in the direction of the
field, is negligible at this field strength(Al). Hence, the slope of
the long tail is directly proportional to the ion density in the arc
column, the field strength which determines the mobility of the ions in
each part of the column, and inversely proportional to the capacity of
the surge generator being used to test the recovery strength,

Fig, 41A, shows the streamer formation of the No, 2 surge generator
breakdown in the plan view but not in the elevation view, The shutter
of the 3000 frame per second camera is of the rotating prism type and
the lower half of the frame (elevation view) is cut off from exposure
before the upper half of the frame (plan view), The time during which
the upper half of the frame only is exposed is of the order of 20 micro-
seconds which allows ample time for the streamer formation shown in the
plan view of the above figure,

The plan views of Fig., 21 and 41 B. have apparent parallel streamers
in the No, 2 surge generator breakdown, Parallel breakdown streamers

(28) in observations of localized afterglows

have been observed by Craggs
of long sparks, however, the above parallel streamer formation is too

regular and is observed in the plan view only., The less intense streamer



-8.3 msec.
No. 1 Surge Gen.

-8.3 msec.
No.1 Surge Gen.
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0 msec. 51. 9 msec.
Current Zero Streamer Formation

Fig. 4l (a)
Photographs of two Surge Generator
breakdown of ll-inch axial test gap
showing streamer formation in upper
view but not in lower.

U msec. 17. 0 msec.
Current Zero

Fig. 41 (b)
Photographs of two Surge Generator
breakiown of 1l-inch perpendicular
test gao for 1000 ft. /min. wind
showing parallel breakdown of
ionized gases in upper view.

52.2 msec.
No. 2 Surge Gen.

17.3 msec.

No.

2 Surge Gen.
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is probably a photographic image of the No. 2 surge generator breakdown,
caused by reflection from the mirror holder surfaces which were not
blacked out to eliminate reflection,

As stated in the introduction there are two general theories of the
dielectric recovery mechanism of ares under the influence of air blasts,
Slepian's diffusion theory states that the rate of recovery of dielectric
strength of an arc subjected to an air blast depends upon the rate of
diffusion and cooling of the gases, this being greatly enhanced by tur-
bulence produced by the gas blast, Prince's displacement theory states
that the rate of recovery is proportional to the velocity of the air
blast which is pictured as driving a wedge of unionized air into the
ionized gas stream to increase its dielectric recovery strength, No
attempt will be made here to prove or disprove either of these theories
because both were formulated to explain the extinguishing characteristics
of circuit breakers, and, hence, are concerned with arecs of confined cross-
sections for blast velocities of the order of sonic speed,

In order to compare directly the effect of gap length, current magni-
tude and duration for common wind velocities the percentage recovery
voltage curves of Fig, 34 A, B, C and D were constructed for wind veloci-
ties of 1000, 660, 380 feet per minute and no wind, respectively, For
300 ampere five cycle fault current there is considerable upward thermal
convection of the arc column, as shown in Fig, 36, which increases the
slope of the five cycle recovery curve above the half cycle curve. (Fig.
34 D,) This is in contrast with the vertical test gap where current dura-

tion has no noticeable effect on the recovery characteristics (see Fig, 22),
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4.2 msec. 4.5 msec 8.4 msec. 8. 7 msec.

(a)
Wind Perpendicular to Electrodes
300 Amperes, Half Cycle, Six Inch Gap

(b)
Wind Perpendicular to Electrodes
300 Amperes, Half Cycle, Six Inch Gap

17.0 msec. 17.3 msec

8.4 msec. 8.7 msec.

(c) (d)

Wind Perpendicular to Electrodes Wind Axial to Electrodes
300 Amperes, Half Cycle, Six Inch Gap 300 Amperes, Half Cycle, Six Inch Gap

Fig. 35

Photographs of arc for 1000 Ft. /min. wind
showing breakdown path taken by No. 2.
Surge Generator through ionized gases for
axial and perpendicular electrodes.



17.0 msec. 17. 3 msec. 51. 6 m:sec. 51.9 msec.

6 inch test gap 6 inch test gap
Perpendicular Electrodes Axial Electrodes
300 amperes crest, half cycle 300 amperes crest, half cycle

44.7 msec.

44.3 msec.

18. 8 msec 19.1 msec.
6 inch test gap 6 inch test gap
Perpendicular Electrodes Axial Electrodes
300 amperes crest - five cycles

300 amperes crest - five cycles

Fig. 36
Photographic records showing comparitive
thermal convection effects of one-half cycle and
five cycles of power fault current.
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The curves for 1000 feet per minute wind include percentage recovery
voltages for both axial and perpendicular direction of the wind across

the electrodes, The axial recovery curves are lower than the perpendicu-
lar curves because for the perpendicular case the wind displaces the
ionized gases from both electrodes, whereas it displaces the gases away
from only one electrode in the axial case, This displacement of the
ionized gases for axial and perpendicular wind directions is shown clearly
in Fig, 35 for 1000 feet per minute wind,

To determine the actual increase in the rate of recovery of dielectric
strength produced by the wind it is necessary to plot the difference be-
tween the percent recovery voltages with and without wind, Curves showing
this difference in percent recovery for various windsand for axial and
perpendicular electrodes are shown in Figs. 37 to 40. The dotted lines
on these curves represent the calculated increase in recovery strength
produced by displacement of the gases at the given wind speed, based on a
uniform displacement recovery strength of 20 kilovolts per inch. The
ionized gases move away from only one electrode at the wind velocity for
the axial configuration so that the displacement lines for the axial case
have half the slope of those for electrodes perpendicular to the wind
direction, If the percent increase in recovery above the no wind curve
followed a displacement curve based on the field strength for the non-
uniform rod gap shown in Fig, 42, the initial slope of the recovery would
be very much greater than that shown, However, the cool air blowing over
the hot electrodes just after current zero becomesheated and the break=-

down voltage is lowered accordingly.,
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The increase in actual recovery voltage over the calculated
displacement recovery voltage, with increased wind velocity, is due
to the éreater turbulence at the arc boundary for the higher wind
velocities, Suits(34)has applied the analogy of convection=conduction
heat loss from solid bodies in fluids to the high-pressure arc column,

The arc is considered as a means of energy transfer, Initially electrical
energy is used to dissociate and ionize the gas molecules and raise the
arc temperature to a high value., The second stage of this energy trans-
fer consists of dissipation of this thermal energy by radiation, con-
duction and convection, Radiation is considered to be a negligiﬁly small
factor,

A correlation of heat transfer from hot cylinders has been made in
dimensional units by McAdams(36). The arc is considered as a hot cylin-
drical body, but this introduces an error in the analogy because con-
vection currents at the surface of a solid body are zero whereas they are
not zero for the arc, However, Suits(37)has found that the heat lost by
free convection currents from the arc column is only of the order of 7
percent of the total loss,

