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JUMMARY

The develupnsnt and use of high voliage surge
generating equigmant ars deserihad in thils thesin.

Tmpuloe sgquipnent caredle of producing and
recording standard test surges up o 2,000,000 volty
for both research and commercial testing have been
developed,

The\pressnt status of insulation coordination
shows the need for more data on the impulse character-
igties of large oil gaps.

LA new type of oil test tank has been constructed
whioh permits less gap field distortion and better
conditioning of oill and slectrodes than was formerly
rossidle for large gaps at high voltage.

The impulse characteristiocs of oil gaps having
spaoclngs ranging from one-half to eight inches
formed by olreular brass rods with spherical ends
from one~-fourth to two inches in diameter have been
determined.

It is found that such gaps have impulse
gtrengths whioch are greatly affected by slight
changes in conditions of both the oil and electrode



surfaces.

Thelr inmpulse values are much higher than
thelr 60-oyole strengths and are functions of the
were ghape of the surge.

The most probatle type of breakiown mechanism
was found to be the thermal selectric breakdown

initiated by Impurities in the oll,



INTROPUCTION

One of the most important and dAifficult problems
confronting transmission arnd distridvution engineers
ig the insmlation of power systems against the
voltages to whioh they are subjeoted. These voltages
may bhe convenlsntly grouped into thres oclasses; powsr
freoquency voltages, switching surges and lightnlng
disturbances.

A syetem must be ingulated to withstand the
power frequency voltages of normal operation. Today
transmission voltages of over 200,000 volts are not
uneommon and the 1limit is steadily being inoreased.
Also, due to system fanlts, over-voltages of power
fregneney a8 high ag two and one-half to three times
normal ocan be developed.

Transients produced by such disturdances as
cirenit dreakers switching in and out sections of
systems during fault conditiorns are of short duration,
lasting only & fraotion of a eyele of power frequency.
However, they may cause over-voltages of three %o
four times normal operating voltage. _

The highest voltages to whioh systems are sub-
jected are due to direat lightning strokea. Voltages



produced depend not only on the variabls character
of the stroke itself, but upon the ground conditions
of the piece of apparatus struck. Thus a wide range
of voltages may be encounterad. The most ocommon
place for a siroke %o ovour is on & fYransmission
1ine tower, and the voltage developed depends pri-
marily upon the tower footing resistance. Qaleunla-
4ions baged om a foohting resistance of ten ohma (an
average value) show that voliages of the order of
magnitude of 16,000,000 volts may De developeé%)and
values 88 high as 5,000,000 volts have Deen reeordeé?)
The wave shape of the main portion of a lightning
gurge has never been found to vary over wide limits.
It usually consists of & unidirectional wave rising
to orest value in from one to ten mioroseconds and
decaying to substantially zero in about one hundred
mieroseconds. XEvidence has recently been found that
the tail of the wave frequently has a relatively low
magnitude component that lasts for several thousand

(3,4)
_microseconas: This long duration component is

*3ee Bibliography for all references.



important from a standpoint of the surrent Llowing
in sertain pleces of power aguipment, but 1s not
important for insulation comsiderations.

It 18 esconomieally impogeible to lnsulate com-
plately a1l portions of a power aystem to withstand
such a wids range of wvoltages, so 1t 1s necessary
to provide protective gaps and to grade the insula-
4ion in such & mamner that the least vulnerable
points break down first. This general problem is
eommonly known &8 insulation coordination and requires
4he knowledge of the insulation characteristiocs of the
various types of gaps and flashover surfaces formed by
the insulating power equipment.

There are a large variety of gaps used in practiice
involving o044 shaped electrodes and usually non-uniform
fields, with gaseocus, so0lid and 1liguid dlelectries and
their combinations as the insmlating medium. The
problem of determining the electrical characterlstlocs
of these hag been a difficult one and this work is at
present by no means complete. The most common type
of gap 1s the alr gap. This has been studied rather
thoroughly because, since air is a self-heallng
disleotric, 1t is nsed in all the types of gaps which



are degigned to break down filrsti. Furthermore, 1%
is subjeot to a fundamental and consistent mechanism
of btreakdown, so that more 1s known zbout 1t and
more aaqsourate ragulls are obtainable.

Such adir gaps have an insulation strength that
is a fixed value for power frequency and normal
switching surge voltages. However, for tranaients
a8 fast as lightning surges, i1t is a function of
wave shape. The fundamental character of thism can
best be sftudied hy means of a square voltage wave
guch as shown in Fig. 1{a). If the time required
for breakdown be plotted as a function of applied
voltage for such & wave, & curve similar to that
ghown in Fig. £(a) is obtained. Such a curve is
called a time lag enrve. It showa that ss the
volitage 1s decreased from very high values, longer
and longer time lags are required for breakdown
until finally the minimum voltage for whieh break-
down ocan take place and its corresponding maximum
$ime lag are reached. Voltages requiring sub-
stantially longer times to reach orest value than
thig maximum time lag will break down the gap at
this same minimum voltage.

8)
Townaané was the first to propose the mechanism



a Sgvare Wave

0} — — [

%\ ﬂ’L I — —_— / —_—
N / .
X B8, /37O Wweve
L |0 {
o /é/(s Lt ‘
JouSec Tt
7ime

frg I Impolse Waves For 7257079

C o/ Gap Zime L zg opve
/ l #or 1 5. YT hgre

4,

Arr Gep Curve
/F-vo WFVG

\J! :
= / Tgxs o
A\, Zime Lo
NN St AU
N { NA# Gop Tme Lag Corpe
: | Q. 7or Sguare idave
[/g//n/_ﬂg ' 5 w//‘célhy Jurge Power /‘?fZ. Songe
‘ Iﬂf'yf’ ?00;@ ) /-Pymye )
o £ 08?7 57 07 o7 / /0
Lineor Scafe Log Scale

Time s Sec.

/—/-7 Vsl 7;/-/0/2‘0/ Jine lay Corves.



of breakdown in gases as & development of an
electron avalanche from the collislion of atoms by
free elsctrons, and with some modifications this

is the accepted theory for breakdown of gaseous
‘dislectries. Tt iz found that even for the most
non-uniform fields, the maximum time poasible for
breakdown to ocour eannot be over one to two hundred
microgeconds for gaps no larger than those used in

practice. This can be definitely determined from

the study of large point gaps and in the extreme case,

the lightning stroke. For these cames the dimcharge
mechanism starts at one electrode at some definite
grafiient and progresses as an ionized chamnnel st the
tip of whiech the ionlizing mechanism is taking place
until it reaches the other electrode. As long as
the ionizing mechanisam is confined to this tip and
does not start at several places simultaneously,
this 18 the slowest type of breakdown obtainable

in air gaps. It is found that corresponding to the
minimum gradient at which the spark will advance,
there is a minimum velocity at whiech stable propa-
gation is obtainable. Observations of lightning
discharges by Schonland in 3outh Afrigz)shcw that
the minimum veloclity for propagation of & lightning

gtroke 1s of the order of 107 centimeters per second,



9.

