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ABSTRACT

Tﬁis dissertation describes an experimental stud} of
the DC breakdéwn snd anode corona qiséharge'characteristics
of SF6 insulated nOn-uni@orm’fiéld gags{-and investipates
‘methods of determining 3 theoretical préﬂiction of the.dis-

- charge performance of an SFg insulated system.

An analysis is made of prebreakdown-durrents and

v1sual manifestations’ resultlng from corona discharge ac-./
“ tivity in hemlspherically capped rod-plane paps insulcted

- 1

with bFé st gos pressures ranylng from 1 to 5 dtmospheres.

-

k,»w Also analized is the rele tlonship ‘between. breakdown voltage-
Q_/////;;s pressure characteristics and anode corona. The inves-

. tigations indicate that DC anode corona in‘SFé qiffefs n-
lsiderébly from its'counterpart'in air. An interpretation

o of the experimené&i findings is made on the basig of.réf
ported experimental and theonetical analys€Squ anode corona

in varlous gases and gas mlxtures.

\
v

A numerlcal technlque is presenéed which eliminates
trisl und error type implementatlon of streamer onset criteria
; to SFg 1nsulated g8ps of any configuﬁ%tlon.' A comparison,of
" experimental results wlth calculated streamér onset voltages
demonstrates that this technique yields an-accuratenestlmqte
of the minimum DC vdltage at which any form of anode dis- .

charge is observed.
. , /
A semi-empirtical.criterion is-proposed wnich yields

‘ - i i ;
-  the minimum gas pressure at which corona free breakdown occurs
. : PR | / , .
) . . i / - T . ) .
ii :
- /



te

in an SFé'inshlat?d gap. On the bssis of this criterion it

is demonstrated that, to a good approximation, the minimum.

~

pressure of corqna‘freé preakdown is a function only of the

radius of curvature of .the snode. This result is verified

experimentally for hemispherically capped rod-plane gabs. \

.
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CHAPTER I
INTHODUCT ION

1.1 Historical ﬁackground'

In 1937 Goldman snd Wul (1) discovered that én
"'increase in the spurking voltage of'aﬁggg insglated system

did not necessarily resultlfrom an increase in the pressure

of the‘gag insulation. Their studies on a nitrogen insulated
point-plane electrode system indicated that in certain regions
of gap lenyth and- pressure, a considerable drop in the

impﬁlse and AC breakdown voltage was observed to acqupany

a slight'increase”éf the nitrogen pressure. Also, a consider-
able corqgna currenﬁ‘wés obsgrveﬁ to precede breakdown at
pressure:\ﬁsigy that at which the transition from high to

low breakdown strength occurred. As a conséquence_of these
observations Goldman and Wul suggested that the initisl *
enhanced breakdown was & fesult of & field fQistortion due ‘to

s ‘space charge accumulation around the point.

In 1939 Pollock and Cooper (2) conducted a similar
study on a number of Fases, including SF6, using an electrode
system consisting of a“I inth diameter sphere and e hemi;
spherically rounded tungsten wire point. They found that a
decrease in the UC breakdown voltage aegompanied an increaée\
in the gés pressure only when at least one cohstituéht of
the gas insulation. was electronegaﬁive and when the poipt
elegirode was of positive polafity.— The basic pressure-

sparking voltage characteristics exhibited by ‘all of the



{gas coﬁpounds with electronegative constituents tested by
Pollqck and Cooper are illustrated in.Figure 1.1. Their
results indicsted a cth%derable varistion among the gases
tested in the local maximum and minimum sparking voltages
(denoted respectively as vmax and V . in Figu;e 1.1) as ~
well as the. pressures at which the maximum and minimum were

observed\5§ymaxand P minrespectively).

-VE -

max : -

s - e
’,/// ' - POINT e

[§]
[dad
<
-
—
2 BREAKDOWN ,
S 7
— .
g Viint- /-/
y +E - PG
POINT —\ P TN pornT
CORONA - CORONA
S ]
e
. T

vmax pvmin
GRS PRESSURF

FIGURE 1.1. DREAKDOWN AHD CORONA CHARACTFRISTICS OF POIHT-PLANE GAPS
INSULATED HITH ELECTRONEGATIVE GASES.

o

-~

All of the gases exhibited a negative point. corona

onset voltsge which was.consistently lower thsn that of the

positive point st the same gas pressure. At pressures below

-

A
&

!

| POINT—~ .~ 7 _
| BREAKDOMM .
- 7/
v - al - | 7
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A

Pvmax,some %f the pases exhibited a negdtlve r01nt\breakdown
voltage which was lower than ghe correspondlng p051tive point
breakdown strength. However, thg negative point breakdown:
sfrength was observed in all cases to be superior at pres-
sures exceedlng Pyma s

Pollock and Cooper also conducted osc1llograph1c
Studies of corona current ;n the positive point-plane gap.
They reborted that isolated streamer pulses were observed
st the threshold voltsge of corons initiation in the gas.
At voltages slightly greater than the threshold level,
'.isoiated burst pulses appeared, generally preceded by a
. single streamer. -Steady burrt activity resulted from 3
further incresse of the applied voltage.

Pollpck'and Cooper attrﬁbuted the high breakdown
strength and sustained burst corona observed at low -pressure
"to the formation of a negative ion sheath which choked off
individual streamers. Breakdown occurred when the streamers
‘became s0 viéﬁrous that the sheath could no longer completely
inhibit their propagat1on. At higher gas ﬁressures the abil-
ity of a streamer to propagdte across the gap was enhanced
and consequently the {irst streamer formed in the g&as was able
to completely bridge the gap and 1nibiate 8 breakdown. Thls
would account for the sudden decrease in dielectric strength
with increassing gazs pressure and the lack of corons activ1ty

T
i

prior to breakdown at high gas pressures.

i



Foord (3)'reporﬁed observing breakdown sparks of

pronounced curvature in an SF6 insulaped positive point-

plane gap &t pressures between Bmax@nd Eoin. He suggested
that the gas pressure has several effects on streamer prop-

agation. The diffusion coefficient of electrons is in inverse

E-‘br‘opprtiorl to. the gas pressure and this causes & greater fieid

distortion ot the streamer-tip and enhanced photon'production
at higher gas pressure. The photon absorption coefficient 6f
the gas is also in inverse proportlon to the gas pressure snd
this, &long with the effects pf reduced electron diffusion,

results in an enhancement, with incressing gas pressure, of
'-\\

—~

the s%gfamer's ability to p;opagate.
Foord proposed that the.corona obsgrved 8t low gas

pressures plays'two roles'in enhancing the sparking poten=-

tial of the ga;. The spread of #he corona discharge over

the anode surface effectively 1n¥fease5 the radius of the

point electrode and consequently decreases the ﬁon-unlformlty

of the field. Secondly, positive ions produced by the

corona discharges form a mid- gap space chargefwhlch further

reduces the electrlc fleld gradient at the anode surface.

At pressures greater‘than Bmax the gnhancement f pPop-

agation properties is gufficient to allow stréamers to

follow low field paths, ﬁhus circqmventing the space charge.

The shielding effect of the ﬁoéitive ion spsce chérge is

reduced at higher pressures as 8 result of a reduced diffu-

sion of the.positlve ions and consequently streamers are



capable of circumventing‘the‘space charge at lqref applied
potentials. Thus the negative slopé‘région of the sparking
foltage—pressure charaétgristics is observed. At pressure%
above. F;mln,the initial discharge phenomenon in the gas
coincides Wwith a complete breakdown. In this éasg the Break-
down' streamers do not encounter a space charge and hence the
observed spark channel is straight.

Foord (4) investigsted the properties of Nz-bbé gas
mixtureS'lnsulatlng a p051t1ve point-plane electrode system.
With the par£ial pressures of SF6 cohstant and N2 varyings,
the system displayed sparking VOltage-totallprEssure char-~
~acteristics which were basically the ssme as those of the
100% SF6_system. An increase in the-ﬁartlal pressure of
$F6 incressed the breakdown"sprength of the,system for any
ﬁotal pressure. However, the total pressure at Whicﬂ the
mlnlmum breakdown voltage occurred was relatively unsffected
b& thls parameter variation. The maximum corona current
~prior to breakdown at. any goS pressure below P, ;, appeared
to 5e directly proportional to the N2 partial pressure. |

Works and Dakin (5) investigated the effect of gap
length on the sparking voltage of a 1/16 inch diameter hemi-
spherical rod-plane electrbde configuration insulated‘with
compressed SR6. ‘The bfeakdown voltage-pressure characters=-
istics of this system displayed-a.negative slope region
under AC voltages and DC;voltagﬁbuwith.the rod of positive

polarity. Of the four quantities which characterize the’ -



. negative slope region, Vmax’ Vmin!.Pvmax’ and Pvmin,}only

!

—

_Pvmax was significantly different in the AC and beC testq,//’/’

The DC breakdown characteristics exhibited a.P ;glgh
de;reased.w1th incredflng gap lengEE/yh— e the AC character-
istics exhibited a Pv;ax which’fgaéined virtuslly the same
at all gap lengths.,/Tﬁig/resulted in a difference in the
pregsures for maximum AC and DC breakdown strength which in-
creased with increasing gasp length. A detalred c0mparison of
positive and negativg-point DC and AC breakdown and corona
inception voltages was obtained for one elecﬁfode 6onfigura-
tioﬂrand‘is reproduced in Figure 1l.2. .
The authors (5) reported ancountering difgiculties‘}h
detefmihing bréakdown voltages at pressures between Pvmin
and Pypax qqgep positiﬁe point DC voltages. The éystem
appesred to possess two d;stinct breakdown levels and
§parking voltages were recorded ‘at each, but breskdown

never occurred. at s "voltage between these two levels,

Ina sabsequent paper, Berg and Works (6} reported on

,ﬁhe behavior of an SF6 insulated 1/16 inch diameter hemi-

. . :
spherical rod-plane system sub jected to a DC voltage plus

a superimposed (1.5 x 40 usec) impulse voltage, both of pos-

itive polarity. At gas pressures below Pypin they observéd
that the;peak value of combined voltage at which sparking oc-
curred was independent of the relative mégnitudes of the DC

and impulse voitage components, prévided that the DC level was'

below the corona onset voltage. At DC levels above corona onset
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(the 1npulse was dppllEd whlle 8 corona discharge was presént
in ‘the gas), the peak ‘value of the combined voltage at which
breakdown occurred.increased with an intresse of the DC com- }
ponent. This behavior’was observed &t DC levels up to the
DC-breakdown voltage.of t he syétem. At gas pressures liigher
vmins Sperking occurred st a constant peak value of
combined voltage, independenﬁ of the DC level. Berg and
Works believed that the results expériﬁentally confirmed
that corons stablllzed breakdown1 was 3 zesult of space charge
distortion created by corona discharges in the gas They -
explained the resplts as follows:

\ When‘the system was subjected to &n impulse'volfage
plué & DC voltage below thé'corona onset ;evel, the ;pace
charge free breakdown level ﬁés reached before s éiébilized
space charge was established. Consequently, sparking occurred®
at a voltage lower than the DC breakdown volhéée of the'system;
Under a combined voltage with a DC component above the corons
onset level; the space.bharge wss established before the total

voltage reached the space charge'free breakdown level snd as

A

. /
~a result, breakdown occurred at sn enhanced voltage. An

increase in the DC component resulted ,in an increase of ‘the-

magnitude of the spsce chasrge and hence an increase of the

s
* breakdown voltage of the systemn.

' nCorons stabilized breakdown" is @ term introduced by B
Camilli et al (7) in reference to the SFg pressure range
at which breakdown is at an apprec1dbly gigher voltage than
the corong onset voltdge. :



Similar tests conducted on the same system, insulated T
with air, indicated that an increase in the DC voltage effec-r
ted a decrease in the peak value of the combined voltage at
which breakdown occurred. The_presence of a corona dis-

chsrge did not appesar to be of importance in this case and

‘the breakdown behav1or was explained as follows:

Breakdown of the system occurred when the applled

‘voltage exceeded the breakdown voltage for a perlod exceed—

ing the statlstlcal and formstive time lag of ‘the breakdown
process. As Figure 1.3 illustrates, for & given peak value
of applled voltage and a given breaskdown level, the duration’
of the overvoltspe increased with increasing DC component.
Therefore, if the duration of the overvoltage-is important

in determining whether or not a breakdown'occurs, an increase
in the DC level -should have reduced the peak value of applied
voltage at which breakdown occurred. The fsct thst this be-
havior was not observed in SFg at DC levels below the’ corona
stabilized'level suggests that the tlme lags assoc1ated with

breakdown in SF6 are of much shorter duratmon than those in

air.

Howsrd (8) has published a considerable amount of data

obtained from AC, DC, and impulse breskdown and corona studies

N

of a number of gsses, including SFg. The'perfor fice of each
gas was examined over & uide range of pressure and electrode

configurations. The positive DC sparking voltage-gas pressure

curves obtained for an SF6 insulated hemispherical rod-sphere |
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gap (0.198 and 5 cm diameters respectivel?) exhibited a

decrease of vrmx:“ith increasing gap. length similar to that

reported by . Works and Dakln.

IMPULSE VOLTAGE SUPERIMPOSED ON
DIRECT, VOLTAGE BIAS

- e RIS .

T e """‘—--—--‘-'-—-__.__ .
. e T e
e ——— e s — e ———— T i e

DIRECT VOLTAGE BREAFDOWd

VOLTAGF

DIRECT VOLTAGE BIAS

‘ IMPULSE - ' ?
' VOLTAGE )

TIME K | -

FIGURE 1.3€? EFFECT OF BC BIAS ON IMPULSE OVERVOLTAGE TIME DURATINN,

?

In 3 subsequent paper, Howard (9) discussed the

~
processes contributlng to breakdown in electronegatlve gases.
He proposed that breakdown or corona onset occurs when

(E/p) = (E/p)

crit

where (E/p)crit = ratio of electric field to pressure st

which the ionization and attachment
coefficients of the gas zre equal
E = field at the high stress electrode

P = gas pressure.

(1.1)...