The dimensionless heat loss equation given in the Chemical Engineer's
Handbook(BS)for the case of gases flowing at right angles to single pipes

is as followss

0.56
Bnlo = 0,45 + .33 [DOG]
ke

where

h,, = mean value of h for the apparatus based on
the average film temperature, te = t +ty

2
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It is the local coefficient of heat transfer

BT, U,
hr-sq.ft.=OF diff,

Dy = outside diameter of pipe in feet,

ke k at the film temperature

It is the thermal conductivity of the fluid in

B, T.U,
hr.-sq.ft.-unit temp, grad. in °F/ft,
81
G - mass velocity =W in hresq.ft. of cross section

s
//4@ = viscosity of the fluid in i::??:? at the arith-
metic mean of the wall and fluid temp
The heat transfer equation for gases flowing outside and parallel to the
axis of the pipe(38)is the same as for gases flowing axially inside pipes
when the equivalent diameter is taken as four times the ratio of the free
cross section to the wetted perimeter., The equation is as follows:

)™ -

p

where

y = dimensionless constant determined from
Reynolds Number in Fig, 8, Curwv A?C, p 97%
of Chemical Engineer's Handbook 38

cp = coefficient of specific heat at constant
pressure

B, T.U,
1b, OF
The local coefficient of heat transfer has been calculated in Appendix II

for the axial and perpendicular electrode configurations using an arc



ke

diameter of 3.5 inches and an assumed arc temperature of 4000 °F, The

local coefficient of heat transfer for 1000 feet per minute wind velocity

perpendicular to the arc is 8.4 B,T,U whereas for no wind the heat
hr.ft,2 OF

transfer coefficient is only 0.06. Similarly for 1000 feet rer minute
wind velocity axial to the arc the local coefficient of heat transfer is
1.4. From the above, it appears that the 1000 feet per minute perpendicular
wind condition should recover more than twice as fast as for the axial wind,
Because the cross section of the arc with the axial wind is smaller than for
the perpendicular wind, (see Fig, 41 C.) the energy loss by convection is
much greater for the axial than for the perpendicular wind, Hence, the
increase in recovery for the axial wind is greater than half that of the
perpendicular wind as shown in Figs, 37 and 38.

It is of interest to extrapolate linearly the increment of recovery
strength over wind from 1000 feet per minute to 30,000 feet per minute
(500 feet per second) for wind directed perpendicular to a six inch
standard rod gap with a half cycle of 300 ampere fault current. The slope
of the dielectric recovery produced is 33 times the 4,8 volts per micro-
second obtained for 1000 feet per minute, or 165 volts per microsecond, For
the extinction of an arc in an air blast circuit bresker, assuming six inch
spacing and that the arc gap is to recover one quarter of its dielectric
strength in 10 microseconds, it must have a rate of increase of dielectric
strength of the order of 3000 volts per microsecond, Thus the recovery
rate of the confined arc in the circuit breaker must be enhanced at least
18 times the extrapolated value obtained for the unconfined arec, The local

coefficient of heat transfer for this higher wind velocity perpendicular to
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Current Zero 1. 7 msec. 5.0 msec.

Current Zero 1. 7 msec. 5.0 msec.

Fig. 41 (¢)
Photograph comparing the c%}'ss—section of the
luminous gases, near current zero, for axial and
perpendicular winds in a six inch test gap for
a 300 ampere current of half cycle duration.
Upper series - for perpendicular wind
Lower series - for axial wind
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the electrodes has been calculated in Appendix II. It is found to be 56,
which is approximately seven times the heat transfer coefficient for the
1000 feet per minute case, Thus the extra rate of recovery in the con-
fined arc, which is approximately three times that for the unconfined arec,
must be due to the cooling and deionizing effect of the confining walls,
the increase in pressure(39), and enhanced turbulence in the arc itself,
It is interesting to note that the heat transfer coefficient for the
30,000 feet per minute axial blast is 23 times the heat transfer for 1000
feet per minute, axial wind,but it is only one half of the coefficient for
30,000 feet per minute perpendicular wind, However, the loss of heat by
convection from the boundary has been neglected in this analogy and with
the reduced arc cross section for the axial wind, its convection heat loss
will be much greater than for the perpendicular configuration,

According to Slepian's theory of the extinetion of the long arc, the
critical breakdown gradient for reignition of the arc is determined approxi-
mately by the following equation:

X, = _D
¢ (a n)%

In his development Slepian equates the rate at which energy is supplied

to the arc column by the electric field, (W = kxzenggg), to the rate at
which energy is lost by the unionized column of gas, %Wo = Cgﬂa), at the
temperature, T,, at which profuse ionization of the gases is assumed to
begin, The rate at which ions (and therefore energy) continue to be lost
by the arc column through diffusion to the boundary at the temperature, Tq,

is also dependent on the perimeter of the arc section. This energy loss



.

can also be included in the term Wy which represents the rate of energy
loss of the arc column per unit length of the arc. Energy loss repre~
sented by recombination of ions and dissociated molecules represents only
the loss of energy from the arc column by radiation, which is considered
by Suits (34) to be a small factor in the energy dissipated of the are,
Hence, the application of the above equation to obtain the critical
gradient is based on the assumption that below the critical temperature,
Tos there is very little ionization and above it the ionization increases
very rapidly.

Appendix III contains calculations of the recovery voltage for 6 and

11 inch test gaps based on the approximate equation for the breakdown

gradient,
X, =D aZ
C
(aRn)%
where

a = average diameter of the arc section from
the two views of the arc,

(a2n) = integrated density of the arc section
obtained directly from the micro-
densitometer reading,

y D = a constant for the gas,
A comparison of the calculated and the experimental recovery voltages is
shown in Fig, 44. The calculated values for the 800 ampere half cycle,
6 inch gap and the 300 ampere half cycle, 11 inch gap are higher than the
experimental values, This variation is probably due to differences in

sensitivity of the 16 mm, film and changes in the background density of the

film due to variations in development, The determination of the density of
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ionization is also in error because the film was not sensitive to infra-
red radiation and because the ultra-violet radiation was eliminated by the
glass lens system of the camera, Because of the approximations upon which
this analysis is based and the random mechanism of the discharge, these
calculations show only that the calculated recovery voltages are in general
qualitative agreement with the experimental results, To obtain more definite
results as to the recovery mechanism a more extensive study will be necessary,
The effect of wind on the per unit density of the ionized gases is
shown in Fig, 45 as a function of the increment of the test gap. The 1000
feet per minute wind density, at 8.5 milliseconds time delay, is lower than
the no wind density, indicating that wind does increase the heat transfer
coefficient of the arc, A comparison of the arc cross-section in plan
and elevation view for 300 and 800 amperes half cycle is shown in Fig. 46.
The 800 ampere arc, which has a larger diameter than the 300 ampere arc,
has a lower ratio of surface to volume; hence, the rate of deionization
by diffusion and cooling is lower for the 800 ampere arc than the 300
ampere arc(40). This effect is reflected in the lower recovery rate for
the 800 ampere current even though the initial average ionization density
for the 800 ampere appears to be lower than for the 300 ampere section
(see Fig, L7). However, this is partly due to over-exposure of the film
near current zero, for the 800 ampere arc, with the resﬁlting saturation
of the film (the f-8 operature was used for both 300 and 800 ampere fault
currents)and low reading on the microdensitometer.
If it is assumed that deionization is chiefly produced by diffusion

of the ions to the boundary of the luminous gases, for a short time after
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current zero, an exponential density variation is obtained (see Fig. 47),

where
= -At
n No e
n = average density of ionization at the
time, t,
A = a constant for the gas which depends

on current magnitude and duration.