‘ (8)
and Allibone has found for long sparks in the

laboratory a minimum veloecity of propagetion of

sbout 10° centimeters per second. Voltages higher
than the minimum voliage, of ceurée, produce higher
.veloelty of propagation. TUsing 10° centimeters per
seconfl, the time lag for a gap of four feet in length
would have 2 maximum valne that ecould not be over

one hundred and twenty miecroseconds. Aotually, common
alr gaps used in practice have maximum time lags that
are much lessa.

The time lag ocuwrve 1s a function of wave shape.
Ourves determined with square topped waves will always
lie below thése obtained with.waves having the shape
of lightning surges, Fig. 2(b). The use of the square
topped wave would give the most conservative results
in coordinating gaps.‘ However, it i1s both mechani-
cally and economically impraoctical to construct an
impulee generator capable of providing the high
voltages necessary for testing and whieh would have
gufficlent capacity to give a wave with & flat enough
tall to provide the same praoctiocal resulte as a
square wave.

It has been primarily this eondition whieh led

to the adoption by impulse laboratories and the



Standards of the American Institute of Flectrical
Engineers of the i%-&o wave for impulse testing on
the tail of the wave. This standard wave is defined
in ¥ig. 1(b), and oscillograms of typical standard
waves produced in the High Voltage Laboratory at the

California Institute of Technology are shown in Fig. 3.

When flashover is confined to the tail of the'wave,
Pig. 3{0), the front of the wave is relatively un-

important, and in actual practice little consideration

is given to this by most of the laboratories.

In general, time lag curves are found to dbe a
funation of polarity. Most common gaps, except the
gphere gaps, have a lower breakdown strength for
positive surges than for negative ones. For this
reason, it has been the custom until recently to use
the pogitive polarity for impulse testing. However,
1% has now been definitely establi;gééo%hat practi-
cally all lightning strokes are of negative polarity.
This point, therefore, is now in controversy.

The proper application of one gap to protest
another requires that the time lag curve for the
protecting gap always lie below that for the gap
veing protecteldl. Time lag data obtained with the

14-40 wave have produced fairly satisfactory results.

10,
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This is not necessgarily due to the fact that 1t has

a duration as long as that of the mogt severe
lightning strokes. 8Hinee the ourves for most common
ailr gaps have flattened out to praoctically their
minimum value in five to twenty mioroseconds and

the 1%5~40 wave hag not dropped a great deal im this
time, the time lag ourve is not much different from
that whioch would be obtained with a square topped
wave. Thils 1s shown by the faet that the minimum
impulse strength of moat air gaps is not over twenty
or thirty per cent higher than the power frequency
strength. Reference 1l gives a good resume of the
gtandard impulse dats on apparatus invoelving air gaps,
and dlsoussions of the present status of the standard-
ization of insulation coordination are given in
References 12 and 13.

Coordination data for oil gaps are much less
complete. This is due primarily %o the faet that the
posgsible mechanisms of breakdown are varied and
complex, and also to the fact thaﬁ the performance
of oil as an Inglating medium is eudbjeet 4o & marked
degree to its condition of impurity. In practical
appliocations it is virtually impossible to keep the
01l free of forelgn material; most notably water,



13.

- £ibrous particles, &bsérbeﬁ gases ana profiunets of
oxifation. These foreign substances ocause bhreakdown
mechanisms which differ from those mechanisms whiech
ooour in pure oil, and they are known %o be the most
71mporhant canse of breakdown at power frequeneies.
Juat how important a part they play in the breakdown
for impulse voltage and ewitching surges is not
accurately known, '

The mechanism of breakdown produced by impurities
and certain other m@ehanisms possible in pare 01l ean
be relatively slow. AsS a consegquence, time lag curves
for oil are & function of time over thelr entire range,
such as shown in Fig. 8(¢). The faet that even for
times as long as geveral seconds the eurve is 8till
dropping is very important, sinee it means that not
only must the time element be considered for lightning
transients, but for switohing surges and 60-eyele
voltages as well. One reason that more work has mot
been done on the impulse strength of o1l is because
it ie so much higher than that for 60 eyclem. An oil
- gap having a 60~eycle breakdown value above that of &
glven air gap will have an impulse strength even higher.
However, 1t 1s frequently important 4o ocomsider the

relati#e sharacteristics of several oil gaps and there
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1s s definite need for such reliable data.

Bellascgié%as studied small o0il gaps with fuller
board dbarriers of such a type ag to assimilste trans-
former inmmlation, ani work hae been done from a
~ theoretical standpoint on very small oil gaégf'ls)
However, little has been done at large spacings and
with large eleoctrodes.

From a practical standpoint the greatest need
for more knowledge of the behavior of this type of
gap 1s in comnection with the design of 01l oirecuit
breskers., Insulation of the high voltage portions
of breakers from the grounded framework anﬁ the tank
relies upon Pfree oil for the insulating medium and
parallel combinations of poroelain and oil which
provide flashover paths in the oil along the porcelain
surfaces. In the case of the portion of the breaker
_being insmlated only by oil, sharp cornersg are
usually present and it is necessary to prevent ex-
cesslve gradients by fhe use of metal shields.

The gtudy of this type of problem ghould be
gtarted with fundamental gaps, the resulte of whieh
may be applicadle to the more general types found in
praciice and point the way to further studies of them.

This is the logical method of approsaching this prodlem



both from & praotiaal and & theoretical standpoint.
Acocordingly, 1t was deeided to study the sphere gap.
Work has baen done by'Mii%i)with sphere gaps in oil
at power frequency in which he found it necessary to
-make the shank diameters as large &8 the diameters of
the spheren themselwes, resulting in eleetrodes eon-
gisting of rods with spherical ends., It was found
desirable to use the same type of gaps in the light

of Minor's experience ani in order to use to advantage

the resunlts he had obtalned.
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DEVELOFMENT OF OIL TEST TANK

‘ The testing equipment for this research was
developed in the High Voltage Taboratory of the
Callfornla Institute of Technology, where high

'voltage power freguency test equipment capable

of supplying one thousand kilowatts &t one million
volts and high voltage impulge testing eguipment
are available. A great deal of diffioculty has been
experienced in the past in developing a tank for
01l gaps. It is importsant that the set-up bhe of
guch a atandard nature that results ocan be dupli-
cated in other laboratories. For this reason it
would be preferable to have & tank of such shape
and dimension that the electric field in the region
of the gap would bhe essentially that of the same
gap in an infinite 0il medium. The tank must be
reasonably small, however, to permit proper treat-
ment of the oil.

Minor, in hls work at power frequency voltages,
uged a metal tank twenty feet in diameter. The
electrodes were mounted in & aqguare maple wood
frame supported in the oil by the high voltage

lead. This lead was & metal oylinfer twenty-one
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inches in diameter. He found it necessary to use
such & large tank, not to eliminate its effect on
the spark gap, but to prevent corona from the high
voltage lead at the swrface of the oil. ¥or this

- pame reason the large diameter of the lead was
required. It was found that sueh corona produced
sufficient ionization in the oil to lower its
eleotrical strength. This well known effect also
made it necessary to have the diameter of the sphere
ghanks the same &e the spheres themselves.