&;3
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This discharge onset'criteria fdr'non-uniform fields

is essentlally an exten51on of - the concltlon for uniform

fleld breskdown in electrOnegotlve gases prOposed by

—

‘ Geballe and Reeves (10). - ._'“ . S

“

lMeasurenents of iOnization and'attachment coefficients

by Bhalla and Craggs (11) yleld an. (E/p)

cr1t Gaiue_of‘Sé}l

$.

kv cm/kg for%bF6

té'" HOWurd tested hls hypothesis by determlnlng the

theoret1Cul d;scharge onset voltage of the p01nt-plane
sféﬁ\,sed in-his experimental work whqn 1nsulated wlth
SFg,. dliluorodlchloromethone, and cdrbon tetrdchlorlde at
Vdrlousap;essures. The .calculation. of the electrlc fleld
at the rod tip was based on the assumptlon that theé electric
field dlstrlbution along the syﬁmstry axis and in the vicin~
ity of the hemlspherical rod was that of a hype:bolo&d p01nt-
‘plane geometry; that 15, at a distance x from the point |
. ._- | - .‘ A - |
. - ¢.2)
R]pgegx/R : '

-

where R = radius of the rod. : )
NWhe théﬁret1Cul dlscharge 1nceot10n vdlues corresponded
qu1te closely to the experlmental corona onset voltages at

gas pressures below vnin’and to the expeflmental breakdown
voltages at:higheerresgures. Howard also %alculated. theo—n
- reticsl dischafge ipéeptién levels for the test systems .
. ﬁs?d by Foord, Vorks-and Dakin, and Pollock snd Cooper;'j

a7



however,'the theoretical and experimental resul;L were not
always- 1n good agreement.

In a dlscu551on of the‘negatlve slope reglon of the.
'sparﬁlng voltage pressure cnaracterlstlcs of electronegetlve
gases; Howard suggested that the increzcse pf photoabsorptlon
w1th 1ncred51ng gds pressure is the most important factor
enabllng streaners to propagate through low fleld reglons‘.
at the higher gaelpressdres,- He proposed that a posltlve.ﬂ
ion aecumulation in the;gae.causes avalancne sctivity at ;

- . A >y . .
" .the cathode, and &lso effects-en increase in the breakdown o
‘ voltage by estobllshlng a low field barrier to. streamers
advancing from the anode. S 1' ‘ L

Breakdown occurs when avalancne activity at the
cathode producee’negative 1ons ‘at a rate su1f1c1ent to _
neutralize the p051t1ve ion barrier, etlleast locally, and
- allow streamers to penetrate end initiate a spark.- The.f
neutrallzatlon would occur in a random fashlon allow1ng

"t
,streamers to: penetrate any part of the p031t1ve ion spsce
charge\_ Those streamers . penetrating the ‘outer reglons
would initiate sparks dlsplaylng a ccn51deratle degree of _f
curvature. Spark$ of hlgh curvature have been observed -

v

: experimentally in the negative 510pe reglon. .
Pedersen (12) proposed a streamer breakdown criterion
fpr electronegatlve gdses which he considered eppllcable to
bF6 1nsulated electrode systems suthcted to steep fronted
1mpulses, and as such precluded the development of & Townsend

N

RN



: breakdan. The basis'for his proposed-criterion is the
assumption that an avalanche-streamer tranéition occurs
whén photon broduction within the avalanche head reaches

a critica%_yalne It was originaliy proposed by Hopwéod (13)
that thg,most probable source of phoﬁons 1s electron~
positiVéiion recombination reactions within thg-avalanche
head. On this basis the rate of photon production can be

determined from the equation

. v dan . : [
o - : (1.3)
- ' . at ﬁNEN*
'~w£th
N_=.o:xNedX _ axNe
toarldx arl
where n, number of photons
8 = radiative recombination coefficient

-—
-
H

‘total number of electrons in avalanche head

N, = volume density of positive ions

LY

~r = radius of the svalanche head
@ = Jjonization coefficient

Assuming a cfitical rate of photon production of value k,

- " .

! o -
an avalanche-streamer transition occurs when .

[T
-+

axNe = B ) _ A 4)

X .
Substituting Ne= exp[lr(a-ﬂdx-,where » is the attachment
coefficient, and rewfiting‘tﬁe equation in logarithnic fornm,

the streamer inception criterion simplifies to

. . b4 v .
o %1n(c,x)+"/t;(a-n)dx- f{x,p) (1-5)_7.‘
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' wheré p is th?

14

Assuming that o, and f(x,p) are relatively insensitive to

variations in x and p, the streamer inception criterion

X . .
f(a-n)dx = K (1.6)
0 ‘ '

where K is a constant. Pedersen estimsted the value of K

further simplifies to

to be 18. The Streamer inception voltage corresponds to the

bréakdown or corena inception voltage depending on degree of

field non-uniformity.

Pedersen compared theoretical and experimental breakdown
values of a 5 cm sphere-sphere electrode configuration of 0.5
and 1.0 gap lengths, insuluated with SFé_at various pressures.

A favourable coupsrison was obtained.

Thg performance of compressed SFé insulation in ldng
non-uniform field gaps subjected to AC, impulse, and switch-
ing surge voltages hgs bgen the subjcct of & humber of
studies conducted recently in Japan. Kawaguchi et al (14)
determined the theoreticsasl bréakdown strength of 5?6 for a

nurcker of field configurations of slight non-uniformity.

They based their calculations on the assumption that break-.

down occurs when the maximum electric field pradient in the

g8s reaches a criticsl vslue given by

Ecpit = 86.1p kv/om . L\\

gas pressure in kgm/cm?. A numerical

»
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technique wae adopted for the calculation of the electric
field distribution in the gas. A comparisoh with experi-
mental résults indicates that this method yielded a reason-
ably accurate prediction of the dieieetric strepgth of the
system'when the highly stressed electrode was Ar positive
polarity, or when the gas was at atmospheric pressure. It
otherwise appeared that field em1551on lowered the breakdown
. voltage to well below the-theoretlcal value.

Nitta and Shibuya (15) developed the Following
theoretical forinulation for predicting the breakdown or

corona onset veltage Vg for gaps in SFg,

- (E “uep- Ky :
VS = (Q>crit up-L (1 +\j5§) ) (1.7)
where k =0.175 atm? cmi e
R = radius of curvature of highly stressed electrode
in cm. C
.:"/-
u = ratio of average to maximum electric stress._in
- the gsp. '
L = gap length in cm. | K _

= gus pressure in atr.

The development of this equation was based on the
folIbﬁing assumptiof’:

1. an a#alanche-streamer transition occurs when the
nuﬁber of electrons in an avalanche reaches a critical number,

namely 108,

2. avalanches only occur in the vicinity of the highly.
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stressed electrode in a volume in which the ionization
coefficient of the gas exceeds the attachmeakncoefficient,

3. the electric field distribution near the surface

of the highly stressed elctrode is the same as the field
distribution between concentric sbheres‘with a) the inner
sphere possessing the ;aﬁe radius of curvature as the

highly stresséd electrode at the point of m?ximum electrical
stress and b) a gradient at the éurrace of theuinner sphere
equal to the maximum surface gradient of the highly stressed
electrode. '

Breakdown-and corona onset calculstions based on the
above formulation were in close conformity with experimeglal
results for sphere-sphere and rod-rod gaps subjected to AC
voltages, at gas pressures below 4 &tm. At higher pressures
breakdown occurred at voltages.considenably lower than the |

theoretically prediéted values. This discrepancy was aléo
| observed at lower pressures when roughened electrddes were
used. Inothe more non-uniform fields, the theoretical
‘values corresponded to the corona onset voltages.

A similar theoretical analysis wgs performéd by’
Takume and Watanabe (16). A favourable correlation was
achieved between the ;heoretical and experimental breakdowﬁ
volt;ges'of sphere-plane gaps subjécted to positive switching
aurges of LOO usec wavefront duratﬁon. Negative surge break-

down voltages were however consid#rably lower that the theo-

retical values.
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Takuma end Watanabe {17) also investigated the switching

surge flashover characteristics of very long (50 em), highly
non-uniform gaps in compressed SFg. They obtained unexpect-
antly low breakdown vol;ages, in some cases 1ower‘than that
of 'a comparable air insulated system. They attributed this
to a modification of the eleétric field distribution by a
migrating space charge resulting from corona activity. This
field modification was more significant iﬁ SFg than in air,

. accounting for the reduced dielectric strength of SFg rela-
tive to that of air.
1.2 SF¢ and High Voltage Engineering

— - l
Since 1940, when SFg first became of technologicsl

o

interest.as a high voltage gas insulation, the ﬁ&pe and
number of high voltage apparatus employing SFg &s & com-
ponent of their insulation system has increased signifi-
céntly. At present , total substations insulated with
compressed SFg are being constructed. The widespreud appli--
cation of SFg is reason alone to conduct studies whlch fur- -
ther the understanding of its insulation properties, not
only with respect to AC and impulse voltsge stressing, but
under DC stress conditions as well. SFg- should play an in-
creasingly significaﬁt role in the insulation of high voltsge
;. DC épparatus and distribution systems. ‘A;so, current trends
indicate the construction of progressively larger SFg insu-
lated AC substations in the future. It is probable that

field testing of such ijnstallations will be conducted under DC
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voltages in order to circumvent the difficulties incurred

by the increased.charging current demands‘jﬁ/the(larger

substations.
The dielectric strength of SFg relative to air at the

same pressure varies widely, with values ranging approxi-

~mately from 0.7 to 4.0; it is a function of many parameters,

with the time and'Spatial variation of the electric field
stressing the gas being the most important. Therefore, it
is not generally feasible to assess the performsnce of SFg by

consulting the host of data available on the high voltage
f

. insulation properties of air.

Intelligent desién of high voltagé equipment employing
SFé'insulatidn requires a thorough understanding of the prop-
erties of the gas subjected to @ wide variety of conditions.
A study of the litersture indicates that deficiencies of
informatiogqexist in msny ereas of SFg insulation behavior.

Several authors havé”reported considerable success
in calculatihg the perfbrmanée of SF¢ insulation subjected
to AC and impulse voltages ﬁﬂaer a varigty of stress con-
figurations. The calculations are based on relatively
simple discharge onset criteria and, depending on the géé
pressure and field_ﬁoﬁ-uniformity, yield either the minimum
Qréakdown or corona onset voltage of an SFg insulated elec-

éfode System. It is of importance to determine whether

these calculation techniques cen yield an accurate predic-

tion of SF¢ performance under DC stress.
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There is relatively little informatidn. in the literature
on the nature of corona discharges in SFg. An important aspect
of design of-the high voltage equipment insulated with SFg
is the prevention or minimization of corona discharge actlv- )
ity. Consequently, a thorough understanding of the corona
related properties of SFg is required. Also, the aforemen-
:tioned calculstions of the performance of SF¢ insulsted
systems yield minimum corona onset voltages for a range of
pressure-field non-unlformity conditions. Exactly how these
calculated voltages relate to the corona discharge character-.
istics of the system is unclear. =
1.3 Scope of Work |

.Tue principal objective of this work is to contribute
informstion which will further the understanding of the per-
formance of SFg as a high volt%ge insulation. To this end-
the following studies were conducted: -

1. An experimenﬁal study was msde of breskdowp and
corona discharge phenomena in sphere~plane and hemispherical}y :
capped rod-plane'gaps of different radii and gap lengths,
insulated with SFg.

2. TPeoretical breakdown and corona onset voltages
of-tue experimental system$ were getermined using various
streamer onset and breakdown criteria proposed in the lit-.
erature. This necessitated ihe development of several
special techniques to perform calculetions based on these

criteria. An asseaement‘wes made of the applicability of

Lol
B

L ’ ‘.-J
s f : S / :
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these criteria on the basis of a compsrison between experi-
mentsl and theoretically predicted results of the uame

system.

3. A corona free breskdown' criterion was developed
and assessed by comparing the theoretically calculated and
experimeﬁlally detérmined pressure at which the iﬁitial
discharge activity coincided with a breakdowﬁ for each

e -

system tested. -

Throughout . the experimenﬁal investigations DC. voltages
were usea, with the non-uniform electrode of positive polbr-
ity. Gas pressures ranged from a mininum of one atmqéphere
to a maximum of five stmospheres. This is the pressure
range of grestest technical importance. Spheré—plane and
hemisphericﬂl rod-plané electrode svstems Were-used in the
investigations because they allow visual’pﬁservatipn of the
highly stressed region of the gap. Also, such systems do
not present the alignment and fabr{cetinn difficulties in-
herent to concentric cylinders end confocal paratoloid gaps.

1.4 Orpanization of Dissertation

Chapter I summarizes past studies which are relevant
to the investigation treated in the dissertation.
r'. ) -

Chapter II describes the various components of the -

system used to perform the experimental inveétigations.

\\\\\\g 1 A corona free breakdown is a breakdown-occurring in the

absence of prebreskdown current pulses exceeding 0.5 -
microamperes peak, and in the .absence of &#n average
current exceeding-10-10 smperes.
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Chapters III and IV summarize the reshlts of
experimental studies of prebreakdown and breakdown phenomena.
| | Chapter V discusses discharge phenomena in SFg. The
discussions are bused on the experimentsl findings. of the
present‘invesﬁigation and the experimental results of other
studies and theoretical discussion of SFg insulation found

-

in the literaﬁure. _
Chapﬁer VI dfscribes‘thé calculations of the theoretical

performance of the'expé;imental systems based on streamer

onset and breakdown criteria found in the literature. -The‘\

theorétical prediction of the minimum gas pressure coinciding

wiéh the corona free breakdown is also discussed.

Chapter VII presents an overall summary of the findings

o

of the present study. ,



CHARTER II
EXPERL/ENTAL SYSTEM
/ | _
The experimentsal .fecilities can be considered as
grouPed‘into four main pérts; the pressure vesééi, pressure=-
vacuum system, Curreh; messurement circuitry, and high
voltage circuitry.

é.l Pressur Vesse;

A sectional vieﬁ of the pressure vessel used in the
experimehtal'work is illustrated in Figure 2.1. The cylin-
“drical wall was in two sections with the lower section #9
of 0.25 inch thick stainless steel and the gﬁper section #1l
of 0.375 inch thick carbon steel. The upper c¢ylinder func-
tioned &s an gxtension to accomodate the high vQltsgre bushing.
The base plate of the vessel was also of stainléss steel
material. The high voltage bushing was a CGenersl Electric
115 KVAC air blast breaker bushing. . It was comprised pri-

- marily of two porcelain cylihders #7, #%} wo end plateé,

a mounting flanée, and a hollow conductor #6. The space
enclosed by the.porcelain cylinders and end plates was
sealed from the atmosphere and from the‘préssure Qessel}

The bushing contained SFg gas at arpres;ure of 75 psig. The
veséel‘was tested hydraulically atfa pressure of 250 psig
for a five hour duration.’ '

Three of the four v1ewing ports #10 were utlllzed
for visual observation of the d}scharge phenomena whlle

the fourth served as a gas inlet port."_The windows were



S AVAVA
TTTTTTTWY

FIGURE.2.1. PRESSURE VESSEL AND ELECTRODE ASSEMBLY.
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" “uniform {ield electrodes -and the'Rogowski ‘brofile electrode

— e de

) . 2L O

quartz disks, 2 inches in dismeter and 1/2 inch thick. .A‘ -

- g2s discharge~vacuum port was located in the base plate; it

is not shown .in Figure 2.1.