Ny = the average density of ionization
at current zero,

This exponentiasl has the same general shape as the actual average density
curves indicating that the chief deionizing agent at a short time after
current zero ig the diffusion of ions to the boundary, The recombinations
of ions in the luminous gas is practically zero for the gas temperatures
at a short time after current zero.(4o)

With 1000 feet per minute wind perpendicular to an 11 inch test gap
and a current of 300 amperes half cycle, the time to half strength of the
air gap is reduced from 100 milliseconds to 15 milliseconds, Based on a
transmission line insulation ratio of 4 to 1 for insulation level compared
with circuit voltage, the wind reduces the minimum reclosing time required
for automatic high-speed circuit breakers from 6 cycles to 1 cycle of 60~
cycle power frequency, For transmission systems where reliability of ser-
vice is very important and where there are prevailing winds of the order of
15 miles per hour (1000 feet per minute) it may be possible to introduce a
variable representing the wind velocity into the control for the minimum re-
closing time of automatic high-speed circuit breakers., Shorter reclosing
times can then be used for fault isolation where there are strong prevailing

winds with a corresponding increase in reliability of service,
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IV CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH,

1. Up to the present time very little research has been done on
the mechanism of dielectric recovery of large air gaps because of the
difficulties involved in obtaining a satisfactory test technique, The
technique presented here is very satisfactory for determining the recovery
characteristics of various insulations, It is possible to obtain data for
the critical recovery voltages of insulation materials at the rate of one
record every minute, The results contained in this thesis represent a
total of more than 13,000 separate records.

2., The duration of the fault current has little affect on the
recovery characteristics of the vertical air gap., The initial recovery
rate of a horizontal air gep for five cycles of power current is lower
than for a half cycle because of the greater ionization present at cur-
rent zero with the longer current duration, However, the displacement
of the ionized gases by thermal convection increases the slope of the
recovery for the five cycle current above that for the half cycle at later
recovery times,

3. The increase in rate of dielectric recovery produced by wind
velocities up to 1000 feet per minute is mainly due to displacement of
the ionized gases from the test gap, There is a noticeable increase in
heat transfer from the ionized gases at the higher wind speeds which de-
creases the density of ionization and enhances the recovery rate for the
higher wind speeds., In comparing the recovery voltages for wind directed
axially along the test gap with that for wind directed perpendicular to

the test gap, the perpendicular wind produces nearly twice as large a
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recovery rate as the axial wind for wind velocities up to 1000 feet per
minute, The high speed photographs show clearly that the breakdown
occurs in the weakest path through the ionized gas even when this path
is 2 or 3 times as long as the distance between the electrodes,

4o At short times after current zero, the breakdown is a glow
discharge because the low field strength at the breakdown voltage, produces
negligible ionization by collision in the test gap.

5. The electrode material affects the dielectric recovery character-
istics of the 6 and 11 inch test gaps. The lower the boiling point and the
lower the ionization potential of the electrode material, the lower the
rete of dielectric recovery.

6, Turbulence in the wind stream does not affect the recovery
characteristics of the air gap for wind velocities up to 1000 feet per
minute,

7. Wind velocities of 100 feet per minute do not affect the recovery
characteristics, According to Suits(37)the free convection velocities
in the arc are of the order of one meter per second or (200 feet per minute)
so that in the time required for recovery the effect of a superimposed wind
of 100 feet per minute is small,

8, If the effect of a 1000 feet per minute wind is considered in
obtaining the minimum reclosing times for high=-speed automatic-reclosing
circuit breakers the minimum reclosing time can be reduced from 6 to 1
cycle power frequency,.

9. The cross-section of the arc is greater for 800 amperes of fault

current of a half cycle duration than for 300 amperes, For a short time
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after current zero, the deionizing agent in the luminous gases is mainly
diffusion,

10, All of the dielectric recovery charascteristics included in this
thesis are for unconfined air gaps., As most of the arc paths for transmission
line faults are across porcelain insulator surfaces, an extensive investi-
gation of the dionizing time for long arcs across insulators would be
directly applicable to improving insulation coordination on transmission
and distribution systems, Fatigue tests of porcelain insulators subjected
to power fault currents could be combined with such a study.

11, An attempt has been made to calculate the recovery voltages for
ionized gases in long air gaps. Because of the large number of variables
involved in this calculation and the approximations made, the results are
not accurate but they do show general qualitative agreement with the ex-
perimental results,

12, In order to determine more completely the mechanism of dielec-
tric recovery the temperature of the luminous gases as a function of time
is required. One of the methods by which this temperature can be determined
is by a time=resolved spectrographic analysis of the arc, The temperature
can be obtained from Saha's equation when the electron density is determined
from the width of the spectal lines(42). Another method of determining
the temperature is by assuming the spectral energy distribution of the arc
is a black body radiation.(AB) By measuring the response of two photo-
tubes, having maximum response characteristics at opposite ends of the

visible spectrum, the change in response of the phototubes cen be recorded
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on oscilloscopes and the temperature determined from the known black
body radiation distribution as a function of temperature,
13. In order to apply de-ion. tubes effectively and economically
a study of the behaviour of arcs in parallel for verious circuit con-
stants and configurations would be of value.
14. A study of the influence of magnetic and electric fields on
the dielectric recovery characteristics of long air gaps would increase
the fundamental knowledge of the recovery mechanism, Yadoff(Bl)has
investigated the effect of a radial electrostatic field on arc extinction and
found that the luminosity of the arc decreases, with increased radial

electrostatic field, until final arc extinction,
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DIELECTRIC-RECOVERY CHARACTERISTICS
OF POWER ARCS IN LARGE AIR GAPS

by

1 J. E, Conner and H, M, Ellis

G, D, McCann,

Summary

A satisfactory test technique has been developed for studying the rates
of dielectric recovery of large air gaps and other types of power system insula-
tion, This permits the accurate control of the fault conditions so that all prac-
tical types of fault currents can be studjed. 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 re-
sult from high frequency current zeros produced by natural system oscillations,

Results are presented showing the rate of dielectric recovery of three,
8ix and eleven inch standard rod gaeps for power frequency fault currents up to
700 amperes, - Electrode cooling effects were found important at three inch gap
spacings but not at six inches or above, The eleven inch gap date are proportion-
ately higher than the six inch data indicating that the results can be extrapolat-
ed, The data show that for arcs of a few cycles, actual duration has little ef-
fect on rate of recovery, A range of current magnitudes from 50 to 700 amperes
causes only about a two to one variation in rate of recovery, For the normal ra-
tios of transmission line insulation level to operating voltage (about four to one)
minimum delay times of from 0,025 seconds (for 100 ampere faults) to 0,05 seconds
(for 700 ampere faults) are required before the recovery voltage reaches the magni-
tude of the normal applied voltage, Time intervals of 0,05 to 0,08 seconds are re-
quired 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 interwval of only
two to three thousand microseconds for very short duration lightning surge currents.