There are two dissdvantages to this equipment
which 1t was thought well {0 overcome. The tank is
$00 large for proper itreatment of the o0il and the
wooden frame was a source of trouble as diffloulty
was experienced in preventing its failure due to
the hlgh electrical stress in it. In trying to
eliminate these Aiffieulties, it was first thought
that a smaller, totally enclosed metal tank with a
stanfard outdoor type high voltage bushing in the
top might provide a mears of decreasing the dimemsions.
It would be necessary that the top be removable and
yet allow for complete £1illing of the tank with oil,

20 a8 to prevent any air-oil surfaces under elestrical



atress.
A oirouit breaker tank about eighty inches in

dlameter and eleven feet high was available, Cal-

oulations were made to determine the field distortion

produced by a tank thisg size upon the gaps whieh
would be used. Since 1% was planned to use various
gized rods and spacings whose impulse strengths werse
not accurately known, it was hard to determine just
whet glzed tank would be suitable. However, it wasg
thought probadle that with electrodes about one
inch in diameter, twenty-inch spacings wounld be
large enough. For larger eleectrodes, spacings
would be correspondingly smaller. |

The calonlations are given in detail in
Appendix I and these resulis are applicadle to any
tank diameter. The curves in ¥ig. 25 show the
amount of gap space whiech hasg a distortion of less
than one-half of one per ocent. Just how small this
region can be and not affeet the breakdown strength
is questlonable. ¥For impulse testing it is prodable
that only a rather limited region around the highest
. stressed portion of the gap where the arc ocseurs

need be undistorted. For 60-cycle voltage 1t must

:L‘BT!



be considerably larger. However, ¥ig. B5 together
with Table ITI indicates that the desired spacings
can be reached without getting distorted results.

Before trying this tank, & better plan was
devised. If the tank were made of insulating
material and all ob jeets which might cause field
distortion kept away from it, a much smaller size
could be uged and the top left open beoczuse the
stresses at the high voltage lead would be greatly
reduced. A model of this type was tried and is
ghown schematieally in rig. 4.

It consisted of a porcelsin ercek which is
uged in the High Voltage Taboratory for testing
insulators under oil. It is about four and one-half
feet high and twenty-five inehes in diamster, with
a sealed lead through the bottom providing the ground
sonnection. The bottom electrode i1s mounted on a
flat ciroular plate whose edges are suitably bevelad.
The upper eleotirode 18 fitted in & brass tube adbount
four inohes 1n dlameter, in the bottom ¢f which 1s
a rounled plug to prevent corona. This assembly is
sugpended from an insulator string and rigidly guyed
with 1light rope to preserve alignment. +The upper
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electrode is made adjustable by means of a oclamping
collar at the top. Adjustment of the gap is mede
by the use of metal templates placed between the
8leectrodes and by a scale at the collar. This
method of mounting the electrodes has the advantage
that there is no wooden frame in the region of the
gap.

Testy were made with this equipment at 60 aycles,
using one-half inch electrofes to see what voltages
the set-up would withstand and to compare with Winor's
results. It was found that the 60-ayecls instantaneous
breakdowns obtained by raising the voltage at the
nniform normal speed of the voltage regulator of the
high voltage test equipment until breakdown ooccurred
were quite erratic. Simllar results were also
obtained by Minor and since longer applications of
voltage glve more consistent results, the three
minute interval was chosen. 1he standard three
minute hold method consists of applying a voltage
gomewhat below the expected failure of the gap for
three minutes. If the gap stands the voltags, 1%
igs removed for two or three minutes. <Then a some-

what higher voltage 1s appllied. The highest



voltage the gap will withstand for a three minute
poriod is taken as the "three minmute hold 60-oycle
breakdovm value" for the gap.

In ¥ig. 5 is shown the curve for one-half inch
electrodes obtained by Minor for three minute holds.
The Pirst set of plotted data is that obtained with
this equipment. It is seen that for the two-inch
and four-ineh spacings, the points lie zbove Minor's
cwrve. However, no higher values can be obtained
for larger gap spacings. This is due to the fact
that at about two mndred kilovolts ocorona started
a% the surface of the oil and the brass cylinder.
Bven though slight, it apparently produced enough
ionization to lower the eleotrical stremgth. At =
voltage of about two hundred and fifty kilovolts,
gparks jumped from the metal cylinder to the rim
of the crock and it was evident that improvement
would be necessary. An oll-filled bushing was
devised to relieve the stress at the surface of the
0i1l. It consisted of a micarta oylinder with an
inside dlameter of twelve inches placed around the
brass eylinder in a manner similar to that shown for

| the final test equipment in Fig. 7. The bottom was

22.
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plugged with a micarta disk and made o1l tight with
a shellac seal. BSuch an arrangement not only reduces
the gradient at the micarta oylinder and oil surfaces
greatly below the value that a metal oylinder of the
game diameter would have, but also increases the
voltage at which corons will start at the surface of
the brass cylinder.

With this new set-up the second met of data
ghown 1in ¥ig. 5 was obtained. At three hundred
kilovolts higher o1l strengths than Minor's curve
ind icated are shown. However, corona started to
appear at about three hundred and sixty kilovolts
and it was evident that for the voltages that would
be required, a set-up of larger dimensions was
necessary.

A photograph of the final test barrel and bushing
developed is shown in Fig. 6 and a schematic diagram
ig given in Fig. 7. The dimensions of the tank and
bushing were determined by the size of two dielectric
¢ylinders made of paper and varnish which were availabdle.
The larger of these 18 a cylinder geventy-two inches
long with an inside diameter of thirty-nine inches and
walls one-half inch thick. This 1s made of material
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Fig. & \
Thotographs of Tegt Tank and Electrodes
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having the trade name, "Micarta" and is used for the

tank proper. The othsr)cylinﬁer is made of a material

called "Herkolite." It is forty-eight inches long,
- has an insiae ﬂiaméter of twenty-two and one-half
‘inches and is used for the bushing.

The tank i1s formed by clamping the micarta
eylinder to & steel plate one-fourth inch thick by
means of a steel band clamped around the cylinder
and bolted down 0 the stesl plate. A cork gasketl
is used to prevent o0il leakage. This agsemdly 1s
get in a metal reservoir twelve feet in diameter and
fifteen inches high which is capable of holding all
of the oil in both the tank and bushing in case of
meochanical failure of any of the eguipment. TI% also
provides for any leakage that might occur through
the cork gasket.

The bushing oconsists of a brass ecylinder ten
inches in diamster and fifty-four inches long, placed
concentric with the Herkolite cylinder and having a
guitably rounded plug in ite bottom and a plug in the
top in whioh concentric holes are bored to allow the
upper electrode to slide up and down in it. The

weight of this oylinder and assembly is borne by &
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- wooden disk fastened 4o 1t by small bolted angles
and fastened to the top of the Herkolite cylinder
with a lap joint. 'In thig manner no stress need be
placed on the bottom plug of the Herkolite cylinder
‘which can, therefore, be made o0il tight more seasily.
This bottom plug is a circular micarta disk three-
fourths of an ineh thick. ©The whole of the upper
electrode and dbushing assembly 1s suspenfied from an
ingnlator string and guyed with ropes. The insulator
gtring is suspended with & block and tackle so that
the bushing can be 1ifted out when changing or
elsaning gaps.