-

: The electrodes were attached to two 0.5 inch diameter
. - r -

connectihg rods. The -upper rod psssed through ﬁhe;bushiﬁg'v

conductor and both the upper end ofi%he rod. and the plug at
<,

the top of the conductor fb-were threaded with a 1/2 x. 40

inch thread. " With this arrangement, the rod was displaced

-vertically when rotated. A guage at the top of the bushing

indicated Lhe vertical dlsplacement with a prec151on of .001

inch. The bo ttom rod passed through the buse plate and pos-

_'sessed a similar threadlng arrangement #11 which was not

utilized. in the experiments.

The details of the .electrode system are illustrated
in Figure 2.2. The 5.28 inch dismeter QOURogowski profile
electrode éerved as the plane electrode in all of the expér;
imental work. .fhe different non-uniform field eiecﬁrodes
used in the invéstiga?ioné_were attached to the connecting

rod with an insulating plexiglass coupler. All of the non-

werq of brass material. )
Before each test - serles, the electrodes were polished
first with a compound (Brasso) contalnlng abr851ve chalk of
a maximum partlcle size of 20 microns, then with a 1 micron
red rouge lapping cﬁmpound, and finslly with & 0.1 micron
alumina pafticle distil;ed wate:Acompound;' The electrode

@
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.surfaces were then degréaSed with acetone and freon sgléenps;'
The Iéw voitage electroie was electrically connected
to a length of 50 ohm coaxial cable attached to a feéd:thru
in the base ‘plate of the vessel (ﬁj,lfigure 2.1).

.. The gap length was adjusted by first carefully
lowering the plane electrode until contact between the two
electrodes was attsined, as indicated by 4n ohmmeter. The;
gapblength was then sét by rotating the uppef'connectiﬁg rod
the requirgd.nﬁmber of révolutiohs, raising the plsne elec-
trode. Errgrs in the gaplsetting introduced by the tolerance
limitations of the thread snd the backlazh were negligable.
However, elongation of the vessqg,ralls and warping of the
base .platg resulting from pressufigation of Lhé vessel had
a conéiderable effect on the gap length. The variation of

, the gap length with pressure was méasured and the results:

‘P#ore shown in Figure 2.3. A correction factor was determined
frﬁm tﬁe data and applied to the #arioﬁs calculations whenever
it was céqsidered éignificant.- | |

2.2 Pressure Vacuum System

The pressure-vacuum system is schematically iYlustrated
L : \ i :
in "Figure 2.4. .

The pressure gﬁaéés employed in thé.measurehéﬁt of the
gas preésure within ﬁhe vessel wére checked against test '
guages.ﬁogsessing an accuracy of‘G;QS%. When measuring the

- gas pressure of-the same 1ine, the discrepsncy between the = -
-;ndicétions of the test guage and the system gﬁage {the guage
!

b
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FIGURE 2.3. EFFECT OF GAS PRESSURE ON GAP LENGTH.
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<

which gsve an indication closest to full.scale) was at
all gas pressures within l% of the pressure indicated by
the test guapge. The guages indicated thé gas pressure in
pounds per square'inch guage. The "absolute pressure of
the gas within the vessel was determined by sdding the pres-
suré indicated by'the guage system to the atmospheric pressure
‘of the  laboratory which was messured by & mercury barometer.
. The procedure adopted for thg fiiling of the vessel
with the test pas was as follows:
- 1. All surfaces within the vessel were subjected to:
a blast of N, from a commercial grade cylihder, Just prior
to final vessel assembly. : i - i
2. After assemtly was complete, the‘veséel wWas
evacuated and subsequently filled with.conmergiél grade Nz.
3: The vessel was then evacuated to & pressure of
approximately 0.01 torr, as measured by a MclLeod guage -
attached to the gass inlet port, and remsined in this evac-
uated state for several hours. ‘
%. The vessel was filled with the tést gas to the
desired pressure. ‘ .7
5. The vessel was always pressurized with the test
- gas at a pressu;e_greater than atmospheric when not in use.
The SF6 useq_in_the tests was of commercial purity
(99.8% minimu&) and was manpfactured by The Matheson Company

Inc. Gas admitted to the pressure vessel was first passed

. through a 0.03 micron filter and subsequently through a gas

»
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purifier containing a desiccantiwhich ensured that the dew

point ;f the gas was no greater than -1G0°F. A porcelain

dish confaining silica gel and activated alumina was placed
in the pressure vessel just prior to the final assembly of
-the vessel sfter each change of electrode. The silica pgel

served as a8 desiccant and the sctivsted alumina rerioved

corrosive gas compounds which resulted from electrical
- t

; . L
discharges in the gas. :
Because of the relatively high cost of the commercial

grade UFg, a ges reclsiming system was utilized. The com-~ .
L

pressor used to transfer the test gas from the pressure Y
L
vessel to a storage cylinder was a gas pressure booster and

operated on the laboratory's compressed air supply. It wa;
theoretically.éapable of pumping gés up to pfessures of /
1900 psig. The booster required no lubricant and this essen-
tially eliminated any possibility of test gas contaminstion

in the reclaiming process.’

‘2.3 Current Measurement Circuitry

Currentfflow in the“cést circuit ;esulting from
dischérges in the gaes wus measured with & microsmmeter /in-
sértéd in series witk the test gap or with an oscillostope
displaying the voltage drop across a resistor or cabl *
.impedance in sgriés with the gap. The micrganweter 95
fvcapabiejof measuring DC currents of magnitudes ranging fron

1l microampere to 1 milliasmpere and was utilized wher infor-

mgg}on on the DC level of the coropa current wss réguired.
o ) " B
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The oscillographic studies were conducted utilizing a
Textronix 549 storage oscilloécope with a 1Al of 1IA7A plug-in
" unit, a Hewlitt Packard 183A oscilloscope, and a Hewlitt
Packard L62A amplificr. The 1A7A unit is a high goin, low
ﬁoiée amplifier with adjustable bandwidth and s msximum rise-~
time of 350 nanoseconds. The ﬁse of this unit permitted the
measuremént of currents as low as 2 x lQ'lO.apperes at a |
- bandwidth of 10 hz. The risetimes of the 549 oscilloscove
with the 1Al plug-in, the 183A oscillosccpe, and the 4624
amglifier are 13 nsec, 1.4 nsec, and L nsec respectively.
Figure 2.5 gives the .schematic fepresentation of the high
voltage and discﬁgrge current measurement circuitry.

The triaxial cable which connected the lqw voltage
electrode in the pressure vessel to the oscilloscope or
microarmeter wss approximately 8 meteré in length. It was
therefore neéessary‘to terminate the cible with its char-
acteristic impedance when examining. the high frequency
componenté of the‘diSQH;rge current, This eliminatedldis-‘
tortion of the waveform which reflections at the cable
terminations would otherwise introduce and limited the mexi-
mum-value of the resistance in series with the gep to the
characteristic impedance of the cable (50 ohm} . |

The eIectfomagnetic field in the laboratory due to
external sources induced a substantial RF noise voltage in

' the high voltége‘circuitry. This voltage generatéd‘a dis-

- : &
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" corona current, was detected by the measurement apparatus.

The mspgnitude of therdetected noise current wes a function

of the bandwidth of the measurement &pparatus and'the_capac-
itance of the test gap. Table 1.1 gives noise current values
for a 1/16 inch diameter rod-plszne gap of 1.5 inch gap spacé-

ing as é\function of the oscilloscope bandwidth.

TABLE 2.1. THE EFFECT UF THE SYSTRI BANDWIDTH ON THL
- MAGNITUDE OF THe DETECTED NUISE CUKKENT

]

System L Noise Currént
Bandwidth {(uamp pesk to peak)
1 KHZ L 0.02 .
10 KHZ | | 10.06 ;
100 KHZ 0.12
300 KHZ 0.2
1 MHZ 0
30 mHZ - 2.
90 MHZ : 12,
250 MHZ - 20.

‘A paper gap and back to back diodes were included
in the circuit for the purpose of protecting the oscillos¢ope

from overvoltages resulting from a breakdown of the test gap.

s C
~_/

13
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2., High Voltape Circuitry

Figure 2.6 is a photograph.of the experimental circuit.
The high voltege bushing of the pressure vessel (foreground)
was connecbed t& the HVDC generstor with a 4 inch dismeter
copper pipe and a 250 kilohm wiréwound re51stor which sat
atop the bushing.

' The output voltage of the HVDC generator 1is contlnu-
ously variable from O - 1000 kv. The variations in this
voltsge due to ripple and fegulation are within 0.01% of the
output voltage for output currents from 0 - 2 milliamperes,
the maximum available DC output current. A 300 picofarad,
1000 kv capacitor was included in ohe circuit aod this appesers
in the left hand side of the figure. This capacitor was .
essentially in parallel with the test gap and ite primsry
function‘was to iqcrease the electrode capacitance ensuring
that the discharges in the gap were not inhibited by lack
of. stored charge. e

The output voltage ‘of the generator (the gap voltage)
was measured with a RC voltage divider coupled to a dlgltal
voltmeter. The divider ratio was calibrated w1th sn electro-
static voltmeter accurate to +0.5% of the applied voltags, "
at voltages below 50 kv, and with a 25 cm ‘sphere gap in to;
voltage range 50 kv to 300 kv. The calibration assured san
accuracy in the measurement of the applied'yoltage of .
within ¥2% (18) for the. range of voltages applied-in_the

" experimental work.



FIGURE 2.6. PHOTOGRAPH OF EXPERIMENTAL SET-UP..
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CHAPTER III
- PREBRLAKDOWN DISCHARGE STUDIES T

3.1 Nature of the Investigation

This chapter descrlbes the results of an experimental
jnvestigation of prebreakdown discharge phenomena in hemi-
spherical rod-plane gaps insulated with SFg. The study -
encompassed gap lengths ranglng from O. 25 to 1.5 inches and
rod dlampters of 1/16, 1/8, and l/h inch. The applied
voltdge ‘was in all cases DC with the rod of positive polarity.

Discharge phenomena were examined primarily by
measuring the total current flow in the gap, either with &
microammeter 1n series with the gap or with an oscilloscope
displaying the voltage across an impedance 1n series with
‘the gap- A study was also qonducted of the’ visusl appearance
of the discharge. | '

Prebreakdown current studies of a 2 inch diameter
sphere~plane gap at voltages and gas pressures tb 300 kv
and h.S atmospheres reéspectively failed to detect ény.fsrm
of prebrezkdown dlschurge current. These'test results rﬁle
_out the possxbility that the dlschdrges detected in other
'electrodg configurationS‘were at locatlons other than the
test gap. '

Unless otherwise stated, all oscillograms referred to
in the discussion were obtained with the Tektronix 549 oscil-
. loscope snd lA7A plug-in set &t & pass band of O-1 Mhz. .The

response of this system to 8 square voltage pulse of 50 nsec



risetime, appiied between the low voltare electrode and
ground, is illustrated in Figure 3.2, oscillogram #1.
This oscillégram also'iﬁdicates the writihé capabilities
of the system. Oscillogram #2 indicaﬁes the‘magnitude of
‘the backg(ound noise détected by the svstem when she HVDC
generator output. was at zero volts.

F;gure 3.1 illustrates the 1nbeption levels of the
various types of prebreakdown disch;rge current activity
observed in an SFg insulatqg,\é/l6.inch diameter rod-plane
ggpfét a gap léngth of 1.5 ;nches. The corresponding data
for qther electrode Copfigurétiqns can be found in Figures—
k.1l through 4.11. The discharée characteristics were
observed éé be of basically the same nature in all of the
rod-plane configurations tespéd. However, theQincepnion
levels, the intensity, and the pressure range of these
phenomena varied wideiy with changes in electrode radius
‘of curvature or gap length.

) 3h_ 1gg1 Pulse Phenomenon

As the voltage applled to the gap was increased from

zero, volts, the first indication of dlscharg@ actiV1ty wys
a small, curreni pulse detected by thé oscilléscoﬁe. A typ-
‘iCdl pulse 1is illustrated in Flgure 3.2, oscillogram #3.
The pulse amplitudes varied randomly, however the maximum -
amplitude observed generdlly increased with increa51ng ggp

__)

voltbge.

A conparlson of osc1llograns #3 and. ﬁh 1llustrates

the degree of amp}itude vdrldtlons.observed. Attempts to

\
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FIGURE 3.2 COROHA‘CURRENT OSCILLOGRAMS

{electrode dimensions specified as rod
radius-gap length, both in inches)

2. NOISE 1 MHZ BANDWIDTH
1. SQUARE WAVE, 50 NSEC RISETIME "1 UAMP/DIV, 2 PISEC/DIV

1 USEC/DIY HORIZONTAL ' ELECTRODE 1/16 - 1 1/2

3. 1 JAMP/DIV, 1 PSEC/DIV
P - 1 ATM, ELECTRODE 1/8 - 1/2
vV =27 KV

4.1 UAMP/DIV, 1 USEC/DIV _
P - 1 ATH, ELECTRODE 1/8 - 1/2
Yy = 27 Ky

P - 1 ATM, ELECTRODE 1/8 - 1/2 P - 1 AyM, ELECTRODE 1/8 - 1/2
V = 27 KV IRRADIATED WITH U.V. Y =29 K

5.1 JAMP/DIV, 1 JSEC/DIV _ . 4}JAMF:<$IV, 1 JISEC/DIV




7. 4 ]UAMP/DIV,-_'[O JSEC/DIV gl 10}JF\T‘1P/DIV, 200 JSEC/DIV
P - 1 ATM, ELECTRODE 1/8 - 1/2 _ P~ 1 ATM, ELECTRODE 1/8 - 1/2.
V=29 KV = 29 1y |

9. 10 PAMP/DIV, 10 JISEC/DIV - 10. 20 PAMP/DIV, 5 PSEC/DIV
P - 1 ATM, ELECTRODE 1/4 - 1 1/2 P - 1.5 A, ELECTRODE 1/16 - 1/2
Yy = 70 Ky R ¥ = 33 kv -

1.1 MILLIAWP/DIV, 10, NSEC/DIV 12. 20 PAMP/DIV, 10 PSEC/DIV

p - 1.5 ATH, ELE(‘}"i'RG'DE 1/16-1 1/2 p - 1.5 ATM, ELECTRODE 1/16 - 1/2




13. 20 JIAMP/DIV, 10 JSEC/DIV .- 14. 10 BAMP/DIV, 100 PSEC/DIV
P - 1 ATM, ELECTRODE 1/4 - 1 1/2 P - 1 ATHM, ELECTRODE 1/4 - 1 1/2
70 Ky Yy = 70 KY '

15. 10 PAMP/DIV, 10 USEC/DIV ‘ 16. 4 UAMP/OIV, 1 mSEC/DIV
P - 1 ATH, ELECTRODE 1/4 - 1 1/2 P - 3 ATM, ELECTRODE 1/16 - 1/2
= 70 Ry _ y = 83 KW

17. 100 PAMP/DIV, 1 JSEC/DIV
P - 1 ATM, ELECTRODE 1/16 - 1 1/2 .
NITROGEN GAS
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record the pulse shapes at higher bapdwidths were hampered by
the accgmpanying increase in background noise level.