High speed camers studies of the arcs show that for power frequency feults
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 seconds, The photographs
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 conditions breakdown is started by initial streamers from each electrode
which, however, propagate at much slower velocitieés than for breakdown of air under
normal conditions, Time interwvals as high as 30 or 40 microseconds are required
for a low impedance path to be established,

This research program is being extended to other insulating media and

fault conditions and fundamental studies are being made of the dielectric recovery
mechanism,

1
A1l of California Institute of Technology, Pasadena, California,
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Introduction

Knowledge of the dielectric recovery characteristics of power system in-
sulation following flashover or breskdown is of fundamental importance in deter-
mining and improving power system performance, However, relatively little funda-
mental data have been obtained because of the complexity of the phenomena and the
difficulty of performing significant tests on representative insulation media,

The bulk of the data that have been gathered apply only to the circuit breaker art
or to small gaps where electrode effects dominate,

Studies of the primary insulations are important in determining probabil-
ities of insulation failure resulting in sustained faults, permissible reclosing
times for circuit brezkers and the performance of disconnect switches, A study of
the performence of simulteneous arcs through similar and dissimilar insulating
media and at various distances spart on systems is required for better coordina-
tion of such protective devices as 'De-ion" 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
extinction and reignition occur determine the characteristics and magnitudes of the
resulting system transient voltages, Of particular importance in this connection
are the conditions under which "turrent 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 cooperative research program on dielectric recovery has been in-
stigated at the High Voltage Laboratory of the California Institute of Technology.
This program is being sponsored by the Dept. of Water and Power of the City of
Los Angeles, the Kelman Electric and Manufacturing Co., and the Southern California
Edison Co, 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 obtain-
ed elsewhere on large air gap oh W by artificially producing faults and determin-
ing system conditions under which reignition did or did not occur. Also safe cir-
cuit reclosing times have been determined from staged tests under a limited range
of conditionsls?, Such techniques, however, permit a very limited variation in the
important parameters and require so long that either insufficient data are obteined
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 is -
thus not obtained, and vaporized metal may be produced in the gap by the fused
element,

A testing technique has been developed which overcomes these difficulties
and is an extension of work performed earlier on lightning current faults’?, The
insulation medium is first broken down by a surge generator, the fault current al-
lowed 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 complete dielectric recovery
curves can be obtained for a wide range of fault current magnitudes and durations,

See list at end of paper for all numbered references,
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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 over-voltages, This technique permits the accumulation
of a large mass of data so that effects of the various important parameters can be
studied and quantitative correlations made with theoretical approaches to the
problem,

Test Circults and Techniques

The main test and auxiliary control circuits are of interest not only
because they represent a new technique for studying 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
Fig., 1 and a photograph of the main power circuit in Fig, 2. This part of the
test circuit is shown by heavy lines in Fig, 1.  Sixty cycle power is supplied from
a 17 KV bus through a single phase induction regulator., This energizes a bank of
four 150 KVA; 8.6 to 2,4 KV transformers which supply the actual test eircuit., By
various combinations of series or parallel connections 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 inductor which can be varied in ap-
proximately one ohm steps up to 60 ohms, Fault currents up to approximately 3000
amperes can be obtained, The Ignitron circuit shown in Fig, 1 is used to control
the fault current duration if the self extinguishing characteristics of the cir-
cuit are not to be studied directly.

To start a fault condition, the test gap is first broken down by the
surge generator designated as No, 1. Its firing time is accurately synchronized
with the main 60 cycle power source by means of the %phase-shifting selsyn, peesking
transformer™ trip circuit showm in Fig, 3., Thus fractions or multiples of half
cycles of fault current can be accurately duplicated, As shown in Fig, 3, radar
pulse trensformers, rated 8 to 30 KV, have been used with excellent results for
tripping the surge generators,

The facilities of the Cal Tech High Voltage Leboratory include two 100
KV surge generator charging circuits and two separate 10 bank, 1000 KV surge gen-
erators that can be used as two separate generators or as one two-million volt gen-
erator, In this test the two separate units comprised generators Nos, 1 and 2,

When the main 60 cycle power circuit of Fig. 1 is energized, the test gap
shunt resistors are isolated by means of a small air gap to reduce their -required
power rating, For breasking down the test gap, surge generator No, 1 is adjusted
to cause gap flashover on the wave front and thus produce a very short duration
voltage pulse which (due to its high effective frequency) can be kept out of the
main power circuit by means of the filter circuit shown in Fig, 1. The inductor
and capacitors of this circuit are shown in Fig, 2 together with the test gap and
power transformers. At high frequencies this circuit is a high impedance as view-
ed from the test gap and thus permits sufficient voltage from surge generator No, 1
for gap breakdown in short times but allows very little voltage to reach the trans-
former 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
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characteristics of the test gap over a limited range of system recovery voltages
and frequencies, as indicated by the range of variation of voltage and filter cir-
cuit constants shown in Fig. 1. Natural system frequencies from 300 to 7000 c.p.s.
can be obtained,

The No, 2 surge generator is used for the second type of dielectric re-
covery study in which the insulation strength of the test medium is tested at var-
ious time intervals following the end of a controlled fault current, The No, 2
surge generator and Ignitron circuit are both timed by a pulse taken from the No, 1
generator as shown schematically in Fig, 1. The Ignitron bias control and timing
control circuits are shown in Fig, 4. The pulse from the No, 1 generator is ap-
plied 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
Fig. 4). These relays have a delay time of only five milliseconds so that the
Ignitron circuit can cut off the fault current at any desired current zero, For
fractions of a half cycle it was found readily possible to trip the F6105 grid bias
circuit by an induced pulse from the No, 1 generator, Thus the Ignitrons are immed-
iately conditioned to block off at the first current zero, The duration of fault
current is then varied by the initial trip time of the No., 1 generator,

Ten Stage Scale of Two Counting Circuit., It is of course desired to accurately con-
trol the time of firing of the No, 2 surge generator to study the dielectric recov-
ery 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® circuit6 was
developed which counts pulses from a variable frequency square wave generator,

This circuit is shown in Fig, 5 with its schematic diagram in Fig, 6.