Caloulations have not bheen made of the field
distortion of such & tank. However, in the light
of the ocaloulations in Appendix I and the fact that
this configuration produces much less distortion, it
is safe to say that for the gap spacings and electrode
gizes reported here there is no appreciablg distortion.
@round plane distortion should also be negligible at
these spasings. This can easily be shown by calculat-
ing its effect on two point charges representing the
field in the gap. OCaloulations made of ths effect of
the resulting image charges show negligible distortion



at gap spacings less than fifteen inches where the
height of the center of the gap from the ground

plane is at least thirty inches. This much clearance
1s always maintained.

The slestrodes designed to be used are all
eircular rods with hemispherical ends. Sizes
ranging from one-fourth inch to six inches in
diameter were constructed, some of which'ara shown
in Fig. 6. They were emstructed in this mamner:
the one-fourth inch, one-half inch and one inech
electrodes were mafe of solld clroular brass rods;
the two ineh, four inch and six inch electrodes were
made of & s0lid brass hemlsphere Pitted into & drasse
tube.

The results of preliminary tests made with this
set-up using one-half inch electrodes are shown in
Tig. B. TFor voltages up to four mndred kilovolts
and spacings up to eightesn inches, the points all
1ie above Minor's ourve. The probable sxplanation
0f this is that the oil was in better condition dune
to smaller volume and the consequent greater ease of
handling it. At the beginning of the testing, higher
voltages were not tried because 1t was thought wise

40 make 2all of the impulse tests below the corres-

29,



ponding value of four hundred kilovolts ({six hundred
kilovolts erest) before going to higher voltages and
irieurri.ng the chance of damage %o any of the eguip-
ment due to failure of the insunlation. However, 1t
‘has, 0 far, stood impulses of over 1,300,000 volts
without showing any sign of failure or corona at the

011l surface.

30,
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IMPULSE ©ESTING

The impulse testing equipment in the High
Voltage Laboratory of the California Institute of
Teshnology is of the standard type for producing
‘high voltage surges. A schematic dlagram of the
set~up used for the impulse testing of the oll gaps
is shown in Pig. 8. Tt consists of a enrge generator
employing the conventional Marx eireuit for charging
the condensers in parallel at low voltage and dis-
charging them in series. Wave shape 1s ocontrolled
by means of discharging the surge generator through
a mein discharge resistance and damping resistances
distributed throughout the surge generator in the
leads of the discharge gaﬁs.

The impulse voltage source used at the beginning
of the oil gap tests 18 a stationary unit with a
nominal voltage rating of one million volts. It has
twenty L£ifty thousand-volt one-half miocrofarad ocon-
densers charged in banks of two hy & one hundred
kilovolt voltage doudler circult. Its featwres are
dosoribed in detail in Reforensce 19. As the work on
0il gaps was extended to larger electrodes and gap

spacings, this voltage was found inadequate and an



6{)6‘&

&2
=
w
ey}
H
e
oo
.
3
=
(e
o]
-4
&3
3 o
& 8
g
© H
=
=

DNISERTS HUINANT &0 KVEHVIA OIIVIEHOS

IINDHID AINT *0°S OF |

LS
0

dvh dIus *o°
W s .l}_

T
Lj.:

” | O
Ci"lﬁm”_ CAP. DIVIDER .
yi¢ | prscuarer msrsraxcs
AVAWAMAAMAWIMWAN———
TEST TANK
o /V
2 NN
o -—-\\\ N
¢ \\\\\
34 h
5 RESTSTANGE POTENTIONETE
g
(¢
e
o
™
o]

_1 —- DELAY CABLE
TERMIN“TIEG RESISTANCE

Lj L WEEP PLATES
DEFLECTION PLATES

/

- T CATHODE RAY
 0SCTILLOGRAPH
1gh L
(o

? | ————__| G.Rs0. INITIATING
CIRCUIT

R 1 |

| y——l-7 —t=—- c.r.0. voLAGE
@ l [~ sUPPLY

! |

l o




33.

additional one million volt portable unit having
the>same type of condensers and circuit features

was désigned. Fig. 9 shows photographs of these

two units, The portable unit is mounted on an
insulating tower constructed of redwood and porcelain
pedestal insulators and is mede movable by means of
casters. ’It is so designed that when more voltage
than can be provided by the original unit 1is needed,
it can be connected directly to the first unit; thus
charging it from the same voltage soures.

The recording equipment consists of a ten thousand
volt cold cathode ray osecillograph designed and con~
gtructed by Dr. Howard Griéég)and a non-inductively
wire wound resistance potentiometer. Fig. 10 shows
photographs of the cathode ray oscillograph and one
of the four units of the potentiometer. These units
are placed in an oil-filled tube to obtain better
insulation.

The voltage across the discharge resis* «8
applied'to the test g2p and the resistance potentio-
meter which is connected through a shielded ecable to
the cable termihating resistance. This resistance

has a value equal to the surge impedence of the cable
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Fig, 9
The Stationary and Portable Surge Generator Units



One Unlt of the Resistamse

The Cathcde Ray Oscillograph

Potentiometer

Tig. 10
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to prevent reflections and consequent distortion
of the voltage. The deflection plates of the
cathode ray oscillograph are cpnneeted across a
portion of the terminating resistance, providing
a voltage across the plates whieh is a known
fraction of the actual surge., <The resistance
potentiometer has been proven to be a satisfactory
method for recording waves no faster than the standard
13-40 wéigz Auxiliary voltage ealibration is provided
by meang of & standard fifty centimeter sphere gap.
Coordination between the cathode ray oseillo~
graph and the surge generator is obtained through
the use of the cathode ray oscillograph trip cable
gshown in Fig. 8. When the surge generator is tripped,
an impulse from the surge generator trip gap is
applied to the oscillograph tripping ecircuit.
8ince this equipment is desgigned not only for
use in this partieumlar work, bﬁt also for other
research and commercial testing, the pertinent
features pertaining to its use are given in Appendix
II. It was found in checking the ealibration of
the equipment by means of the fifty centimeter sphere

gap that the performance of the spheres for impulses



was grestly affected by dirt and roughness of their
surfaces. OSince this is important in using them
for surge calibration, but not in this particular
rssearch? the details of this are given in Appendix
ITT.

gontrol of the dilscharge voliage is effected
by means of an auto-transformer provided with
gseven taps with intermediate adjustment by varying
the eharging time of the condenmsers. When it is
found desirable to reproduce & given voltage, an
 ammeter is msed in the primary voltage supply of
the charging circuit and the genmerator is tripped
at a fixed value of the logarithmie charging
current ecurve. When it is necessary to produce
guccegsively varying voltages, it is found more
convenient to control the charging time with a

stop watch.
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OIL TESTING TECHNIQUE

The actual testing procedure and treatment of
~ the oii gap were developed after extensive experi-
ments with the one-half inch slectrodes at a one
inch spaecing. Tests made over the first few days’'
work gave very erratic results. A great deal of
this inconsistency wﬁs found to be due to the
following causes:

After fifteen or twenty shots, the electrodes
would become marked with fine pits which lowered the
gap strength. Dirt and grease on the electrodes had
the same effect. If the 0il were allowed to gtand
for more than a day in the open tank without filtering,
it absorbed enough water to lower its impulse strength.
After each shot, carbon and gas bubbles formed in the
gap. The effect of these could only be eliminated by
gweeping this oil out of the gap and waiting at least
five minutes before again surging it.

| Any cause of impurity in the oil not only pro-
duced lower breakdown values, but also longer time
lags. In Fig. 11(a) are shown oscillograms where as
high ag fifty-six mieroseeconds were'required.for

breakdown of a one-half inch gap of the one inch
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elactrodes. Occasionaliy, long time lags also
oceurred when the o0il was in good condition, but
 the eleetrodes were known to be pitted. An example
of this is shown in Fig. 11(b).