The pulses occurred at rasndom intervals 1in thgﬁorder
cf minutes) with interval times apparently independent of
voltage level. The zverage time durstion between pulses
generally incressed.with increasing gas pressures. Irra-
diation of the gaprwith'2537 A ultraviolet light increased
the repetition rate of pulses considerably 5 high gap
lengths (1.0 - 1.5 inch} at gas pressures near &stmospheric.
The radiation had a negligible effect in shorter gaps or at
pressures higher than two atmospheres. Also, the radistion
affécted neit her the inception voltage of the pulse aétivity
nor the pulse megnitudes.

At voltages slightly higher than the single pulse
inception level, é discharge consisting of sevéral'puiSES

in rapid succession wss occasionally observed. A discharge
consisting of two pulses is illustrated in oscillogram #5.

3.3 Momentary Discharge Phenomenon

»

The next stage of corona development accompanying an
increase in gap voltage was the & ppearance of what may best’
be termed & momentary digchgfge. Oscillograms #6, §7, and #8
of Figure 3.2 illustrate thrge such diséharges recorded‘ynder
identical test conditiohs_with different oscilloscope sweep
rates and verticai amplifier gains. At the inception voltuge

of this type of discharge the pulses appeared at random

intervals, as in the case of the single pulses.
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several changes’in the charccteristics of the discharge

were observed to accompany an increase in the spplied voltage.
Figufe 3.3 illustrates a typical variation of pulse durstion,
pulse magnitude, and pulse repetition rste exhibited by one
set of measurements in a gap subjected to an incressing volt-

age. The discharge amplitudes were determined with the 1474
vertical amplifier filter set at & 30 lhz bandwidth:

At a voltage level at or slightly above the inception

level of momentary discharge activity, the initial pulse of
a discharge invariably possessed a peak amplitude which was
considerably smsller than the maximum amplitude displayed by
the total discharge. The amplitude ofAhe initisl pulse
increase, however, with sn increzse in applied voltage, to
8 value fer greater than that-of any of the subsequent pulses
of the discharge. Oscillogram #9 of Figure 3.2 illustrates
a pulse observed at a vdltage nesr the onset level;.while
oscillogram #1C illustrates a pulse observed at a higher
voltage. In the latter case the pulse peaks were of suffi-
cient magnitude to be recorded at higher bandwidths. Oscil-
logram #11 records a discharge initiatinglpulse displayed on
the Hewlett-Packsrd 183A oscilloscope. Tﬁe Hewlett-Packard
462A amplifier was also included in the measurement circuit
and the total system posséssed s combined risétime of 4 nsec.
Oscillogram #11 illustrates that the pulse magnitudes are
much greater than indicated in the oscillograms obtained

from the 1 Mhz bandwidth system.
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As illustrated in Figure 3.3, the repetition‘rafe of
the momentary discharges genefally increased with an accom-
panying incfease iﬂ_géﬂlvoltage;_the'use of ultraviolet
radiation tended té enhance this effect. 'Also, the pulse
duration generally iﬁcreased with increasing voltage. The
relative effects of these two phenomena on the average value
of ctorona current fiowing in the external circuit were de-
pendent upon the intensity of the radistion, the electrode
geometry, and the ges prgssuré.

3.4 Continuous Discharge Phenomenon

An increase in the gap voltage beyond the ihceptlon
level of momentary discharge activity resulted in e1ther 8
gpark or a transformation of discharge phenomenon 'to that
‘ .
of a continuous discharge. In e non-irradiated gsp, the
average corona current resulting from momentary discharge
activity in phe Eap was generally ;Ell below 1 microamperé
throughout the voltage ranﬁe of this activity. The
tranultlon to a'steady discharge caused the mlcroanmwter to
deflect suddenly and 1nd1cate a continuous DC current flow
" in the circuit. A further voltage increase caused an
increase in the DC level of the coronaz current. A transi-
tion from a continous discharge to a momentary discharge

¥

occurred only when the voltage wss reduced to a level
e

significantly lower than that at which the reverse transition

occurred. Figure 3.4 illustrates the relationship between
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cb;ona current gnd the gap voltage for one particulsar set

of parameters. ’

| Corona studies on the i/lé iﬁgh dismeter rod-plane

gap indicated thatjthé inception voltége of continuous dis-

charge activityrwés significantly higher than the extinction

» voltage except when 3 prior'continuoﬁs discharge had been

presgnt in the gap for at lezst a five minute-duration.

Under this circumstance, and only for a period of time extend-

ing several minutes past the.time of extinction of the

prior discharge, the inceptidh voltage was observed to be at

a reduced level coinciding with the extinction voltage. Such
- \

& reduction of inception level was not observed in studies

involving the larger radii rods. "
At gas pressures at which breakdoﬁn was not pregedéd
by a steady discharge, the repeﬁition rate'of momentary dis-
charges was in somelcases sufficientl} high'to caugse a de-
flection of the microammetéf“EEFiggﬁbhding to an ave;age
current level of 1-10 microamperes. Ail 6§§ervations of this
phgnomenopiafé:indicated‘in Figu:eg.b.ﬁ, 4.6 and 4.8. Oscil-
logram #16 illustrates a train ofzﬁbmenbary pulses with an
average’ current level of sufficient magnitude. to cause a ‘ ¢£:)
miéroammeter deflection. In all other cases the microammeter
gave a non-zero current indiction only when’a steady '
discharge wss presgnt in the gap.

The onset voltage'of a steady discharge w.s observed

to be lower at all electrode radii and gsp lengths in the
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presence of ultra-violet radiation. This reduction of oﬁ;et
voltagé was often considerable as’illustrated in Figure J3.4.
Upon establishment of' a steady discherge in the gap, removal
~of the radiaticn source had sn insignificant effect on the
average discharge current s indicated by thelmi&roammeter.
and vhe ability of the discharge to sustain.itself. As &n
exatiple, with reference to Figuré 3.4, 3 steady discharge
can be established and maintained st EO kv.in.a non-
irradiateg gap by first inéreasing the pap voltage to 84 kv
and then reducing it to 80 kv. The same discharge conditions
can be established at 80 kv by applying g voltége of 75 kv
~to the gap while irradisting it. Unler these conditions &
steady dischesrge will conmence. The radistion source can

°

then be removed and the applied veltsge incressed to 8U kv,
The steady discharge condition_;ill continue to exist.

Oscillogfsﬁ #12 of Figgre 3.2 shows tliree superimposed
continuous.discharge waveforms corresponding to different
vélcage levels. The’pesk msgnitudes of the individual pulses
are not indiééted in the pho£ograph but they were ggéﬁrved to
be many times higher than the DC level. The oscillographic
studie; sugpest that a continuous discha;ge and a momentary
dischérge are substantially the 'same with the exception that
the latter is self-extinguishing.

Figure 3.5 shows a typibal varistion of DC corona

current as 3 funétion of spplied voltage and gas pressure

and Figure 3.6 illustrates the effect of g length on the

! .
/ ! ‘.;_.,'_‘
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magnitude of the corons current at a voltage level just

below the breakdown voltage.

A study of discharge currents at a bandwidth of
10 hz and an oscilloscope vertical amplifier gain cgrre-
sponding to IO-IQ amperes per'division indicsted that no
diséharge activity was present other than that described

above and at the same voltage levels as above. '

3.5 Visual Otservations

Coroﬁa disclarges in the test gaps were viewed with
the_éid of a teleséope focused on the tip of the non-uniform
fieldrelectrode. Activity was visible only when s contin-
vous discharge was present in the gap, and the visual aﬁ-

pearance of the same was observed to undergo a number of

‘changes as the applied voltage wss increased. The following

is a description of the appearance of discharges at the tip
of 8 1/16 inch diameter rod with the gss pressure at 1 at-
mosphere and the gap length set at 1.5 inches.

The initial appesrsnce of visible discharge activ1ty

cbincided with the onset of a continuous discharge and was

observed as a single bluish filament emanating {rom the. rod

tip as shown in Figure 3.7(3). The root of the filament
emitted a more intense light than the stem and the filament

jumped discontinuously over the surface of the electrode.

As thé voltuage was raised, both the length of the filament

A

and the rate at which the filament jumped from point to point

on the anode surface increased. The area of the surface over
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FIGHRT 3‘?1 VISUAL APPEAPANCE OF CORO:IA DISCHARGES It SFG AT THE TIP

OF 4°1/15 THiCH DIAMETER ROB, AT A GAS PRESSURC OF 1 ATMOSPHERE.
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‘at the outer edges of the dlschdrge where . the 1nd1
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\

,-the discharge periodically changed,from a

which the roet of the filament ranged also increased.
At boikx

single filament to multiple flldments and vice ver=a. The

‘multiple filaments were mo*e diffused in sppearznce than the

single filament, &s illustrat ed in Figure 3.7(b}, and\they .

: }
moved more rapidly and ranged‘further from the tip of the

rod.

f further 1ncrtase in voltage resulted in the

establlshment of a continuous multlple fllament dischsrge.

The nunber of filements, their length, and their displace-

ment  from the rod tlp all incre:sed w1th 1ncre551qg vOltage.

The spreadﬂoﬁ-the dlqcharge aeross the surface sppesred

mdch mére prevalent than the growth of the dlscharge 1nt;3

the gup. The illaments also appeared more - dlffused st éhe-

higher.yoltage levels. Fllaments with a much br;ghter root’

and sharper definition were occa51onally obserquf ; o
At an applied;voltaﬁe of‘aépfoximately 100 kv, the

fil;menbs becane so numerous and diffused that thc discharge

st the electrode surface sppeszed as 3 continuous glow except

ual

filaments were still distinguishable.‘ This is illust
in Flgure 3.7(c). with -incressing voltage,; the glow ex-
tended 1nto Lhe gdp os well as laterally. The length of the
vuter filamentary discharges also 1ncreasedﬂand intense

fllaments appeared perlodlcadly, emanating from all parts of

the rod tip with those emandtlng frem the’ edge of the dlschorge

e
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rema;ning riore prevalent. An occésienel long reddish
filament wos observed. The geéneral appearance of the rod
tip at 120 kv, tde yo;tage at which these phenomena were _
observed is iliustrated in Figure 3. 7(d)‘ This type of
discherge pattern remolned at voltages up to the breakdown
voltage. .
The same general discharge behavior was observed
. at, the tlprbi the 1/8 inch snd 1/4 inch dlameter rods
although the dlscharge extended further 1nto the gap at
the larger rod rddll.
AL gus pressures cdrresdondlng to the negative slope'
- - region of the breakdown voltdge presse:e curve, the blu1sh
glow discharge st the rod tip, bounded by filamentory dls-
charge activity, ﬁas established in much the same sequence of
" events as at atmdspheric pressure. 'Uplike the discharge
growth at stmospheric pressure however, the discharge did
ﬁot extend into tﬁeagap with incressing voltage but contracted
and spread laterally over the surface. The occasional loﬁg
reddish filament wes also observed emanating e’!marlly from
;he edre of the discharge region. This general appesrance

" ccntinued up to breakdown.
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CHAPTeR IV

BRLAKDUWN STUDILS

Lual Test Procedure znd Breskdown Test iesults

) _ When choosing & test procedure ‘to determine the
dielectric stfength cf on insulation systeg¢ se§eral'
_fact;rq must be considered. . |

1. Do previous breakdow.n tests on the syStem affect
the present dielectric strength? This includes the possible
increase‘of the d;electric strength Jdue to conditioning or
dielectric étrength reduction due ﬂo deterioration of the
insulstion or the électrbdes.

2. In the cese of DC testing, does the rate of rise
of applied voltuge have o signitficant eftfect on the breskdown
test results? If so, what 'test procedure will yield results
rost reievant-to‘eﬁgineerinu applicatiaps?

| 3. Hoﬁ many breakdonn‘lests ore neceséary to yield
a sufficiertly sccurste statisiical picture of the Jielectric
lﬁixgngth of the systen? _

7 The ouépub voltage‘of the:HVDU fernerator ws's tontrolled
by Totating o ten turn pbtentiometerl The rate of:}ise of
output vdit:ge‘was Lherefore propgrtiunal to the angulér ve-
Iécity of ‘the oténtiométef-rotat;uﬁ. The volteype control
Wi 5 perfqﬁdéd mAnuolly andﬂnhis_poued‘é limitation on the
change in output voltage to & raté which_ﬁﬁoﬁld\elipinate

4

the possibility of a significant formative .tine lag}influenée

4
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on the test resuits.' In view of this, a rgther arbitrary
rate of rise of 1 kv per 15 seconds was adopééd for the
early breskdown tests. This rate of rise was achieved by
" increasing the output voltspe by 1 kv every 15 seconds a3
timed;by a stop watch.

| It was\gbsgrved later hoﬁever that the rote of rfse
could affect the test fesults significantly especially when :
corona diécharges'did not.precede breaskdown. The test results
in Tablé 4.1 indicate that a slow rate of rise yielded consis-
téntly lower breskdown results but at the ssme time redgced\
the scatter. A decrease in the rate of rise’ below l.kv perl
60 seconds had no noticatle effect. lUnder ultra-vioclet radi-
ation the breskdown results were somewhat more consistent.