Each stage of the counting circuit consists of two tubes whieh 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
terminal "™Out" of one scale of two is connected directly to the terminal YIn® of the
next scale of two and so on for 10 stages, When T-2 (Fig, 6) of the preceding stage
becomes conducting a negative signal is applied to the plate of the "Off" tube and
through the RC 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
non-conducting 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 are applied
to it from the preceding stage so that for 10 stages a total of 210 or 1024 pulses
input to the first stage are required to produce a complete operation of the count-
ing circuit, Thus by varying the frequency applied to the counting circuit a vary-
ing time delay can be obtained, The oscillator driving the square wave generator
will apply frequencies up to 80 kilocycles and thus for 10 stages, time delay=s 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 putting a positive bias on the 6SJ7 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 at the end of its operation which in turn negatively biases the
6SJ7 to cut-off and resets the counting circuit for its next operation, The con-
trol pulse out of the counter is fed to the No, 2 surge generator trip pulse cir-
cuit shown in Fig, 3, '

Automatic Fuse Changer. Although the ILC-filter of the main power circuit (Fig, 1)
presents sufficient impedence for the short duration pulse of the No, 1 generator,
it is not very practical to have a filter of sufficient impedance to allow a con-
ventional surge generator to produce a full wave with a tail of 40 microseconds or
more, It was however found quite easy to use a series fused gap so coordinated as
to allow the fault current to flow but to insulate against the discharge of the
No, 2 generator, - An automatic fuse changer was developed to allow continuous op-
eration without shutting off the main power circuit between test shots, This is
shown in Fig, 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 posi-
tions each quarter turn of the fuse holder rotor,

Recording Equipment. The complete circuit is suitable for testing insulating media
with initial insulation levels up to about 300 or 400 KV, As shown in Fig. 14
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-ray oscillograph with both electrostatic sweep control
and a high speed drum type film holder. The C R O can be tripped from the No, 1
or No, 2 generator as desired, In addition photographic studies of the arc path
can be made with two cameras; a high speed (3000 frame per second) Eastman prism
shutter type 16 mm movie camera and a high speed rotating camera with film mounted
on a rotating 3600 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 cir-
cuit insulation levels are adecuate for studying gap spacings up to about 15 inches,
Previous data on lightning surge currents® had been obtained at gap spacings of six
and eleven inches, Most of the data discussed here were obtained at the same spac-
ings to correlate with those tests. In addition three 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 para-
meters until critical reignition is reached, A point on a dielectric recovery
curve can then 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 sys-
tem recovery voltage, the applied circuit voltage to control the magnitude of the
recovery voltage, the magnitude of the fault current, and the gap spacing, Unfor-
tunately, it is difficult to vary any one of the above parameters without causing
appreciable 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 proced-
ure since it requires an accurate readjustment 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 reig-
nition condition is reached,
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With gaps of the order of three to six inches it was found that the cir-
cuit voltage had to be reduced to the order of 1000 volts rms (or less) before arc
extinction would occur naturally with fault currents of practical magnitudes, This
was true with system natural frequencies as low as 300 cps., Even then the currents
were below 50 amperes, This phase of the study was necessarily confined therefore
to currents of this magnitude or less., Under these conditions the &rc drop was ap-
preciable and as is to be expected accurate reproduction of test conditions was
difficult. It was found in all cases that if the arc extinguished 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 con-
siderably. This erratic characteristic therefore requires so many tests to get a
mean critical condition that enough points for even a porticn of a dielectric re-
covery curve can not be obtained in a short enough time that the effects of varia-
tions in atmospheric conditions can be eliminated orstudied.

Table I lists 77 sets of critical reignition test runs that were made,
In the tabulation are given the applied voltage crest fault current, percent of one
half cycle of the fault current, crest magnitude and time to crest of the system re-
covery voltage, The current data apply to the actual oscillograms from which the
recovery voltage point was scaled et the test shot on which the circuit just recov-
ered, A typical oscillogram from which these data were obtained is shown in Fig, 8.
As shown in Table I, the crest current ranges from seven 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 varia-
tion, but the spread in the points as plotted on dielectric recovery curves com-
pletely masks any effects of veristion in the fault current. The only logical segre-
gation found is with regard to gap spacing, In Fig, 9 are plotted all records segre-
gated into two groups of gep spacings, These date will be discussed in more detail
later,

Tests Using Two Surge Generators

With the Ignitron circuit and sufficiently high circuit voltages that are
drop is not a factor, accurate control of the magnitude and duration of the fault
current is obtained, Individual tests can be made at the charging rate of the
surge generator or one minute intervals., Thus the study of the effects of the con-
trolling factors becomes practicable since the circuit test conditions can be ac-
curately duplicated and many test points obtained during essentielly 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 No, 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 use a
standard 1-1/2 x 40 microsecond wave, The volt-time curves under the conditions
of a predischarge are mich flatter than with no predischarge and unaffected by
large variations in the tail of the test waves, This had been observed previously
for the lightning surge studies’, Typical volt-time curves both with and without
a predischarge are shown in Fig, 10, Two things of interest are illustrated by
this figure, One is the more random nature of the data when the medium is recov-
ering from a fault, The other is the fact that although the volt-time curves
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plotted through points obtained in this way have less turn up than for gaps with-
out a pre-discharge, the breakdown can occur at much longer time lags. Further it.
was found that for a region of time intervals (that increases with magnitude of

the fault current) breakdown can occur at a relatively slow rate, This is illus-
trated by the oscillograms of Fig., 11, This same phenomena had been observed

when studying gaps recovering from high current short duration surge currentss.
There, however, 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 microseconds for 100 ampere faults and to about 70,000 microseconds for cur-
rents as high as 700 amperes, The percentage of such slow breakdown records de-
creases at the longer intervals, However, even though all breakdowns are at this
slow rate there still exists a definite critical voltage below which breskdown will
not occur, Because of this type of breakdown and the possibility of the media not
supporting 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 gep curve (Fig., 14b). As shown by Fig, 11,
partial breakdowns were also recorded at the shorter time delays after current zero,

High ‘Speed Camera Studies, Much valuable information has been obtained from the
high speed photographic studies, particularly from the records obtained with the
3000 frame per second movie camera, Portions of one of the more interesting of
these records is shown in Fig, 12, The first group of frames shows the first 2300
microseconds of the fault current.arec, The second group shows the luminous gases
present in the arc 0,013 seconds after the start of the fault or 0,0043 seconds af-
ter the end of current flow. The third group shows the luminous gas in the arc just
prior to the flashover produced by the No, 2 surge generator 0,041 seconds after the
start of the fault or 0,0322 seconds after the end of the fault current flow, 1In
all cases photographed the luminous gases either moved out of the center of the gap
toward the electrodes or the gases near the elecirode remained luminous longer. As
shown in the third .group of records in Fig, 12 there still remains a faint path of
luminosity in the gap through which the second discharge occurred, In all record-
ed 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 ob-
served, The fourth group shows the second discharge and the fifth the luminosity
which still persisted at one terminal after 0,12 seconds, Feint traces of luminous
gas are visible in such a record as long as 0,15 to 0,17 seconds after the end of
the fault current 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 developes,
then expands radially (in of course a tortuous corkscrew path) with visible diam-
eters of two or three inches, The luminous area shown in the frames reaches its
meximum at the crest of the fault current and diminishes only slightly by the time
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 general
region of the gap in the period that it is photographically visible,