It would, of course, be very difficult to
maintain such a sot-up completely clean. It wounld
have to be reconditioned by a tedious method after
each surge. TFurthermore, the purpose of this
research 1s 1o determine the characteristics of
praectical oil gabs. However, certain condition
standards must be maintained to obtain at all
consistent results and also to determine the
effeets of the different variables which occur in
practice.

A technigue of treatment was finally developed
which gave the most satisfactory results. After
ten or fifteen surges of the gap, the following
eonditioning was performed: The electroies were
removed from the oil, polished with fine crocus
cloth and cleaned with carbon-tetra-chloride.

The oil was circulated through clean baked filfter
papers for several hours by drawing 1t out of the

bottom of the tank and replacing it at the top.
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This was found preferable to filtering the oil
completely out of the tank and into the origlnal
01l barrels in whiech the oll was supplied and then
| filtering it back into the tank, becanse the empty
tanks absorbed water which the oil picked up. The
dieleetrie strength of the 0il as measured with the
standard test cup was always kept above twenty-five
kilovolta. Between each impulse, the disturbed oil
was swept out of the gap with a brass rod and five
to fifteen minutes were a2llowed before again applying
a surge.

To obtain the time lag curves for each gap, it
was thought that the following procedure would be
the most feasible: Pirst obtain the minimum impulse
breakdown strength by starting from a voltage below
breskdown and gradually raising the voltage until a
point is reached where breakdown ocecurs about fifty .
per cent of the time. Then having established this
point, gradually raise the voltage taking a few shots
at each particular value until the complete time lag
curve is determined.

The first time it was attempted to determine

the minimum breakdown voltage for the one~half inch
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electrodes at a one inech spacing, it was found

that the voltage was rather eritical. Any variance
~above or below this point by the smallest step that
could be maintained aécurately (about three per cent)
produced either breakdown one hundred per cent of
the time or no 5reakﬂown at all. However, the
oscillograms of the minimum breakdown shots showed
great variance as to time lag, values anywhere frdm
four to sixteen microseconds being obtained.

Having supposedly determined this point, 1t(
wae impossible in the same day's testing to take
more than a few shots &t inereasing voltages.
Determination of the minimum voltage on successive
days of testing, however, produced varying results.
Thie seemed to be the case no matter how much care
was taken to maintain a uniform condition of the
test set-up. The maximum deviation from the mean
value was about ten per cent.

In eight days of testing, thirty-eight points
~were obtained for this gap, exelusive of those taken
at minimum voltage and under improper conditions,
This is plotted in rFig. 12, where it is seen that no

vory woll defined time lag eurve ean be drawn through
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the points. To ascertain whether or not the data
for such an 0il gap should be represented by & curve
or a band, in other words whether or not the oll gap
has a definite charaecteristic or & eertain random
characteristie, a large number of shots were taken
at a fixed volbage of five hundred and L£ifty kilovolts
whieh appearsto be on a fairly steep portion of the
time lag curve--a point where time lag should not
vary over a wide range. In Fig. 13 these points
are plotted, together with their probability emrve,
whieh shows that for this voltage there is a definite
statistical time lag. Thus it is possible, if enough
data were taken, %o find the curve. Such accuracy
is not warranted for this work at the present time,
however, and it was decided in determining the time
lag emrves for the various gaps to take only enough
datsa to establish the curve in a range of five %o
ten per cent.

Figs. 12, 14 ard 15 show the data obtained for
the one ineh, two inch and three ineh spaeings of
the one-half inch rods. At the time the data were
taken, the second one million volt unit of the surge

generator had not been completed and sufficient



48,

voltage wag not available to determine the upper
portion of the curves.

It was found that the curves could be plotted
with greater accuracy if all of the points for eaeh
gap spacing of a particular slectrode slze were
plotted on one curve sheet and then the curves
drawn, taking into aecount not only the data for
each particular spacing, but‘the relationship between
the various curves themselves, It ig in this manner
that the time lag curves shown for the various
aized electrodes, Figs. 16, 17 and 18, are obtained,
with some modifieation. Wwhey were first plotted
as indicated above, then curves were plotted from
them of time lag versus gap spaecing for each
sized eleectrode and adjustment made so as to
obtaein smooth curves in both eases. B3Such a curve
is shown in ¥ig. 22 for the one~ha1f inech eleetrodes.
If greater accuracy shounld be desired in obtaining
time lag curves for oil without resorting to the
almost hopelegss task of tediously obtaining a
atatistical point, as indieated in ®ig. 13, for
each voltage of the curve, the following method

might prove feasible: The time lag curves might
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be determined accurately for three or four values

of spacings for each gap size. These, then, could
be plotted on curve sheets and from them, smoeth
curves of time lag versus gpacing for each rod size
made on another curve sheet, and finally on a third
ourve sheet, curves made for each time lag at fixed
gpacing as a function of rod size. From the last
two curves, the time lag curves for other spacings
conld he determined by chosing points which are mean

values of those obtained from the curves.
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DISCUSSION OF EXPERIMENTAL RESULTS

All of the impulse data presented here was
obtained with negative polarity surges. No effect
of polarity was found at spacings up to three inches,
but this has noﬁ yet been examined for larger spacings.
In Fig, 19 are plotted the curves showing the minimum
impulse gtrength as a function of spacing for the
one-fourth inch, one-half inch, one inech and two
ineh electrodes with hemispheriecal ends, and in
Figs. 16, 17 and 18 are plotted the time lag curves
for the one-half inch, one inch and the one-fourth
ineh rods, respectively. These curves represent all
of the data that had been taken up to August, 1938.
However, the time lag eurve data for the one-fourth
inch rods, except for the minimum impulse values,
have not yet been checked ecarefully.

In Figs. 20 to 23 these data are replotted in
séveral forms, together with the data obtained in
.other laboratorises for comparison purposes. It is
indicated on the figure wherever such data are used.
It was found that the available 60-cycle data were

not complete enough for comparison purposes and the
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data shown in curves A and B of Fig, 20 were taken.

The time lag curves have the conventional
Shape pertaining to all pnon-uniform gaps, ineluding
those having air as the dielectric medium. They
flatten out to the maximum time lag that is obtain-
able for easch particular case., It would be expected
that the maximum time lag would increase with the
non-uniformity of the gap. The data do not show
this elearly. However, such a trend might very
well be masked by any change in the condition of
the o1l or the electrode surfaces. It was shown
that poor conditions of either of these produced
breakdowns of longer time lags at lower voltages.
Furthermore, the time laga at minimum voltages were
quite erratic.