"lTable L.2 indicstes that the rate of rise of applied-
voltage had little effect on the breékdOWn results at iower -
pressures when corona discharges occurred in the gap‘prior
to breakdown. It wss also observed that the presence of -
radistion had an insignificant effect on the breakdown test
results under these conditions. | 7

| Early test results and indeed the results of Tables
4.1 and b2 indicaé;lthat conditioning or deterioration -

introduced insignificant changes‘in bréakdown test resuits.

! This statement is based on the results of time lsg studies
conducted in SFg by Kuffel and Radwan (19) and others. These
studies indicate statistical and formative time lags in the
order of 10's of microseconds at the longest in irradiated
and non-irradisted SFg insulated gaps. ‘



T/BLL L.1. EFFECT OF THE KATE OF kISE OF VULTAGE Ul DC
BIEATD O WEODULTS FUL A NUI-IKKADIATLD 1/16 ILCH DIAM-
ETER RUD=-PLAKNLE GAP GF 1.5 IKCH LiNGTH, ILSULATED WITH
Skg AT 5 ATMUSPHLRES.

-

- TeST . BhEARDUWE VOLTAGE -

- .
NUMERER 1 kv/5 sec 1 kv/15 sec 1 kv/30 sec 1 kv/60 sec

1ok - 81 77 - 72 71
5-8 83 78 75 71
y-12 86 - 76 73 73
13-16 o 75 75 72
T

TABLE L.2. LFFECT UF THE 2ATi UF HILE GF VOLPLGL Oh DC

57

BREAKDU, I hRELULTS Fult A LKON-IRhADIATED 1/16 INCH DIAM- -

ETLR hUD-PLANE GiAP CF 1.5 ILCH LLUGTH, INSULATRD WITH
O SFg AT 1.5 ATHObPRERLES.  DLREAKDUWL OCUURRED IN THE
PHQShNUE OF A SLOTAINED WOROLA DIOCHARGE.

d

TEST | BHEAKDOWN VOLTAGE

NUMBLE 1 kv/5 sec 1 kv/15 sec 1 kv/30 sec 1 kv/60 sec

L-4 73 Cn 71 70
5-8 72 71 72 70
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In view of these findings, two different test methods
were used in the leter'dielectric strength studies. When
corona discherges did not precede breakdown, the sparking
voltage of the system was determined with a single non-
irradiated breakdown test at a #oltage rate of rise of
1 kv every 1.5 minutes and e;single irradieted breakdown
test conducted at ‘a rate of rlse of 1 kv every 15 seconds.
When breskdown occurred in the presence of a contlnuous
discharge, one irradiated and one non-irradiated breakdown
ﬁest waz conducted at e rate of voltagg rise of 1 kv every
15 seconds. It was considered that two breakdown tests
were sufficient ﬁo give a satisfactory indication of the
breakdown sprength, since a low scatter of results was
observed for the slower rates of volﬁage rise, and neiﬁher
conditioning nor deterioration were significant.

Breaskdown tests and prebreakdown discharge studies
were conducted w1th the 300 plcofarad hlgh voltage capacitor
removed from the test circuit. This, in effect, decreased
substantially ﬁhe,capacitance of the test gap. Under no
circustancee however was &ny difference detected bhetween
test results obtained wiﬁh and without the cspacitor.

?igures L.l through 4.11 jllustrate the results of
breakdown tesﬁs conducted on sphefe'and hemisﬁherical rod-
plane systems insulated with 5?6 at variocus pressures and

subjected to DC voltages with the sohere or rod of positive

polarity.
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Breakdown values oltained with & 2 inch dicmeter
sphere-plane guep and gap lehgths of 0.25 inchrand U.5 inch
sre illustrated . in Figure L4.1. Five breakdown tests were
conducted in the ubsence of UV radiztion at each‘pressure-
gap length cpubination and t he mexinum, mivimun, &nd average
'breakddmn voltages of the five tests é{fﬁplotted.‘ The
vbltage wss raised by 1 kv every 15 sec:inds.

rigure 4.2 indicates the results of tests cqgaucted
on & 1/4 inch diameter hei.ispherical rod-plane [aé.using
the samé test procedure as-indicated above. In this caée
onset voltzges oi steady cbrona currenthanemindicated 35
well as breskdown voltagesi‘

Firure 4.3 shows breskdown test resulis of & 1/16
inch dismeter nemisphericasl }od-plane'gap. The average value
of two breukdown tests conducted &t each pressure-gap
length combinstion 1s plotged} If the two test results
differed by more than 3 percent, whiéh wss seldom the case,
several more breékdown Cé&és were ECnducted and the average
of 11 of the tests is plotted. The voltége Qas raised
by 1 kv every 15 seconds. Figure 4.3 includes test resulﬁs
obtained by Wworks and Dakin {5) for an uFg insulated rod-
plare systen. The rod was of 1/16 inch diareter ;nd the
plune electrode was a 6 inch disueter plate {this differed
considerably from the plane electrode of the present study).

The gap.was exposed to sn undisclosed amount of UV radistion.
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I3

.,  Figures 4.4 through 4.6 show preakdOWn and corona
disct.arge onset levels of rod-plane gaps with rod diameters
of 1/4, 1/8, and 1/16 inch respectively and a gap length
of 1.5 inches. Filpures L}77;hrcugh 4.9 give similer results
for the same respective rod dlameters and & gap length of
0.5 incﬁes. The irruadisted breskdown values were obtained
by raising the applied voltaye by 1 kv every 15 seconds,
whereas'values for \he non-irradistcd faps were obtained by
raising the voltage by 1 kv every 1.5 minutes. FEach point
which denotes breskdown in these figures 1is the result of a
single breu}down test.

/ Figures 4.10 and 4.1l compre the results of two
breasxdown studies conducted on rol-~plane gaps with essen-
tially identical pgrameter values. The.eleCtrodes were re-
finished prior to conducting each of the two studies snd the
OF¢ gas used in esch study was from a diffefent cylinder. A
different rate of rise of voltage was u,ed for the breakdown
tests in each case.

L.2 Spsrxk Trajectory Studies

In‘addition to determining the breskdown voltsge
levels, the breakdown tests incluwied a study of spark tra-
jectories. This subject hus drawn some interest in the past
s is indicuted 1n.fhapter I. ‘

The traJectorles were determined using the s"stem

schematically illustrated in Figure i4.12. The mirror &ar-

rengement provided two orthogonal lines of sight, and

¥
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therefore, under no clircunstsnce could owny spirk chrvature

go undetected. The mirror snpl- 5 were such tnet fhe LwWOo
insges of Lhé test gap, ¢s viewed by‘the'camera, sppeared
so.o sinple inoge Ln; vhoe béam splitter was odjusted to
equalize the reflection and refrection losses of the two
patns. The video'tape\recordcr provided a neans of stofing
the imupe viewed during the sparking event. It ulso provided
4 meuns of distinguishing the original spark, from restrikes,
wiiich often occurred, snd allowed the spsrk trajectory to be
photoyraphed os & stil] imepe on the monitor with Lh; recorder
in the stop=frame mode.

- Fipure a.;j'éuows ‘he results of & spurk trajectory
study conducted ¢n 3 1/16 inch disumeter rod-glone electrode
system with & gap len&th_of 1.5 inches. The results ore in;
dicstive of the obscrvéd behgvior oTlothor electrode'arrange-
ments; thet is, the spafk exhibitmﬁnoticeablg curvature only

when the pas pressure ws$ near or grester than Bygx @nd when

-

s steadv ccrona discherge®was present in the gap.

®
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CHAPTER V

DILCUSSTUN W TeST RESULTS
\ g

f
N LS

One of?tho prime objectives of this work is to further
the understanding of the dominant processes which chazracterize
i the behsavior of SFb insulation subjocted to non-uniform elec-
" tric fields. There ure a large veriety of noﬂ:élastié colli-
-sicn reactions which can in pert determine the perforrnsnce of
the gas under high electriccl stress even under highly con-
trolled experimentél‘CUnditionsa lcw gos .ressures, and uni-
form-electric fields.‘ The presénce of ta non-uniform electric
field compounds the analytic diff'iculties &s the gnergy dis-
tributions of electrons épQ_iOné cﬁénge from point to boint
in the gés and the\accumulatiog of domc in the low rield
regions of the gas uakes 1t diffichlt, if not impossible, to
determine the true electrical stress at any peint in tﬁe FaS.
It is an exceedingly difficult task to formulate a conpre-
hensive explénation of the obsérved discharge phenomens in
8 non-uniform field in terms of the significant reactions

which take place in highly stresse&‘ high wressure SFg pés.
P . i

-

Little information is avoilable in éheﬁliggﬁpture on many of
these reactions snd those w.ich have rkceiv;dgintensiﬁe
investipation have been studied urder unifiorm hield, low
.preSSurelconditidns. | |

| ‘ The above nentioned difficulties rule out a conprehensive
quaﬁtitative_analysis oglthe or.served dischargq phenomené,in
SFg. This chiapter is devoted to & qualitative'exﬂlanation of

| -
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the characteristics df corons discharges in SFg. The theoriles
pregqnted are based on the experimental results of the present
stﬁdf as well as reported experimental and snalytic investi-
gations of anode coronas in Sig sn® other Fases. Much of the
following discussion is in reference to studies of anode co-
ronas in &ir snd conseyuently a summary of the vertinent char-
acteristics of these discharges is first presented. .
5.1 Corona Current Studies

3
5.1.1 Anode Corona in Air

From the time that Townsend first initiusted an intensive
investigation of electrical discharges in gaéés many studies
have been made on &n important form of electrical discharge,
the coronas discharge. Loeb (EOJ has summurized and snalized

the majority of the importént contributions to this field up

to 1965.  ‘Most of the work to this date has been devoted to

1

the analysis of the various forms of corons in &ir kecsuse of'//F\\

its importence as a high voltape insulation. The strcngly

electronegative gases, whose use as & high voltage insulation

—

has become widespread only in recent years, have received
little sttention. This is especially true with regerd to .8

fundamental snalysis of corona dischsrges within these gases.

Some suthors suggest thaet there is little difference

between corona discharges-in air end other electronegative

+

gases such as SF6. The results of the prese%% study indi-

cate that this appears not to be the case and in this chspter

~

the .essential differences will be exsmined. First however,
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-ﬁthe various forms.of static field anode|corona in air will
be summarized (42, 43, 44). The form in which a corona
discharge appesrs is & function of many parameters and this
summary will only apply to disehargeaphenomena in a sphere
or rod-plane gap.of'high field non-uniformity insulated
.with air at atmospheric pressure.

As the gap voltage is-increased from zero volts the
discharge phenomene at the snode surface goes through three
modes of sctivity; oﬁset'pulses, fglow Sischarge (Hermstein's
.glow), and pre-breakdown stresmers, in that ordger.

The onset pulses are of one or both of two types,
streamer pulses and burst pulses. A spreamer pulse is es-
sentially a filamentary growth of ionized gas normal to the
electrode surface and a bﬂret pulse can be described as a

\!
corrupt streamer i42). Burst pulse jonization tends to spread

over the anode‘surface. The curre@t pulses arising from a ‘
streamef discharge appear as single pulses with rise and fall
tlmes in the order of 20 and 100 nsec respectively. Burst
pulee currents generally appesr #s a sequence. of pulses w1th
smdller amplitudes and slower. risetimes than streamer pulses.
A sequence of burst pulses can exist for time duratlons in
the order of lOO usec. A streamer pulse may promote the ap-
peordnce of a subsequent burst pulse however a2 burst pulse
will temporarlly 1nh1h}t the formation of streamer pulses.
Loeb (20) has,propoeed ;hét it is the length of the

mesn photoiornizing f{ree path relative to the ionizing length

c o .b ' . . ' - C e

#
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{the minimum length out from the anode surface at which ion-
ization by electron collision ceasge$) which 'determines whether

& stresmer or burst pulse will occur. If the mean free path.

~ is much larger than the ionizing length the-ionization will

manifest itself as a burst pulse. If thé meen free path is

4

nearly equal to or shorter than the ionizing distance streamer

pulses will prevail{ Small amounté of additives or impurities
greaﬁix effecg the photon absorption properties of air and
conseéﬁently have a significéntdeffect'bn the onsget pﬁlse
charaétérisgics of a gap. | h

The repetition-rate of streamer pulses in the onset

region 1is a function of the magnitude of the applied voltage

83 well -as the geometAy of the anode. Maximum repetition
. . f}" . .

rates of the order of\§de;ql kilohertz hsve. been observed

(43). At sufficiently high r%?esaphe streamer discharges

beccme visiBle, nakiﬁg on thauappearance of' a brush.

With increasing gsp voltage the onset pulse phénomenon

gives way to a glow discharge. If the anode posse§ées 3

. relatively large radius of®curvaturé, the transition is

gradual. As the voltagpge is increased, the repetition rate

<. of- burst pulres increases, a DC current component appears,

k

and the discharge current takes on the form of a DC current
with s small ripple of a frequencf in the order of one Mh%. i
The glow disEharge derives its name from its visual appearance

which is a closely adhering soft glow over the anode surface.
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a8

_ The flow suppresses thé_development of streamer type
. disczarges. Stresmers reappear only after the applied voltage
is dncreased considersbly beyond the onset voltége of the
glow. The choracterlstlcs of these streamers are 51mllar
~to those of the onset streamers, however, because they ulti-
mately initiate a complete breakdown of the gup, hex are

termed "pre-breakdown streamers". In short gdps the streamers

create s highly ionized channel and in consequence breakdown

¢

~

occurs when they succeed in qr0551ng the gap and initiate a
return stroke. If the gap is long or if a high resistance
is inserted in the”test circuiﬁ the streamer channels wiil
not be asi highly ionized and the corona discharge will extend
completely across the ggp and yet not initiate breakdown.
Such @ discharge phenomenon is termed a diffused discharge.
Breskdown will occur at a voltage slighﬁly higher’ than the
“onset voltape. of this phenomenon. |
The resuf£s of the present invéstiéation of corona
discharge aétivity in SF6 iﬁdicate that thefe.are substanf}a;
differerices between anode coronas in air and in:éFé; The -
most apparent difference aﬁpears at the onset region of a
siiady or DC corona current. Inﬁédr the ‘onset of & DC corons
s . currént coincidés«with the incébtion of a-glog aischarge

,whereas in SFg¢ it c01n01des w1th the appeardnce ‘of a very

g o

narrow, well defined fllament with a bright root. The ap-
‘peardgce of thia fllément is very dlfferent from the brush-

like dlscharge observed in air\¢n the onset pulse region..
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The brush discharge exhibits & diffuse tip in the low field’ 4
region, the result of a branching aof the streaﬁérs which ‘
constitute the discherge. The Tilsmentary discharge-in.SFé
does not exh%Pit a diffuse tip snd the discharge‘cqluhn is
much narrower than that of the brush. ' _

« A study by Weissle} and Hﬁﬁr (h5f of the viéual-ap¥‘ :\I ,"
pearaﬁce offanode coronas at static voltages in gir-Freon . |
mixtures demonstrates that the aﬁdition of even small amounts
bf-Freon, a highly.eleptronggééive gas, markedly élters-thg
visual appearancé of the corona discharge in air. To some
exfe%t the visual appeara:ce of & corona diébharge in aik
with the addltlon of 1w of Freon resembles the discharge in
- SFg. In both cases the inltlal dpuearance of the discharge
is that of‘a very narrow, we;lldeflned filamenp1\ At voltages P
sbmewhat above the onset volpagefthe visual appe;ranée of each
dig;ﬁaggéfghanges'aqg the resemblance ceases.