The record in Fig, 12 is of particular interest since it shows that a
large time intervel was required for the second discharge to build up to meximum
intensity, This corresponds to the show rate of breakdown mentioned previously.
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The first frame of the fourth set shows initisl stresmers propagating from each
electrode through the trail of Iluminous gas, The next frame shows the intense
"return streamer" that completes the discharge, Of these two initiel 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 actusl time of
build up can not be determined from such a record. Actually the longest times for
breakdown to develop as recorded with the oscillograph were of the order of 30 or
40 microseconds, 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
thousand microseconds, the second discharge departs greatly from the path of vis-
ual luminosity., By this time the hot gases have disappeared in the central region
of the gap and the second discharge tekes 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, Assignificant changes
occurred in the weather, test runs were repeated to determine the effect. In such
cases the variations between mean critical breakdown values were of the same order
of magnitude as the standerd correction factors to be applied to air without a pre-
discharge, Typical data of this type is shown in Fig. 13, The principal results
of the grouping of the three runs is the correspondingly greater spread in the
points, The application of the standard correction factor for varying atmospheric
conditions to the test data brought the grouping closer together., 1In 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 applied to the data but probably have
no significance., Only the two points shown in Fig. 14b 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 accurately estab-
lish the dielectric recovery 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 Fig, 14 for three, six and eleven inch horizontal rod gaps. As shown, the bulk
of the data has so far been obtained for one half cyecle of power current. Shorter
duration arcs have not yet been studied in detail, It has been found that the rate
of recovery is relatively insensitive to longer durations, Points obtained with
one or two cycles of fault current are not appreciably different than those for one
half cycle,

Comparison of the three inch and six inch gep data in Fig. 14 shows that
not only is the strength of the three inch gap proportionately higher at any time
interval but its relative rate of recovery is more rapid., Examination of critieal
breakdown curves for rod gaps without a predischarge shows that the relative
strength of a three inch gap is greater than a six inch gap whereas the curve be-
comes a straight line above six inches., This is due to the gap configuration and
probably also explains the first of the above comparisons for the cases with pre-
discharges, The second effect is probably due to electrode cooling. The greater
conductivity of the electrodes can have an sppreciable effect in cooling air
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adjacent to each electrode., For gaps of six inches or more this effect should not
be appreciable as shown by the comparison between the elever inch and six inch gap
curves, These show quite similar rates of recovery and the eleven inch data has the
same proportionality factor at all points, It thus appears evident that data obtain-
ed from gaps of these lengths cen be extrapolated to larger gap spacings, These
same considerations apply to date of Fig, 9 for tests obtained using natural system
recovery, Here gaps in the region of three inches have about twice the proportion-
ate rate of recovery as six inch gaps, This is somewhat higher than the proportion-
ate ratio observed in Fig, 14, . '

The 8ix and eleven inch gap data of Fig., 14 show that for fault currents
of 100 to 700 amperes, time intervals of 0,02 to 0.04 seconds are required for the
insulation to recover to one fourth of its original strength and 0.05 to 0.08 sec-
onds to recover 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 required after the interruption of the
fault before it is safe to reclose the breskers,

Fig. 15 shows the correlation (in the region of shorter time dglays) be-
tween the two types of tests described here and data previously obtained” with high
magnitude-short duration fault currents representative of lightning surges, The
very rapid recovery to lightning surge currents is contrasted with the much slower
recovery, even to power frequency currents as low as 20 to 50 amperes, The rela-
tively slow rates of recovery for 60 cycle fault currents make it appear unlikely
that normal power line insulation would recover after an appreciasble 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 normsl system voltage to normal insulation strength
one finds from the dielectric recovery curves that even if the system transient or
recovery voltage did not exceed normal voltage, its frequency would have to be less
than 60 cycles to prevent its crossing the dielectric recovery curve. For a system
natural frequency of 1000 c.p.S. and assuming an overvoltage of 1,5 times normal
the ratio of normal applied voltage to normal insulation level would have to be of
the order of 0,01 or less, However, as shown by the dielectric recovery curves for
short duration surges a good probability exists for recovery at a high frequency
current zero., This has been discussed in Reference 5,

Future Tests. Unfortunately this is a very complex subject and many more tests are
required before some of the important conclusions can be reached on this subject,
Data have to be obtained for feult current durations between the range of the short
duration lightning surges and appreciable fractions of one half cycle of power fre-
quency., The effects of appreciable air velocities and of gap positions must be
studied and similar data obtained for other media such as insulator strings and wood
insulation, This, together 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 that is now in progress,
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TABLE I

SUMMARY OF ACTUAL SYSTEM RECOVERY TESTS

Gap Per cent Crest Crest Recovery
Osc, Test Crest Half Transf, Gap Time
No, Gep (in.,) Amperes Cycle Volts Volts Microseconds
o 6,0 18,8 50 1750 2700 1160
78 6,0 72 50 1530 2100 895
80 6.5 Yot 50 1585 1660 1010
85 6.5 8.4 50 1590 2475 1230
87 6.5 113 72 1560 2060 1305
116 6.5 2L 90 1565 3140 1285
119 6,75 24,0 86 1580 2920 1640
138 6,75 11.4 27 608 426 343
139 4e0 10.4 36 609 372 286
141 3.0 23,0 59 630 255 248
142 245 19.6 59 637 240 15
149 3.5 12,6 32 601 195 200
150 3.5 21,8 59 627 487 343
151 3.0 24,1 63 640 568 457
153 I 38,7 71 640 675 420
154 2,63 27,6 64 625 375 410
155 2,56 414 73 625 765 571
167 6,75 21,8 86 1740 3080 1605
176 6,75 13.4 T 1600 2680 1016.
184 6,75 15.1 86 1310 2145 1218
187 6,75 22,1 55 1310 1237 670
193 6,75 25,0 82 906 1065 650
195 6,75 17.3 68 896 740 608
199 6,0 20,7 68 875 940 781
200 6,0 19,6 55 947 880 694
202 6,0 27,6 Va4 947 1206 - 70
241 6,75 23,0 73 1040 1085 710
253 3.5 20,2 50 806 260 257
254 o 12.1 18 806 279 262
255 3.5 19.4 50 806 316 171
257 39 16.1 50 867 224 286
258 3.5 10.3 36 867 405 344
263 375 11.4 23 806 281 294
265 3.75 16,1 45 947 300 417
271 3.69 29.9 64 952 9%, 455
279 3.9 17.2 36 940 152 214
283 3.9 27,6 68 804 386 305
290 4e5 3ol 59 934 837 498
297 5.0 36,3 50 793 105 286
298 5.0 56.5 50 793 216 271
299 5425 56,5 50 806 291 381
301 5425 194 27 78 71 105
302 5.25 Lol 45 804 185 328
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SUMMARY OF ACTUAL SYSTEM RECOVERY TESTS