Phe most evident fact shown by the data is the
much greater strength of the o0il gap to impulse than
to power freguency voltages. A simple measure of
this is a quantity used commonly in pracilice, known
ag the impulse ratio of the gap. This is the ratio
between the minimum impulse strength of the gap and
its instantaneous éO—cycle crest strength. The

impulse ratios for the various gaps for which data



are gvailable are given in Table I. Work done by
Eézi)indieates that this guantity should not vary
greatly. However, as shown by the data presented
here, the ratio varies from a minimum of 1.78 for
an.eleven inch spacing of the needle gap to a
maximum of ten for the twelve and one-half centi-
meter sphere and plane gap of two-tenths of one
ineh. 1In general the data indicate that the
larger the eleectrodes, the greater the ratio for
a given spacing. ¥or a given set of eleetrodes,
the ratio seems to increase with spacing up to a
certain point, then to decrease.

One obvious but significant faet brought out
by such high impulse ratios 1s that {to apply prop-
erly o1l gaps for switehing surge voltages, more
experimental dataare necessary. Figs. 20 and 21
show the minimum impulse values for the one-half
inch and one inch rods, compared with the instanta-
neous 60-cyele, the three minute hold 60-eyecle, and
the ten minute hold 60~cycle curves, showing to
what & great extent the time element must be con-~

gidered in applying these gaps even to power

frequeney voltages.

b6.
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There 18 an interesting relationship that has
been found to exist between the 60-eycle strength of
sphers gaps and needle gaps. When the breakdown
strength of a sphere gap is plotted as a function of
spécing, the characteristic curve is an exponential
one up to a ecertain eritical spacing, whers it
becomes almost linear and very similar to that of a
needle gap curve which is more linear over its whole
range. vThis point of discontinuity was found by
Sehwa§§§; for air gaps to be at the spacing for
which the field became non~uniform to such an extent
that a glow or corona discharge took place before
breakdown. Miégz)found g similar characteristie
for oil gaps. He found that both the three minute
hold an& ten minute hold 60-cyecle breakdown curves
coincided with the needle gap curve after a certain
critical spacing bhad been reached. (Needle oil gap
data have been found to be much more consistent than
that for sphere gaps, the instantaneous breakdown
values coinciding with those of longer applieations
of voltagﬁ?g Power frequency tests made in this
laboratory (shown in Fig. 20) do not agree exactly

‘with Minor's work. Instantaneous and three minute
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hold 60-cycle curves obtained for one-half inch
electrodes do not come together at the eritical
spacing, but become parallel to each other and tfo
the needle gap curve data given by Minor.

Somewhat similar results are indicated by the
impuige eharacteristics of the sphere and nsedle gaps.
In Fig. 23 are plotted the minimum impulse strength,
the five microsecond breakdown voltage and the one
microsecond breakdown voltage of the needle gap and
various sized sphere gaps. The curves, unfortunately,
have not yet been extended to high enough voltages
and large enough spacings to show a definite break
in their character. However, they do show a tendency
to be approaching the needle gap curves and in the
cage of the largest spacing for which data have been
taken for the one~fourth inch rods for minimum
impulse voltage (a spacing of eight inches), the
one~fourth ineh rod curve has coincided with the
needle gap curve.

In the 1light of this comparison, it is thought
- that the time lag curves for the one~fourth inch rods
are 1n error. All but the minimum impulse values are

found fto drop below the corresponding values for the
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needle gap.

To determine the effeect of the impulse wave shape,
the data plotted in Fig. 24 were taken, using two
other wave shapes; one having a fiftsen microsecond
tail and the other having a one hundred microsecond
tail. The results ghow that as the time lag decreases,
the curves tend to approach each other. The one
hundred microsecond wave gave & minimum impulse value
about twenty per cent below that for the standard
forty microsecond wave, and the fifteen microsecond
wave gave & value about seventeen per cent higher.
The maximum time lags obtainable were greater for
the longer tailed wave. Thegse are results which
would be expected where breakdown mechanisms
requiring long time lags, as is the case for oil,
are possible.

There is one important faet brought out by fhese
results. It seems evident that for coordination
purposes even in the lightning impulse range of
voltages, the performance of the oill gap is not
completely determined from time lag curves obtained
by the use of the gtandard 13-40 wave. If gaps

having very oclose insulation gstrength are to be
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coordinated, a flatter topped wave must be used..
It is, thus, geen that over the whole range of
voltages whieh must be considered in coordination
work, wave shape and time of application of voltage
mugst be considered for oll gaps. Until more data
are available, however, remlts obtained with the
13-40 wave are applicable as long as this fact is
realized and sufficlent safety factors are employed.
The wide gpread of posgible time lags for a
given voltage is also a disturbing fact when
coordination of gaps is being considered. From
this it seems more feasible to congider the time
lag characteristices of sguch oil gaps as a band
ingstead of a definite line for practical applications.
It is interesting %to consider the results from
a theoretical standpoint. It is now well established
that there are three general types of breakdown |
which may take place in oil. Pure electric bresk-
down due entirely to electronic ionization by
ecollision is found very rarely. Only with the most
carefully cleaned oil and electrodes or at time
lags less than one-microsegiﬁ; ig thie breakdown

(24)
possible. Koppelmann sets 1,5 x 106 volts per



centimeter as the lowest gradient at which such
a mechanism 1s possivle.

Thé mogt common type found in practice is the
thermal electirie breakdown due to the libveration of
gages by heating and the consequent gaseous breakdown.
Under some conditions the gases are already present
in the oil, as is the case direectly after breakdown
of the gap. It has been found poscsible to produce
heating in several ways. Oils normally having too
high a registance may have it lowered by the appli-
eation of a field., This is most commonly caused
when impurities of relatively high conductivity
are forced into the stronger parts of the field
by the high dielectric stresses. They tend %o
line up and form conducting paths. Suspended
moist dust or fibres can cause this, whereas
either the moisture or dust alone will not.
Dielectric losses at sustained applications of
ffequeneies above one megacéifg cause this type of
breakdown. There is another type of thermal elsctric
breakdown which is possible in pure oil at high field

strengths. The conduction current of pure o0il is a

67 .
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Pfunction of the electric field and at high stresses
inereases exponentially with 1t. Nikuréggg found
that at Pields greater than 10 volts per centimeter,
it is possible %o generate enough heat by this
mechanism to cause breakdown.

A third known mechanism is_mechanieal breakdown.
This was ?%£§t suggested by Geéigg and later perfected
by Xoppelmann., An electrie layer of high stress is
present at the electrode surface due to space charge
acting on a layer of absorbed gas. This creates a
gag pocket which either produces gaseous ionization
or finally the development of a larger gas budbble
whieh shoots across the gap to the other electrods.

The gradients at which breakdown occurred in
all cases of this researchvseem too low for either
the eleetrical or Nikuradse mechanism. 4 study oi
the maximum gradients obtained shows the highest to
be about eight hundred kilovolts. There are indica-
tions pointing to both ﬁhe mechanieal breakdown and
the thermal mechanism due to impurities. Eaech is
possible at the gradients and time intervals occur-

ring in this research, and the irregularities ex-

perienced in time lag and dielectric strength are
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characteristic to both.