Loeb (20) has prbposed,; tenatite»explanétion for“the’
v1sual manifestatlons of corons diSChdrgeS in alr with small :
,addltlons of Freon. The presence of the Preon will have llttle .*
~effect on the electron COlllSlOﬂ 1onlzat10n processes because
of its small éoncentration. It will however sﬁbstantlally ef-
fect the phoc01onizat¥on processés by significantly reducing
the mean photoion121ﬁ% free path. " This will effect the dls— o~
charge primariiy‘in two waysﬁ Thg spread of ionizatlon over,

-the anode surface in the fgfm of bufét"ﬁulsés will be pre-

Vvented‘ahd in consequence the glow disbharge will fail.to

L
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materislize. Secondly, bfanchiﬁ{ of the strearer, t!pe ion-
ization rrowth will also be«curtalled H61Sqler dnd Fohr *

{45) pr0posed that the %hannel of positive- ions created'by

“the passage of -a ctreane¥ is rapldly neutralized by electron-

positive ion ’rgggﬁﬁfhation reacbiuns.ang electron attachment
. . . -\ 48 . ' . -
reactions which form negstive ions. Because of the Yatter e

i
s

neut.ral‘but still highly jonized charnel remains. Subsequen%

streamers pxpfer to follow the exlstlng\§hanrel and con-

(

sequently thb, uS well as 1nh1b1ted streunnr brdnchlng,

glves the dlSCﬁdee a h&vply confined dppeerance.

S'ILE, homentarv Dlsckcrge Phernomenon 1n SFg

'Igaves little. doubf: that the 1n1t1al gyloe is a streamer.

On the baSlﬁ of Loeb's explanatlon*for ‘t'he d1§?narge

chdracterlatlcs of- lp Preon-dlr mlxtuxes, the followlng as-

sumptlon will be made.' Thg fllamentory apoeardnce of the
e ) ) B
gorona dlscharge at the onset-of a qustalned dlscharge Ain

’y .

,,'./
SFg is evidence that\the mxan phot01on1zctlon free paths of ‘
‘the princlpal lOnlaa ion photons in SFg are very short, at .
lebst wlth regard to dlscharge activity yslightly above.or ';}\'"

below the onset voltdge level of "a sustained dlscharke.

e ~L - . a

At first glance one might 1nﬁérpret 8 momentdry dis-
charge as a streamer pulse followed by\a sequence of burst
pulses. Osc1lloprdu #11 of Pigure 3.2 1llﬂftrateo that the .
1n1g1al pulse of o n;;entarv dlscharge has a rise und fall
tine soaewhat ChdrdC nrlstlc éf a stresmer in alra Tnis

T

There are several reasons hOWEVer for guspectlng that thé

—_ . o

. - i o
- M =
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subsequent pulses are not bursts, or perhaps more accurately,
do not 1ndicate a burst type spread of iOnization over the

anm‘e surface. The short phot01on121ng paths in SFg should

preclude the growth of discharges over the anode surface

S .
and favour  a growth MQrmal to the surface. Also, nesar the

onsez\voltage of momentary discharge activity,-the pulses

"subsequent.to.the initial streamer pulse undergo a successive
P S -

e

increase in magnitudes to a level which is appardntly far

above the maghitude/G;.ﬁheiinitial streamer puls - Burst
sulses in air exhibit an amplitude waich is uuch smaller
than that éf Streamer'pulses in the same-éab at the same
voltage. Also, succeeding burst pulses generally-exhibit a8
decrease, not an increase in pulse amplitude. Finally, the
repetition rate.cf the pulses of a momentary discharge is
virtually the. same as the repetition rate of pulses con-
stituting @ sustained discharge. ‘The visual appearance of
the latter establishes that a sustained discharge is s
sequence“of streamer pulses. It is therefore likely that

a momentary dischiarge is s sequence‘ef streamer pulses.

The high repetition rate of the pulses which con-
stitute a momentafy discharge can probably be attributed to
the high’electrcnegativity of SF6; Mobility measurements of

F, (21 22) the predominant negative ion in an SFé dis-

I

charge1, “vield a typical value of O.45 cm? wml'c"1 sec™l at

1 Ionization and attachment mechsnisms are discussed in

more detail in Chapter . VI page 109.
/ .

S
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760 mmHg and ch. In 2 field characterized by an E/p of
89 kv em™1 atm‘l, a negative ion would'drigp‘a mean distance
of 0.04 cm in one microsecond; ‘Assuming a'similar mobility

v

for positive ions, & pulse repetition rate of approximstely
l | o
one pulse per microsecond certainly does not allow for a

substantial ion drift clesring of the positive ion space

charée_pfodﬁced’by a streamer. This spsce charge effects a
reduction of the voltage gradient at\tha*anode surface- and
~in consequence inhibits subisequent streamer disctarges.
Many positive ions are ellmlnated however by recombination
reactions with electrons.- Also, because of the high electro—
negativity of SFé, a large number-of negative ions are pro-
. duced by electrons suffering attachment collisions &nd these'
- neutralize the positive ion space charge'to a large degree,
especiaIIyain the low field reglons.‘ Thus, through several
mechanlsms, the 1nh1bit1ng effects of the space charge
created by streamer 1onizat10n are. reduced with sufficient
rapldity to allow high pulse repetltlon rates.
. Pulsea immediately subsequent to the 1n1tial pulse of
- a monentary dlacharge are of smsller amplltude than the
inltlal pulse because of incomplete neutralizatlon of the
streamer space charge.' The momentary discharge inception
voltage is somewhat higher than that of. 51ngle pulse ac-
tlvity because,—at the 1nception voltage of the 1atter, the
voltage gradient is Jjust sufflcient to allow the formation

of a streamer initlatlng avalanche. The presence of a space
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" will not occur in SF6 at E/p values of less than 89 kv cm

8l
charge in the gap precludes further streamer development.

The sequence of pulses subsequent to the initisl pulse
of a momentar} diecharge dlsplays a temporary growth phase
during’ whlch the pulses display an almo@t successive increase
in n%gnltude. It is very" probably that this growth results
from a successive enhancement of the voltage gradient at the
anode surface with the passage of each pulqe. Only the for-

AT
mation of 2 negative ion. space charge can account for an-

\enhancement of the gradient at the anode surface. Such 8

‘gpace charge could result from negstive jons crested by at-

tachment reactions between neutral molecules and electrons
produced in the low field regions by streamer ionization.
Large numbers of negative ions would be 'produced in this
manner in the highly electronegative SFg. In view of earlierl
arguements it is doubtful that photoionization plays & sig-
nificent role in the creation of a négative ion sgace charge.

Negstive 1ons formed in the low field reglons by .
streamer activity will drlft toward ‘the anode and- mutual
repulsion as well as attraction to p051t1ve ions drifting
toward the cathode will tend to spread- the advance of the
negative ions laterally over the anode surfece.’ ‘-easuremente
by hccles et al (23) show that the predomlnant negatlve ions
in SFg suffer field induced detachment reactions at E/p

values exceeding 76 kv em™t atm™L. Since electron avalanches

-1

tmt (10), the_voltage gradient at the anode surface must,

G,ﬂ
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be such thst the msjority of the‘negatlve ions approaching,?i
the anode are neutrallzed.before’reaching the surface."Thls
results in a dynamic sepuratlon between the negative ion
space charge and the anode surface. In the reglon of sep- R
aration, the electrlc field gradlent will eiceed the space
charge free value. The negatlve ion sheath will also effect
a reductien of the voltage gradlent between the sheath -and
the cathode._ The growth phase of the momentary dischorge

activity 1nd1cates that the fleld ‘enhancement 1is malntained

over a distance'Which-is sufficient for streamer development.

The reduced voltage gradient between the negatlve ion sheath
and the cathode curtails the propagstion of streamers into
the gap and “in consequence 1mposes a limit on the maximum
current pulse which a streamer can induce. Theépulse ampli-
tudes therefore do not increase indefinitely but level off
at some maximum value. ‘ '

The current oscillograms of Flgure 3.2 do not suggest
an obvious reason for the self-extinction of a momentary:
discharge. It is quite probsble, however.that_the discharge
is terminated{by the mov‘hent of the negatlve ion space -
charge toward the ‘anode. The resulting reduction in the
field enhancement distance will then prevent ‘the occurrence
of further ionization. Eccles et al (23} have shown that

. i

the probabllity of field induced negative ion detachment in

SFg changes rather slowly with a.wide variation of E/p. It

- is thus conceivable that extensive variations in the field

4.
-
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: "
enhancement distsnce could occur because of statistical

fluctuations in the detachment process. The slow variations

" in the pulse amplitudes observed after the initisl rise to

'3 maximum value sre probably due to gradual changes in the

negative 1on space charge population. This population should

be self-stabllizlng to some degree because an increase in the

" sheath populztion will effect a decrease in the dlstance over

which field enhancement occurs and enhance the low field
barrier. Therefore, the level of discharge activity. will be '
reduced and as_a result the negative ion population will

begin to decrease.

Lu/j &n\lncrease in the applied voltage beyond the 1ncep—'

éion/iepel of momentary dlscharge agctivity should in theory
increase the distance, of separatlon between the urnode surface
and the negative ion sheath. The result is an increase in the
ma gnituie of the pulses as well as a8 decrease in the prob-
abllltyrof the extinction of the dlscharge by the mechanism
discussed above.. The experimental reeultﬁ of Figure_3.3 sug=
gest that this is indeed what happens. |

-

Oscillogram #10 1nd1cates "that a? “increase in voltage

~|
enhances the initial pulse of a momentary dischsrge-to & far

greater extend than the subsequent pulses. An increase in

- the negative ion populatlon resulting {'rom an enhancement of

‘the 1onizat10n processes would tend to- suppress t e increased

activity to some extent. There is essentislly nq_bpace charge

- in the gap when the first pul se occurs. .The'increase in the

! : . 4

v
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.
intensity of the inital streamer results in a_more rapid

build up of the negative ion sheath to a point where the

-

temporary growth phase is v1rtually nonexistent (see oscil~

logram #10, Figure 3.2, p. 39) , Y

5.1.3- Sustained Discharge Phenomenon in SFg

The corona current neveforms which‘result from the
presence of 3 sustained corona discharge in SFg besr a con-
slderable resemblance to the waveforms assoc1ated with a
momentary discharge. Both appear as a sequence of pulses,
approximately 5 to 10 per microsecond with peuk ampiitudes
much greater ‘than that of the average current. A sustained
discharge, unlike .a momentary discharge however, wWas never
observed to suffer a.self—extinctlon. The s;milarity in—
waveforms would suggest that & sustained discharge is a mo{
mentary discharge whach does not suffer self-extlnction.

The transition from a momentary to sustained discharge
is very aerpt with respect to a change in voltage level.-

At the inception voltage, a sequence of momentary. discharges

occurring 8t 8 rate typiially in the ‘order of 10 pe; minute

with each discharge'las ing in the order of, 100 ‘usec, isg- 7

suddenly" transformed to a sustained discharge. The trans-
formation is marked by a very 1arge increase in the -average

corona current. Reversion to a momentary discharge results

¥ Only when the gap voltage is ‘significantly decreased. There- -

fore, at the inception voltage, there is & discontinuous

change in the probability of discharge extinctipn. This, "

rd
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plus the fact that the average'current'level of @ sustained
discharege undergdesﬁmuch smaller temporal*variations, suggest
that the two ty;es of.discharge phenomens are not entirely -
similar. S - : o ;
It is quite likely that a trangformation from a mo-
mentary to sustained discharge occurs when the momentary dlS-
. charge repetition rate is sufficient to generate foreign
) products (through the inducement of cnemical reactions by
.high energy electrons and photons) in concentrations suf-
ficient to alter the properties of the gas. Changes in the
chemiCal compoa@tion will “alter the photon spectrum and ab-’
'sqrption properties and, to a lesser degree, effect changes
in the ionization, and attachmept coefficients (20). |
\ Experinentaliy it wes observed that the transition
from & momentary to sustained discharge was, s process which
in most cases took in- the order of a second to complete.
“The trensition wWas marked by a sudden acceleration in the
momentary discharge repetition raLe and an accompanying rise
~in the DC current level. This suggests & run-away proc;ss in
which eech discharge contributes to the afcumulation of
';foreign products in"the gas. This promotes further dis-
charges and, a8 the accumulotion increases so to does the
: repetition rate until the discharge becomes sustained.
A sustained discharge, once established, generates
sufficient chemical by-products to maintain itself-at

P

3 voltqges below the onset level with the result being an :j'*

y .



~result;ed in the.discoloursation_ of the anode surface. This _'

. discolvuration was

83
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ffset\Voltage lower than the onset value. The reduced. onset

voltage of a sustalned dlscharge of a 1/16 lnch diamet

er,
anode, observed to exist for several minutes after the &inc-

. tion of the’ same, suggests that a dlacharge of sufficient in-

" tensity wil}:effeCt changes in the gas composition which last

- for several minutes.

An inspeéblon of the surface conditions of the sphere

‘and rod electrodes -subjected to breakdown and corona dlacharge,

tests showed that the presence of a sustained corona discharge

st in evidence on the surface of the .
1/16 inch diametfr rod and appeared to be some form of insu;:
the electrode surface._ This layer probabLy |
chemical reactxons between the. codgtitqent

radlcals of] SF¢ generated in the discharge, snd the electrode.