Gap Per cent Crest Crest Recovery

Osc. Test Crest Helf Transf, Gap Time
No. Gap (in,) Amperes Cycle Volts Volts Microseconds
306 "9e25 48.4 50 804 306 617
307 6,0 523 50 764 435 509
309 6.0 8.4 50 793 425 530
396 2,56 32,2 90+ 700 404 496
438 5.75 21,8 90+ 1032 486 621
441 5.88 27,6 90+ 1032 649 785
bl 5.63 22,3 90+ 1025 738 814
449 6,88 27,6 90+ 985 760 864
452 6.38 25.3 90+ 962 680 553
454 6,0 20,7 90+ 962 513 456
456 - 5.9 33.9 90+ 962 868 585
462 5,38 34.6 90+ 962 870 829
471 450 33.8 90+ 962 924 YA
506 5,63 30.2 90+ 1202 813 595
513 6,75 36.8 90+ 1147 876 657
527 6,75 28,7 90+ 1019 726 540
528 6,75 28,7 90+ 1019 789 723
539 6,75 27,2 90+ 941 671 585
544, 6,75 29.9 90+ 941 664 520
545 6,75 24,8 90+ 941 535 460
551 6,75 25,3 90+ 941 638 572
559 6.75 17,9 90+ 941 388 463
561 6,75 $ 23,0 90+ 941 513 458
563 6,75 23.2 90+ 941 583 660
565 6,75 25.3 90+ 835 398 530
566 6:75 34,5 90+ 835 518 534
567 6,75 18.4 90+ 835 168 303
568 6,75 39.1 90+ 835 513 440
571 6,75 30.3 90+ 835 403 430
572 6,75 36,8 90+ 835 525 473
573 6,75 322 90+ 835 495 469
375 6,75 32.2 90+ 835 488 520
576 6,75 26,4 90+ 835 358 475



8.

SECOND SURGE GENERATOR

; ; 1 <
SMALL S 2
AIR GAP
CURRENT Alfromarie
REGULATORS ~ GIRGUIT LIMTING RcER
9000 ?—RE,Q-KER 0-17000V °‘2°°°I‘“$ FIRST SURGE GENERATOR
N * A4 WW- MWW
(2] %
o & ARRESTER TEST GAP b3 1 ‘/J_
8 FILTER b3 L
VvoLT z CIRCUIT E —V j
BUS 3
0-2ut
@« ‘: A'A'A'A' A
3 3
{ INSULATOR
N L1 } DIVIDER

LTAGE[  TIMING TIMING PHASE
CURRENT VOLTAGE|  CoNTROL CONTROL
IGNITRON 2nd SURGE INITIATING
CIRCUIT GENERATOR PULSE

Fig, 1

Fig, 2

transformers in background.

Schematic diagram of dielectric
recovery test circuit.

DoDbRbAIDY oy

View of main power circuit showing
test gap in foreground and power
Capacitors and

inductor of filter circuit are on right side,

B+ 250V

B+ 8000V

3¢
SUPPLY
PHASE SHIFTING
SELSYN
+ PULSE FROM
DELAY CIRGUIT
Fig. 3

PULSE
TRANSF
8KV- 30KV

Control pulse circuits for timing
surge generator trip circuits.



/O0C.

BIAS CONTROL GIRCUIT

E | 0 R R 5 day
Tl

HIGH SPEED RELAY INSULATED
FOR MAIN CIRGUIT VOLTAGE  d—}

| hatanian |
! N
|t
I
Tj]
3
3

TIMING CONTROL FOR IGNITRON CIRCUIT

SINGLE SHOT MULTIVIBRATOR =
—L olpf
== Ol -
2050
P i Bl B
PULSE ! -
FROM \H
S6. No.
RESET.
RELAY

Fig., 4 Timing and bias control circuits
for main Ignitron fault duration
control circuit,

Fig, 5 View of timing control circuit for
the Ho, 2 surge generator:

(1) oscillator (2) square wave generator

(3) binary counting or delay eircuit,



70/,

=
1
T

AMA

STAGE No.5 STAGE No.l0

10 STAGE “SCALE -OF-TWO" COUNTING GIRCUIT

SQUARE WAVE INPUT
TO COUNTING CIRGUIT

+ PULSE TO OPEN GATE
Fnir)
GONTROL AL
FOR 65J7 PULSE
6SN7 TO GATE
GATE GONTROL ~ TUBE
SQUARE TUEE
WAVE
GENERATOR
50- 80,000 m
CYGLE + PULSE o, PHASE PU
0SCILLATOR TRON NVERT/  —PULSE
+RUSE TO TRIP PULSW
No.! CIRCUIT
GEN. No.2 GEN.
Fig, 6

Schematic diagram of timing control
circuit for No, 2 generator.

. TRANSF. VOLT
140 ¥/mm

Gare

MO=~/00 VoLTAGE % sach G
/67 230/, m

Fig., 8 Typical fault current-recovery
Fig, 7 Automatic fuse changer for series

voltage oscillogram for tests using
gep in main power circuit,

natural system recovery voltage, (Test 167
of Table I)



KV CREST CORRECTED

L2,

°°° 1]
| |
T
|
2 %%
:
> 400
1
4 /
et
Lg_J 300
= /
g i
7 19 o
g = 7
3 7 d
o /o
100 vl -
&
// /V
o Lz
0 200 400 600 800 1000 1200 1400 1600 1800
RECOVERY TIME - MICROSEGONDS
(qA) (a) 2.5 TO 4.25 INCH GAPS
600
. 500
S
~ o
g 7 :
> 400
é o
)_—' /
< 300 Z =i
E .
> / P
200 v ’
°
o e T
o p v
100 & oL 5]
ol &1 ° |29
- .
o
0 l—b = T
o 200 400 600 800 1000 1200 1400 1600 1800
) RECOVERY TIME - MICROSECONDS
(a8 (b) 5.0 TO 6.9 INCH GAPS

Fig, 9 Data on dielectric recovery of
standard rod gaps using natural sys-

tem recovery voltages, (See Table III)-
(a) - Gap spacings from 2,5 to 4.25 inches
(b) Gap spacings from 5,0 to 6,9 inches

INITIAL_BREAKDOWN
NO POWER GURRENT

FULL WAVES

4 BAR = 28.99 IN.
X W.B=72.5°F =

q D.B = 75.5° F.
A .

L

10 g

o
o

8 o 8oL
. |55
&

—
o/ 9
ca

o

1o

o
o

o

uI
I

oq = =

TR TN

o o

POWER |CURRENT 250 AMPS CREST FOR 'E CYCLE
TIME DELAY AFTER CURRENT ZERO - 76,965 u SEC.