One would expect tﬁe thermal breakdown mechanism
to be indicated by variations in the oil itself, while
the mechanical mechanism wonld be affected by electrode
conditéii;. The presence of thermal breakdown due to
moist particles is almost definitely established by
the low dielectric strength obtained when the oil
had been allowed to stand for some time in a damp
atmosphere.

The results shown by rough electrodes can be
explained by Koppelmann's theory, as 1t is easier
to separate the electrode and oil surfaces when
glight irregularities are pregent. However, the
eritical effect of elesctrode conditions ean be
explained in other ways. If electrical breakiown
were present, the élightest irregularities would
be‘very important. ¥From & consideratlon ol the Law
of Similitudes, one can expect a2 dimension of 10~
céntimeters in oil to be as important as one of
10~% centimeters in a gas. Another possible
electrode effeet is greagse or any impurity which
prevents good contact between the electrode and oil.

There are too many variables present in a set-up



of this kind to permit one to obtain many convv-
clusive theoretical results. It is important,
 however, to recognize their effects with a view
to improviﬂg conditions in the praetical applieca-

tion of oil as an inmlating medium.

70.



CONCLUSIONS

The following conelugions may be drawn from

the work done on the impulse strength of large

0oil gaps:

1.

4,

5.

The oil tank developed provides a more satis-
factory method of determining the insulation
characteristics a® large oil gaps than those
uged in the past.

The impulse strength of oil is erratic and
subject to sglight variations in both o0il and
eleetrode conditions.

Until better means are developed to control
such conditions in commerecial apparatus, the
time lag characteristics would best be repre-
sented by a band instead of a definite line.
Although the impulse ratios for the gaps -
gtudied did not vary over a wide range, it

is pooeible to.obtain much larger values for
larger electrodes at smaller spacings.

The high impulse ratios indicate a need for
more data on the performance of oil gaps to

switching surge voltages.

71.
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7o

"The wave shape of the surge is more important

for oil gaps than for alr gaps.
The thermal electric breakdown is the most
probable cause of oil failure for impulses,

ags it is at powsr frequency voltages.

72,
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APPENDIX I

CALCULATIONS OF FIELD DISTORTION PRODUCED BY METAL TANK

An sstimate of the distortion of the eleetro~
static f£ield in the gap due to the side wells of a
condneting tank may be obtained by considering the
effect on two point charges situated as shown in
Fig., 26(a), & distance 2¢ apart on the axls o
gymmetry of a eylindrical condueting shell of radius
a.

The solution is given by Smythe* for s point
chsrge, a distance ¢ from the bottom of a metal
eylindrieal box of height L. The expression for
the potential inside the tank is given by the follow-
ing equation expressed in the cylindriecal coordinates
£, Z (see Pig. 25(a).

V= g & sirnhpy (L-¢) SmbfG 2 Tolti,r)

dl

This is an equation involving the Bessel Functions
J, and Jy and the values of Jare determined from

the equation

*Smythe, W. R., Static and Dynamic Electricity,
Edwards Brothers, Inc., 1936, page 53.
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This can be applied to the desired case by
neglécting the effects of the ends of the eylinder,
letting L be infinite, and taking the bottom plane
of the box as the zero potential plane between the
two point charges. The equation for the potemtial

then takesg the form

o lz-C) (24
o 28 f[(ﬂﬁicfr [ Tt r)
- 2
— V4
4 Hr( T ura)
To determine the relative amount of distortion

r»roduced at gny point

£ - R ™ 4 o - 2

{3

n the field, the potential
calculated with this equation may be compared with
that for the two point charges alone. This should
give a reasonably good indiecation of the effect of
the tank. The field of a spherse gap alone would be
represented™ by a gseries of images on the axis of
symmetry of the spheres. This calculation gives the
effect of the field produced by the prineipal charges
0f the series situated at the centers of the two
gspheres and the relative effect on the other charges
_should be of less magnitude.

Galculations were mede to determine the regilon

*jeans, J. H., Hleetrieity and Magnetism, Cambridge
Press, 1933, page 196,
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of the gap where the distortion is less than one-half
~of one per cent for three ocases. Values of the
distance between charges having 2c¢ egnal to .14,
20 equal to .34 and 2¢ equal to .53 were chosen as
covering the range of gap spacings that werse degired
to use in the actual test tank.

Caleulations were made by picking increasingly
larger values of P for a series of values of Z until

a variation between the caleulated field ahd the un-

distorted field was more than one-half of one per eent.

A sample of the caleulations is given in Table II.
ers and

2e equal to ,3d, but apply to any scale having the
same ratio of e¢ and 4. This 15 necessarily a very

tedious ealeulation ani only enough points were found

81.

to determine roughly the regions as shown in Pigs. 25(b)

(e) and {d), whieh give the resulta of the calcuiations

for the three cases.

In Table III are given the approximate gap
spacings for the varlous sized electrodes to be used,
corresponding to the three values of 2¢ and a tank
diameter of eighty inches. For a forty-inch tank

the spaeings wounld be one-half as great. An examina~-



tion of this table and Fig. 25 enables one %o
determine for any particular case the extent of

the undistorted field.

TARLE 111,
[ETectrode |Corresponding ApPpr. spaocin
Diemeter |Zo = .¥ 2C = .g 20 u';§
% in. 8 in, 24 in. 40 in,

% in, 7% in. | 23%% in, |39% in.

1 in. 7 in. 23 in. 39 in.

2 in. 6 in. 22 in. 38 in.
4 in. 4 in. 20 in. 36 in.
6 in. 2 i‘no 18 in. 34 in,

DIMENSION PACTORS IN FIELD DISTORTION
CALCULATIONS
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APPENDIX TT.
IMPULSE TESTING TECHNIQUE

| Surge Generator Calibration:

The use of the surge gensrator for standard
surge testing regquires a knowledge of the effset of
its characteristic circuit constants to such an ex-
tent that the desired wave shapes may be obtained
by the proper adjustment of the controllable
econstants. The calibration of a surge generator
ean be faeilitated by the use of theoretical oal-
eulations based upon simplified eguivalent ecircuits.
The eircuilt used most generally for this purpose is
that shown in Fig. 26(a). The solution of this
eireuit for the voltage aeross the discharge
reaistance 1s given by the equation:

= A;i; 1/4;‘qf;r‘2/‘%i;(”$u§aﬁ*%(bjoi;2/7

(A-o() #e
Where

. : 2,0 S y2 ol L L s
(,m//m) = G g PG )P

Q)

However, it is necesszary to calibrate by test to

determine satisfactorily the proper eonstants to nse

Por controlling the wave shape and determining the
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primary charging voltage necessary to obtain a
given diseharge voltage.

The inherent inductance of the stationary one
million volt surge generator at the California
Ingtitute of Technology is so large that no induetanes
need be added to obtain a stgndard wave front. The
value of damplng reslistance required to provide |
ample damping of oseillations produced by the com~
bination of the inherent inductance and the shunt
eapaeity provided by the distribntive eapmeity of
the surge generator and the capacity of equipment
being tested is three mndred ohms distributed
throughout the surge gemerator at the discharge gaps.
Control of the duration of the wave is obtained by
varying the main discharge resistanee. In Fig.