The Yisual changes in the discharge manlfestatlons

resultlng from &n increase in the gap voltage may in part,
be due to further changes in" the, gas composition brought

about by an increase in-the dlscharge actlvlby with increas-

ing voltage. .The spread of the visible. dlscharge with in-

‘ *

'creasing voltage Was observed for bhe most, part to be tan-

' ~gential rather than normal -to the electrode surface. Thra

-~

indicates, that a low field barrier to discharge growth was

'_preaent at all voltagea up’ to the breakdown.

In view of the highly localized nature of the. sus-

‘tained discharge_ac onsep,'it is possible that a local

M

3.
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temperature rise of the gas may act to sgabiiioe the dis-
charge.. Kay and Page (25) report SFQ ano SF3 elecgron af-
finities of 1.4 ev and 3.6 ev respectively. A hié? gas
te:perature (103 - 10% CK)'could‘increase the negative ion
detachment rate in the hlgh field reglon and thus stabliize
the dlschurge by limitlng fluctuatlons in the field enhance-

" ment distance. Also, the SF, gas temperature has a sign1f1~
cent effect on the relative proportions of SF5 and SFg ions
produced in a discharge {24). This may be of signifieance.

Irradistion of the gap with 2537 E U.Vr radistion '

was observed to significantly reduce the onsee voltage of
a susteined'discharge. .This reduction can‘brobably be at-
tributed to the increase in the repetitior rate of momen-
tary discharge activity effected by the radistion. It should
also oe consideredkhoWever,that the photon energy of theé radi-
ation-(b:28 ev) is signigacantiy greaﬁer than the e;ecﬁron

~affinity of the negative ions and thus'irrediation of the

= Eap could significantl§ alter‘phe detachmegt processes.

o

5.2 Non-uniform Field Breakdown in SFg O

It appears v1rtually beyond argument that the presence
of -a corona discharge in a p051t1ve point-plane gap insulated
with SF6 considerably enhdnces the breakdown strength of the
system. The pressure range over which this apperent enhance~
ment occurs is often-referred\to'as the "corone stabilized -~
breakdown region" and the hlgh pressure limlt of this range .
s the pressure at which the breakdown and the corona onset
,//’”////,;)f//
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voltdge 001nc1de, i e., breekdown is not preceded by corons.
A study of the literature indicates that there is
some ambiguity in the concept of the-corona onset v?ltage
of an SFg insulated systenm. In-sehe=investigatlonsjit ap-
pesrs that the onse&‘voltage of the single streamer pulses.
is considered ‘the qerona pnset voltage while in others it
is the onset voltége of %‘continueus discharge. 1o exem-
plify the dlscrepancy which this ambiguity can lntfoduce,
con51der the phases of corona development in a 1/16 inch
.diameter rod-plane gap of 1. 5 inch gsp length, as 1llus- -
trated in FiLure 4L.6. The 1nceptlon voltage levels of the
) single ﬁ/\se end the sustained dlscherge activity dlffer
‘by as much &s 75% of the 51ngle pulse inception level. A
further complication+is introduced by the significant effect
of uly?a-yiolet rediation on the onset voltage of the sus-
,‘r;,_ﬁefged discharge incaption level. The dlfferepce between
the irradiated-end noerirradiated sustalned discharge incep-
tion levels is as. higﬁ as 28% of the non-irradisted value.
The widely differlng range of voltage levels over
which the various prebredkdown dlschdrge actlvitlee occur
BISOvleadS to a con51derable discrepsicy in the pressure
range over Wthh t he "br kﬁaagfof’tﬁe system is considered
to be "corona s;abllized" Again in reference to Figure L.6,
‘the as ption'thatlphe corona onset voltage corresponds to |
-//;/’either the sihgle pulse, irrediated suspained discharge, or

— : . .
//////’ non-irradiated sustained .discharge inception levels leazds
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to a maximum pressure of "corons "stabilized breakdownh of.
h.O, 3.0, and 2.5 atmosphgres respectively, a considerable

variastion.

o

One of the obJectives of this -work was to provide
detailed informgtion on the discharge and breakdown behavior:
\ of a positive rod-plane gap insulated with SF6 as a function .
'of'the gas pressure.. Particular aptention was paid to the
nathre of the prebreakdown discharge in the gap at .the
voltage at which breakdown occurred. ‘The results of this
study may throw some-additional insight into the relationa,
ships between breakdown and prebreakdown phenomena, and
hopefully indicate more accurately over What pressure range
"corona stabilized breakdown" occurs.

' ¥ To summarize the experimental results of the study,'
the data obtained for a-1/16 inch dismeter rod-plane gap
of 1.5 inch gap spacing wiil be.examinedlas the high non-
uniformity of tbis configuration yielded results which best
exemplify the non-uniform field behaVior of the gas. To
assist in the discussion of the varistions in the discharge
" and breakdown behavior as 8 function of gas pressure, the
applied voltage-pressure graph on which the results are
: plotted is div1ded into four regions, as shown in Figure 5.1,

| Region I is characterlzed by a breakdown strength

which{is much higher than the onset 1evels of the various
types of corona activity observed and also a breakdown

strength which increases with an increase in gas pressure.
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_‘nounced curvature and this, in conjunction with the fact

' that & continuous discharge is present in the gap at ‘the

S

9%

-

The spark trajectory sbudies Indicate that the breakdown

.sparks in this region are relaE;yeti’szraight suggesting -

that breakdown probably occurs when'streamers, confined by -

-

LIS

the space charge, galn suff1c1ent 1ntensity to penetrate .o

‘ the space charge, reach the cathode, and 1nitiate a spark.

) Region IT is charecterlzed by a rapld decrease in the
slope of the breakdown voltage-gas pressure curve.to the - -_.
extent that the breakdown volbage is decreasiﬁg'wibh;i;-"
cre331ng gas pressure at the upper pressure limit of thls

region. Breakdovn sperks in this region exhlbit a pro-‘

' time of breakdown, suggests that the spark is initiated by

streamers which are able. to propagate around the space

-“_;charge formed by the dlscharge. Thls would account for the

decrease of breakdown voltage with the increase in gas
pressure in EBis reglon.\ L .
As the gas pressure incresses, the abillty of &

streamer to prOpagate is enhanced. The photon absorption 7
) - . w . - .y \

'coefficient of the ‘gas increases with increasing .gas pressure-’

. and: thus a greater percentage’ of the photons produced by

£

‘the streamer are absorbed sufﬁi@iently close 'to the streamer

tip-tﬁ inltlate secondary avalan’hes. This effects an

increase in the space charge accumulation at the streamer

‘.tip which enhances the dlocal fleld and .thus the ability of

the streamer to propagatet' The space charge is locallged;

Y
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to a higherndegree at higher gas préSsureseeS'aureSUIt of
reduced diffusion of electrdns in the streamer. .This in-.
creases the electron-ion colliston rate and in consequence“
1ncreases the rate of photon generatlon and hence anlanche
‘ productlon at the streamer tip. Since the propagation

| propertles are enhanced by-an 1ncrease in gas pressure so

" too is phe faellity_qf the stresmers to circumvent the
space charge field at the anode tip. Thus the-breakdown
:voltage of the gap decreases w1th incréasing pressure.

Region III dlffers from regions I and II in that a3
sustained discharge is not present in the gap'when a break-
down occurs. Momentary discharge activity was observed in
the gap at breakdown in this pressure range and in some
cases ihe_repetitioq rate of the discharges was sufficient
to cause a.noticable deflection of the miCroammeﬁer ie
series with the pap. Breakdown in the presence of high
momentary diséharge currents were observed in-the majority
of the rod-plane configurations examined under both irradisted
and non-irradiated conditions. However, sueh aetivity was
much more prevalent in irradisted gaps. " For example, in the
gap referred to in this discussion, at a gos pressure of 3 /
etmospheree the microsmmeter indicated a-con51derab1e corona
curreet when the gap was irradiated (see Figure 3.1). How-
ever, the m1croammeter gBVe no indication of a corona cur-
rent in the non-irradiated gap at the same preasure at -any

level of applied voltage up to the breakdown.
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The high levels of momen%ary discharge activity do

not appear to hsve a significant effect on the treadkdown

966Itagé‘6f'the_gap; bxpé;lmenfﬁl results obtained éffg_gas
‘ pressure of 3 atmospheres show a breakdown voltage in the.
presence of considerable discharge éctivity (irradisted
breakdown voltqgea which was somewhat lower than the non-
-irradiaﬁéd breakdgwn voltege, In the latter case the .dis-
charge activity was too small tO'céusg é"déflection of. the
_micnoammetér.' Similar thaviqr was opsérved iﬁ the 1/8 'inch
diameter. rod-plane gaps of 0.5 and 1.5 inch length at 2.0
atmospheres préssure. _

" The trajectory of the Lreakdown.sparks in region II1
were observed to be relatively straight. This suggests that
tﬁﬁ?breakdown in region III occurs in a gep essentially frég
of space charge. Very likely, the stresmer pulses which ‘25
“initiate the momentary ‘fgischarges pragress increasingly far
into the gap with increésing level of spplied voltage until,
at the brezkdown voltage, one of the streamers progresses
sufficiently far-into the gup to jnitiate breakdown. As this
streamer is the initial pulse of a moméntary discharge it is
"not inhibited by a sﬁaée'charge énd thus the spark is straight.

| The transition from region II to region III is appar-
ently very abrupt. At anas pressure of 2.5 atmospheres, a
_breakdown characteristic of those observed in region II was
recorded at 145 kv in the 1/16 inch diameter rod-plane gap.

The breakdown was in the presence of a sustained discharge
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snd the spark channel dispiayed a pronounced curvatere. Ae
the same,gas_nressure, a breskdown having the characterlstlcs
of those of region III was also observed. The breakdown volt-
age in this case was 112 kﬁ,_breskdown occurred in the presence
of momentary d;scharge’acfivity, and the spark channel was.
relatively straight (see Figure L.i}). An abrupt change
from reéion’ll to.regionliII type breakdoens wes also ob-
served for s-l/lé inch diameter rod-plane gap of &4 inch
gap length. The difference in breakdown levels was not 8s
51gn1ficant in thls case, & fact whlch can probably be at-
trlbuted to the lower fleld non- unlformlty of the 1/4 inch
gap. There we:e no. meassureable changes in any of the con-
trollable parameters of the two systems which might account
for the two distinct breakdown levels indicated by the tests.

Works and Dakin (5) apparently encountered the same <
phenomenon when they reported thas}ih some cases breskdown &
studies of. positive rod-blane gaps‘appeared to'in@icate two
distiqct'bfeakdown levels at a single gas pressure falling
in the negative slope region. |

In region IV no discharges of any nature were observed
_prlor to a complete breakdo«n Ff “the gap. This suggests that
the first stresmer formed in the gap is capable of penetratlng
sufficiently far into the gap to initiate a breakdown spark.

The results of this investigation sﬁggest”that "corona
stablllzed breakdown" only accurs in the prosence of a sus-

[ .

tained discharge, i.e., in the case of 8 1/16 inch dismeter -

-



98

rod-plane gap with a spacing of 1.5 inches, such s breakdown
occurs at.or.below 2.5 atmospheres.;Aﬁlsq;ﬁit appears that
more descriptive terms than "corona onset voltage" should be
adopted in discussions of prebreskdown and breakdown-gpe-

nomena in SFG.



A o CHAPTER VI  -——-
THLORETICAL PREDICTIUN OF DISCHAKGE CHARACTERISTICS

~Since 19&0, when the streamer theory of breakdown Was
first proposed by Meek (29) and 1ndependently by Raether (30)
a numbter of authors have presented methematlcal formulustions
to account for the physicel phenomena which play a dominant
role in the alanche-streamer transition and streamer prcp-
agatien. An excellent review of literature describing early
work on this topic can be 1ound in reference 31.

i s ek o

ticular interest when sideration is. given to the possi-

Avalanche-streizzg tran51t10n theories are of par-
bility of predicting the discharge characteristics of non-
uniform field gaps insulsted with SFg. The experimentsal
studies discussed in Chspter 4 indicate that the behavior
of the SFg 1nsulat10n subjected to high, non-uniform DC
stress is directly reluted to’a streamer type 10nlzablon‘
phenomenon." - -

. This chapter is devoted 1nlpart to an andlysis of the
orlncipal streuner onset and breakdown crlteria proposed in
- the literature. This analysis is based‘en a conparison of
experimentaiiy determined sereamef onset snd breakdown volt-
sges with comparable theoretieal vulues determined using
these‘?%iteria as a basis.  Also, this chaPter presents a

method of predicting the onset gas pressure of a corona free

"breakdown in an SFé-insulated, bc stressed-gap. The method

Al
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is assessed on theégasis of & coparison of experimental &nd

theoreticel results.

6.1 Calculation of Electric Field Distribution
~with the exception of purely empiricél formulapiohé

based on exberimental data, virtuslly all of the proposed
theoreticsl and semi-empirical criteria developed for the
calculation of dlschdrge onset voltages are based on an
accurste knowledge of the electric field distribution in ‘q
the gs. due to the-potential'diffefénce applied between
electrodes. The electrlc field distributions of the elec-
trode geometries used in the experimental work are not EcSIIY‘
determined by analytic nethods. - This difficulty was over-
ééme in two ways.' The sphere- pldne electrode avstem woS
approx1mdted as an isolated ophere—sphere gap of the sene

sphere dizmeter and twice ‘the gap length of the experimental
| gap. The gradient in_the pap ond along the syumetry axis
" is (32) |
ZDV[D (f+1)+4(D/2 x) (f 1)] (6.1).

(02(F1)-a0/z-02(F-1 P

whereh-D

= the pap length‘along the syumetry axis
V = the gap voltage (twice the experimental gap voltape)
X = thefdistance~from the surface of either sphere

o - R Y(ume1) e
| ;

b=e)
1

the radius of the spheres.
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The fleld distributions of the rod plane electrode,gystEms‘
were determlned numerlcally u51ng a flnlte dlfferencé-
technlque. . '

! The boundarles Wlthln whlch the rod-plane f1014k3127
trlbut1ons were determl ined corresponded to the surfuces
which COnfined'the gas withig the pressure vessel, ‘snd in-
cluded.the vessel walls, the base plate, the bushing, and the
electrodes. Since the system is rotdtlonally symmetrlc about
the center of the electrodes the total vyolume of the enclosed'
\gaé can, be reprgsented by sny Cross- -section contalnlng the

-Hsymmetry'axis. Also, as a consquence of this fieldﬁgxggg?ry,
iglis p&;essary to determine the field distribution in one\\“
| half of the crhgs-section only. * A
Several approximations to the electrode geometry were
made to simplify the boundary conditions of the numericél
solution. Figures 6.1 and 2.2 compare the actual and as-
sumed geometry of two electrode configurations and Figure 6.1
"illustrates the total bounded ares in which the field dis-
tribution was.determined. The boundaries imposed by the upper
_coknecting rod bushing end plate, bushing rod, moun ing
u flanLe, and upper portion ¢ of the cyliﬁder wsll were approx-
1mated by a Neumann boundary as illustrated in Figure 6.1.