5 8 10 . 12
TIME TO FLASHOVER IN MICROSECONDS

Fig, 10 Comparison of time-lag or volt-time

curves (obtained by two generator
tests) for three inch rod gap with no predis-
charge and predischarge of one half cycle 250
ampere crest.



/03.

Arcrosecond

[ [
MICROSECONDS
A B

Fig, 11 Typical oscillograms showing slow

breakdown characteristics obtained
when No, 2 generator voltage is applied at
short time intervals,
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APPENDIX II

CALCULATION OF HEAT TRANSFER COEFFICIENT
FOR HIGH PRESSURE ARC COLUMN

=

CALCULATION OF THE FILM HEAT TRANSFER COEFFICIENT FOR 1000
FEET PER WINUTE WIND

A comparison of the film heat transfer coefficients for a 3.5
inch afc cross section will be calculated for wind both axial and
perpendicular to the test electrodes, The wind velocity is 1000
feet per minute and the assumed arc temperature is 4000 degrees F,
The values for the other constants, some of which are extrapolated

45
from values given in the Chemical Engineer's Handbook, are as follows:

U - wind velocity of 1000 ft./min,
/%0 - density of air at 70° F = 0,08 1b,/ft,3

///(2000 - viscosity of the fluid at the film temperature
= 0,052 centipoises,

to - bulk temperature 70° F,
tp = film temperature 2000° F,

koogo = thermal conductivity 0.04 B T,U, ft

hr.-ft,2-OF,
kyg = 0.015 B,T.U. ft,
hr,-ft,<<OF,
C - specific heat at constant pressure 0.238 B,T,.U,
P70 1b, OF,
G = ?/070 = 4800 b,
hr-ft2

Re - Reynolds' No, = DG =D U/,

pN:
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For the case of the wind perpendicular to the arc

Re = 3,5 x 1000 x _,08 = 1,11 x 104
12 60 .052 x 6,74 x 10~4

hmDo = 0.45 + .33[ Dog | +%©
ke

o hmx 12 = .45+ .33 (1.11 x 104) %0
.04

hm = 8,4 B,T, U
hr.ft,2 OF,

For no wind hmDo = 0,45, therefore hm = ,45(,04)(12) = .06
kf 305

For the case of the wind axial to the arc

Dol = (14)% - 77/4(3,5)2 = 68",
% 3.5

n

... Reaxial = l.ll X é_S__. 21.6 X 104 .

3.5
(45)

From Fig, 8, Curve ABC, page974 of Chemical Engineers' Handbook,
y = ,002, therefore

i

P

r h J[j.ZBS X ,052 x 6,74 x 1074 x 360012/3 = ,002

| .238 x 4800 .015

h = 1,43 B,T.U
hr.-ft.z-OF
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II  CALCULATION OF THE FILM HEAT TRANSFER COEFFICIENTS FOR 30,000
FEET PER MINUTE WIND

For the case of the wind perpendicular to the electrodes, Reynolds!®

Number
Re = DG = 3.5 4 30,000 , ,08
A 12 60 .052 x 6,74 x 10~4
= 3,33 x 107
and
3.5
hn 12, = .45 + .33 (3.33 x 105)°%°
.04
hm = 56,

For the wind axial to the electrodes,

Re = 3,33 x 105 x 68_ = 6.48 x 106
35

therefore

and
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APPENDIX III

CALCULATION OF DIELECTRIC RECOVERY VOLTAGE

According to Slepian's theory of the extinction of the long a.c,
arc(17), which is briefly summarized in the introduction to this thesis,
the critical breskdown gradient for reignition of the arc is determined

approximately by the following equation,

Xc =_0D
et nd
where
D = constant
a = diameter of the arc

o]
L]

volume density of ions of one sign in
arc column,

To obtain data on the variation of the density, n, and the diameter
of the arc, a, with time a high speed photographic study of the arc was
made, Two mutually perpendicular views of the arc were obtained as
described previously. Because of the irregular shape of the arc section
and the non-linear field distribution for the rod gap, the arc section
was divided into 13-14 equal lengths and the critical breakdown gradient
for each section was determined independently. The diameter of each
section was determined by averaging the diameters of the two mutually-
perpendicular views of the arc, These dimensions of the arc were ob-
tained from 5 x 7 inch enlargements of the 16 mm, film, By making masks
of the electrodes from views where they could be located and superimposing

these masks on later frames where the electrodes were not visible, the
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luminous gases were located with reference to the test gap. The density
of the luminous gases was obtained by the use of a microphotometer, 4
long narrow slit in the mierophotometer made it possible to obtain a
density reading of the integrated intensity for that increment of the

arc section, By moving this slit across the arc section, a response
curve of density was obtained, similar to the curves shown in Figs, 43 A
and B, By comparing the position of the luminous cloud in the 5 x 7
enlargement of a frame for a particular time after current zero with the
density curve corresponding to that particular frame it was possible to
position the density curve with reference to the test gap electrodes. By

rearranging the equation for the critical breakdown gradient to

Xc = D(a %1
(acn)%
where
(a®n) = for a particular incremental section
of the arc is directly proportional
to the integrated density for that
section as determined from the micro-
photometer reading, d, as shown in
Fig., 43 A and B,
therefore
1
X =C a =,
d

Calculations for the apparent value of X, are shown in Tables I-III,

In order to obtain the axial voltage gradient in a 6 inch standard
rod gap, the voltage distribution between an electrode and a ground plan
spaced three inches from the electrode was obtained by a voltage probe

in a salt tray. A plot of the field strength across the 6 inch gap for
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200 volts applied across the gap is shown in Fig., 42. Assuming there

is no space charge in the long arc column(35)the above voltage gradients
are then directly applicable to the ionized are., The field strength
ratio was determined from the plot of field strength, and by comparing
the apparent field strength with‘this ratio the lowest breakdown of the
arc, in the four sections closestto the electrodes, was determined and
the breakdown voltages for the other sections determined on the basis

of the field strength ratio, It should also be mentioned that the zero
level of the apparent field strength was determined by calculating X,

at current zero and all values of the apparent X , determined after this
were obtained by subtracting this zero reading from the calculated X,.
The breakdown voltage was then obtained by adding all of the incremental
effective values of Xc and multiplying by a constant, This constant was
determined at 300 amperes, half cycle for a 6 inch test gap at 26.5 milli-
seconds after current zero by comparing the sum of the effective field
strengths with the experimentally determined breakdown gradient of 47
kilovolts as shown in Table I, The calculated recovery voltages for other
conditions are all based on the constant determined above and the results
of the calculations are shown in Fig, 44. The calculated recovery volt-
ages for 11 inches, 300 amperes, half cycle and 6 inches, 800 amperes,
half cycle are higher than the experimentally determined values, Diffi-
culty was experienced in obtaining optimum exposure conditions over the
range of intensities so that it was necessary to over-expose the film
close to current zero in order to have correct exposure of the film later

in the sequence,
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