27({a) is given the calibration of the duration of

the wave ag a function of diseharge resistance as
determined with the ecathode ray oseillograph. 1In
¥ig. 27(b) is given the discharge voltage ealibration
of the surge generator for a standard 1% x 40 wave.
Theoretieally, this ealibration curve should be a
gtraight line. However, this surge generator has

always had a slight droop in its curve &t the higher
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" voltages. This was found to be dus to conduetion
of ecurrent on discharge through portions of the
maple wood frams, when at one time complete break-
down of a portion of this insunlation took place,
giving the calibration shown by the broken line in
¥ig. 27(b). The failure was found to be in a seetion
af the frame where the condenser rested on the maple
wood and was stopped by suitadbly insulating the
condensers from the maple.

The nominal eapaeity of this surge generator,
.025 mierofarads, is much higher than that normally
used. This high capacity has a distinet advantage
in improving the regulation of its output voltage
a8 affected by the shunt capacity of attached testing
equipment. In Fig. 26(b) is shown the regulation
curve of the output voltage of any surge generator
a8 & funciion of the ratio of the load capacity and
main surge generator capaeity. The capacity of the
e@uipment usnally tested, such as insulator strings
and eireuit breakers, is generally never more than
three hundred migro»microfaraas. Sueh a load would

give negligidle regulation as shown by the curve.
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Surge Generator Tripping Cireuits:

The tripping cireuits finally adopted for
initiating discharge of the surge generator are of
the mechanical type shown in Fig., 28. Fig. 28(a)
shows the arrangement used for the impulse work on
oil gaps. It consists merely of a solenoidal
operated switch which shorts out the trip gap. It
is occasionally desired in test work to coordinate
the impulse with some portion of a power frequency
voltage, and the synchronigzing cireuit, Fig. 28(b),
was trled and found suitabdle for this purpose.

This eireunit consists of two sphere gaps in series;
one which may be shorted by & solenoidal operated
switch which is left open until tripping is desired:
the other which is periodically shorted by means of
a rotating arm run by & synchronous motor from the
power supplying the 60-eycle voltage with which
gynehronization is desired. By adjusting the posi-
tion of the arm on the motor shaft, synchronization
on any part of the wave may be obtained. However,
polarity cannot be controlled. When tripping the
surge generator is desired, the solenoidal operated

gap is shorted out; thon the next time the metal
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portion of the rotaﬁing arm comes between the
spheres of the other gap, the discharge of the
. surge generator is obtained.

Previously tried trip circuits of thé impulsge
type are shown in Fig. 29. These circults rely
upon the discharge of & minlature surge generator
through a ceontrol tube. Both an RCA-885 Thyratron
and a General Radio Gridglow tube were tried for
this purpose and found satisfactory. After sultable
amplifieation by means of a low induetance trans-
former, the resulting impulse is applied to the
third sphere of the trip gap of the surge generator.
More positive tripping was obtained, however, by
means of the mechanieal circults which lessen the
chance of any damage to the tripping equipment.
Control Circuits of the Cathode Ray Oscillograph:

The cathode ray'qscillograph used in the
impulse testing with oil gaps was construeted by
Dr. Howard Griest and is described in detail in his
thesiQTS)It igs of the eold cathode type; voltage
between the cathode and the grounded anode being
obtained from the ten thousand volt direct curfent

circult shown schematically in Fig. 8. In Pig. 30

91.



92,

are shown schematle diagrams of the cathode ray tube
and fhe auxiliary unblooking and sweep circuits. In
: cperaﬁion the beam is on conatantly, being deflected
t0 the side of the tube by meansg of the blocking
plates which have congstant potentials of opposite
polarity on the two gets. Initlation of the beam

is obtained by removing this voltage. This blocking
arrangement differs from the conventional Norinder
eireuit where a trap 1s provided for blocking the
beam when it is in the center of the tube and no
voltage 1s on the blocking plates before initiation.
To initiate the beam for the Norinder eircuit,
voltage is applied to the plates, deflecting them
around the trap and on to the sereen.

The unblocking and sweep circuit shown in Fig. 30
operates as follows: Before initiation of the triple
gap by an impulse Prom the surge generator, a conétant
patential of three thousand volts 1s across the
blocking plates and the condensers C,. Tripping the
gphere gap shorts out the blocking plates and removes
the voltage from them. This allows the beam to come

down the center of the cathode ray tube where it would

gtart its sweep if sultable deflection to the gide of



the screen were not provided by the beam bias
circuit.

Varions values of sweep speed are obtained by
varying the values of the resistance Ry and the
condensers Cg, Calibration of the sweep is obtained
by means of a calibrating oseillator. ©The gensitivity
of the deflection plates of the cathode ray oscillo~
graph ig obtained by applying & known direet current
voltage to the plates and noting the deflection in
inches. During the period that the impulse work on
01l gaps was being done, difficuliy was experienced
in maintaining constant beam current. This resulted
in & variable sensitivity of the beam and 1t was
found necessary to calibrate with each record that
was obtained. This was done by marking on the
florescent screen a deflection of one inch and
after each surge, applying sufficlient voltage to
deflect it to this point .

Voltage Calibration of the Cathode Ray Oscillographs:

The reeistance potentiometer used 1s of the
non~-induetively wire wound type. f%he wire, however,
was wound in a different mamnmer from that commonly

used for such potent iometers. Instead of winding
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two layers of wire, one on top of the other in
opposite directions, so that the inductance of one
caneels the other, the wire was wound back on itgelfl
and the resulting free ends at one side of the micartsa
%heét upon which it wa g wound were laced together with
thread. The value of resistance used with the one
million volt stationary unit of the surge generator
ig 10,670 ohms. The cable terminating resistance is
50,8 ohms, having five taps, as shown in Fig. 30, to
whieh the ungrounded deflection plate may be connected
to give various sensitivities.

In Pables IV and V are given samples of the
experimental data taken from the work done on oil
gapa and the calculations used in determining the
erest voltage applied to the gap.
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APPENDIX III.
IMPULSE CALIBRATION WITH THR
PIFTY CENTIMETER SPHERE GAP

When using the standard f£ifty centimeter
sphere gap as a calibration for impulse voltage,
it was found that great eare had to be exercized
in keeping its surface pollished. When flashover
occurred, small shallow pit marks were formed by
the are and after ten or twenty shots, the surface
became rough énough to noticeably lower its impulse
gtrength., Tests with 60-cycle voltage shcweava
lowering of the same amount.

Tests were made to show this effeet by first
polishing the spheres and determining the minimum
impulse and 60-cyele strength, and then zpplying
repeated impulgses. After from ten to twenty shots,

the breakdown voltage would start to decrease. 1In

Fig. 31 are shown the decidedly lower points obitained

when twenty impulses were applied without polishing.
Oecagionally, the rough spheres would reguire longer
time lags for breakdown than is normal for smooth
gpheres.

Fig. 32 shows oscillograms of breakdown for the
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two cases. For polished spheros, breakdown at

minimum voltage always occurs with very little
time lag. In the case of rough spheres, however,

time lages 28 long as thirteen mieroseconds were

recorded.
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