The portion of symmetry axis between the two electrodes was -

\

T At a Neumann boundary the gradient of the function - is
specifled.. ;
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also represented .as.a Neumann bOundarY The remaining ? —

;7 boundarles of the fleld were represented as Dirlchl

‘boundaries. The unlform fleld‘electrode wss assi

/

-potential of 100 0 and the non—unlf////fdeld eleotrode and

;vessel\walls were assigned a/potéﬁtlal of 0.0 in all cal-
. /’ , . .

culations. - T
The bounded‘area was reduced to a square mesh and the
potentlal at each mesh.point was calculated numerlcally )
using the extrapolated Liebmann met:)d (33). Storey &nd
Billings (3&) have developed finite differeénce equathps for

the calculatlon of mesh point potentials of a three dimen-

sional, axially symmetrlc field. These equatlons apply to

.a solution space which is mapped in a plane and "then re-

duced to a finite number of points defined -as the 1ntersectlonl
points of grld lines runnlng parallel and perpendlcular to
the=axis;of symmetry. The calculatlon of the potentisl at a 4
mesh point‘is.baasd on an assumed knowledge of the potentlals

of the four .adjacent mesh points. These need not be equl-

d&stant from the Hesh point under calculation and_thus the

mesh!can be fitted exactly to the boundaries, as illustreted !

in Figure 6.1.° The equatlons developed by Storey and Billings

. are summarized in Appendlx Ay Wthh also includes the Neumann

boundary.formulatlon appearlng in the flEld calculutions.

!

L

1 L]

e

At a Dirichlet boundary the Value of the functlon is
spec1f1ed .
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" The flnlte difference equatlons ‘developed by Storey
and Billings are deriyed from & truncated Taylor series
expan31on of the potentisl at the mesh point. Thus in-
herent in the eguations is a nfuncatlon error whlch is.
related to separation dlstance of the mesh points (mesh
lengthf and which increases with increasing sepsration.

From this standpoint a'small mesh length is desirsble. On
the other hand, the total number of mesh,pbtentials,which
musﬁlbe determined &s purt of the overall field calsulatips
18’ in inverse oroportion to the mesh length.a‘Theréfore,
computation times (and costs) can reach excessive levels if
a very small hesh length is adspted It is therefore‘the
best c0npromlse to choose the coarsest mesh which will glve
.the accuracy de51red. Unfortunutely, it-is virtually impos-
51ble to determine beforehand the dCCUPdCY of the solutlon
which a given mesh.slze w1ll yield. It is necessary to rely
on experlence in ch0051ng a suitable mesh or, if the expe-
rlence is not avallable, (as in the. present caseJ a trial
and .error ﬁechﬁiquetmusé‘be adopted. )

In v1ew of the dilflcultles expressed above, the -
'fleld dlstrlbutlon hnthln the pressure vessel was determlned
‘using a number of different mesh lengths. A solution was
only adopted for subsequent balculatiohs‘if a comparison. of
iﬁhe results correspbndiné to different mesh lengths indi-

.cated thst the t'ield distribution adopted would not signif-

icantly differ from that obtained using %~finer mesh length.
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Aside from accuracy COﬂSldEIothHJ, othef factors
are important in determlnlng ‘the’ mesh size. -Irregular
nesh lengths increasse the complex1tv of the computer pro-
gramme and have shown ip pgactice to lead to greater trun-
cation errors. It is therefore sdvisable to choose a mesh
size which minimizes the number of 1rregular meshllgpgths
él t he -boundaries. When only a small region of the-totai
field distribution is of interest, the field can be divided
into a numbér of areés each characterized by a3 different .
_mesh length, with the area of 1nterest posse551ng the

shortest mesh length and the ares most remote from this

rgg;dq pdbsessing the longest mesh Iength. An example-of
this is illustrated .in Figure 6.1 in which'case ﬁhe field
was divided into five areas. ;

With the above considerations in mind, the following
geﬁeral procedure was adopted for deterhining.the-mesh size:

1. The field was divided into a” number of aress with
the mesh length of each determined by the proximity of that
area to the tip of the rod electroﬁe'(the region of greatest
interest). . N

| 2. The mesh iength of the area which included the tip

of the rod electrode was a simple ffactibn of the rod radius.

3, The coarsest me€sh was-1/8 inch.

L. The ratio of mesh lengths of adjacent areas equal-

led either two or three.

5. Irregular mesh lengths were avoided wherever



possible.
" When u51ng areas of diiferent nesh length, es illue—
trated in Figure 6 1, a problem drlses in the czlculation of
.mesh potentlals at the boundary of these areas. Figure 6.2
illustrates several mesh points in the vicinity of a bound-
ary. The potentials aE_PL, P6, and PB can “be easily deter—
miued using the irregular mesh length equation (i e., P6 is
determined from potentials at Pé;'PS, P7! Pll)‘ The use of
this equation however brovéd te introduce serious errors.
.This.proelem is easiiy'avoided by the use of the regular‘
me sh equa;ion;ffqr.efaﬁple, 26 can be 'determined from po-
tentials P2{ PL’ PB’ Pl6’ To calculate the potentlal at
points_Ps, B%;'...d'puinﬁs PS’-P7' »eo are 1ntroduced. .The
poﬁentiels'of these.points are’deternined by performlng a
llnear 1nterpolqtlon between each set of potentlals at -
op9051te corners of the square in whlch the poxnt is cen-

.tered -and avereging the‘interpolated values. For example

7
°

o e est T 7! P6™ P1) I(Vpa'vpz)" 3Vp1+pp)
The potentldl at P5 can now.be determined with the regular
mesh equation. This technlque can be extended to boundaries
with a 3:1 transition;in mesh lengths 85 well.

Irregular mesh equations csn also be avoided at the
boundarles of" cyllnders centered on the axis "of symnetry.

These boundaries appear a8s & straight Iine in the two

~ e
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dimensional mapping. Figure'6;3 illustrstes the boundary

of a cylinder of radius r, centered on the symmetry axis.

Points Pl' P T Ps can be balculated USingfthe irregulsr
““mesh form ation, however, this can.be évoided‘if the ®s-_

sumptlon is made that the equlpotentials run parallel to *
.the conductor surface st leuast to & distance 3m—r from the
surface, where m 1is the mesh?féngth. If other boundarles
' are remote (with gesbect.to 3m-r) thls.assumpticn anro—‘
Idumesﬁdittle error. Theapotenti;ls at pointé Pl’ P3, and
: P5 c;h bte calculsted from ﬁhe anmlytic solutidn for the

field distribution between concentric cylinders. Fbr_‘

—
¥ N -

example

y : (TQQQZm-loqer) .
‘ 37 (loge3m—1oger) 'VPa

A

<

Apa}t from the csses jusﬁ cited, an irregular mesh

wa@s used whenever necessary ‘to prqvide an exact mesh fit to
- : o T Ay
[ h

the electrode surfaces.’

-

In the calculations pertainimg'to the discharge

&&~ - phenomena fn the gas, it was assumed that the ionization
£ activity Stcurred along the axis of symmetry, near thetaur-.
face "of the rod or sphere electrode.‘ It was necessary to |
develope a mathemdtical expression for tﬁe electric field
gradlent along the axis amd this was accomplished by fitting "

8 polynomial to the numerlcally determlned potentlals of

mesh points lying on the axis of symmetry and in the-yicinity
e e )

»
o
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of the rod tip. ‘The subroutine LSCF! ‘was adopted fq;)this
purpoée. . : )

This subroutine determines the coeffici;;%s of the
p6lynomi§£ of order prescribed'by the user (10th ordér is
the maximum allowed)_which giVes the minimum mean squared

error fit to a set of -data points.

6.2 Mathematical Modellinp of Ionization and httachment

Processes in SF6

~

.The fundamental processes, which cheracterize the
behavior of SF6 gas subjected, to high electric stress are
both numerous and complex. They can however be lumped‘into

broad classifications, i.e., lonization reactions, attach-

ment reactions, electron &nd ion displacement processes such

as drift and diffusioq, etc. ’

L4

Dibeler snd Mohler (35) have studied dissociative.

o

reactions in SF6 and 1ist a considerable number of possible
electron collision resctions yielding positive ions. The
reaction requiring the lowest electron’ energy upon impact

(15.9 ev) is

+

SF. + e -»(SF) "+ 20 -nSFy + F + 2
6 g -+ 6 e -y 5 =e

Mass spectrometry studies (36, 37, 38) indicate that
‘SFg'and.SFg are thg-preddminant negative ions resulting from

u

-1 This subroutine was developed by Df, Walton for -the o
University of Windsor Computer Center. o

<
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electron collisions in SF6, éxceeding other pogsible ;ons
such as F and F, by at least a hundredfold. . The formation
of the vast majﬁrity of SFg ions is initisted by the reac-
tion {36, 28) |

-*\1 )
SF6 + e ——-—'(SF6 ) _ (i)

where (SF531 is & metastable with a lifetime of the order ,,
of 10 usec. Re;ttion (i) is a resonance ¢apture process
with a maximum cr053-sep§ion-of 10-15 cm2 st an elec'tron
energy o& about 0.05 ev. The varistion of the cross-section
of this‘feacﬁion with electron energy-is very sharp, thus
thé cross-section drops to an insignificant value'fér elec-
tron energies differing by more than a smell fraction of an
electron volt from 0.05 ev. There are several p0351ble re-

actions subsequent to (i).

'y ' L

(sFp ) sFg e : (i1)
'(F#E*’L + (SFg)g (SFgly + (sFg), (3i1)
(5P} 4 (SFg)y—= (SFglg + (SFg), . (V)

Resction {ii) is termed "autodetachment”. Reac;idns
e}ii) and (iv) involve a collision with a neutral OF¢ mole-
cule and the resulting negaetive ion is termed a "collision
stabilized iom". Subscripts o and v refer to zero order

and excited vibrational states respectively. HReaction (iv)
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is the more probable of reactions {(iii) and (iv).
iThe formation of the majority of SFE jons follows a
somewhat similar process. Initially a metastable is formed

by the reaction

)2

SF. + e (SF; (v)

6

*

)2 is exceedingly short and as such,

The lifetime of (bFé*

the following subsequent reaction almost invariably occurs

(sFp)E —sF , (i)

The formstion of 5F; is a resonance capture process and

17 ¢n?) only at elec-

has a significant cross-section (10™
tron energies which vary little from 0.05 ev.

There are a number of possible inelastic collision

"reactions which do not incresse the-ionmpopulation but play

a'significant role in t he overall determination of the dis-

_charge properties of the gas. Also significant are dis-

sociation reactions which produce both a positive and nega=-

tive ion, i.e.
SF, + e = SF; FF 4
- g T E gt TE

A mathematical model of gus d}schargé phenomena based
on individual reaction types and their probabilities would
be - exceedingly complex snd perhaps impossible to formulste.

It is,however,possible to consider the oversll effect of
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these individual reactions and this is commonly achieved

w1th the introduction of ionization and attachment coef-

- ficients which are related to the probabllity of an electron

undergoing an ionization or attachment reaction as it moves
in the gss. Mathematical formulations of electrical dis=-
charge processes based on these coefficients are in general
relatively simple and in many cases they accurately pre-

. dict 'the performance of 3 gas.insuiated system.

Ionization &nd aﬁtachmentncoefficienms of SFg havé
veen messured by Bhalla and Craggs.(ll) and more receﬁtly
by Boyd and Cnichton‘i39). Agfeement between these inde-
pendent determinstions is very good. The measurements of
Boyd and Crichton are presented graphiczlly 4n Figure 6.4.
These ‘results were found to be. 1ndependent of the gas pres-
.sure within the range 5.2 Lo h02 torr. Experimental dif-~
ficulties precluded the possibility of messuring the coef-
ficients at higher gas pressures.

As Figure 6.4 supggesis, the Auantities a/p, n/p, &nd
(e-n)/p can be represented sccurately by a single mathemgt-
icalrrelatlonship in the range of E/p values illustrated.

These relationships are

a/p = .0 (E/p) - 1260
! -~ q/p = -4.0 (E/p) + 1140 .
(a=n)/p = 27.0 (E/p) - 2400 : (5:;2)-

where o/p, n/p, and (a-nf/p are of units em~t atm™ and E/p

-1 -1

is of units kv cm atm .
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6.3 Streamer Onset Voltapge Calcgiations

" Streamer onset voltages of the experimental systems
were calculzted using as a_basis a number of the avslanche-

‘streamer transition criteris proposed in the literature.

6.3.1 Critlcal fivalanche Field Criterion -

Loeb and Meek (31) and Raether have proposed that an
ayalanche—streamer transition occurs when the_radial field
at an svsalanche tip, resulting from positive ions created
within an avalanche, is within an order of magnitude of the
external field. In the case of electronegative gases, the
/’_gdial field under con51deration is that resulting from bdth
positive and negatlve 1ons created withln the avalanche.
The radial fleld can jbe calculated &s follows.
_ Assuming the ions to be confined to a sphere of radius
r at the head of the avalanche, the radisl field Ep produced

by the ions at a radius.r is given by

“

E, -

RIS

zrile

where N is the net positive ion charge density ond e is the
electronic charge. The positive ion charge dernsity Ny pro=-

duced in.a distance dx-in an avalanche which has traversed

- a distance x,’is given by

. ' - X - .
N, = —-C—'-é-~exp -/O-(a-r:)dx_
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Similarly, the negative ion charge densit} H_ is given by

Consequently’
" ' x .
N = N’+ -N_ = ET—Z)- exp ff(a-n)dx

Following the procédura of Loeb and Meek (31), this analysis-

can b; extended and the following expression for E. obtained: .

. .
5.27'1077(a-n)exp \:‘g (a—n)dx}

E = 5= volts cm
T (x/p)'°

1 (6.3)

where p is the gas pressure in mmHg. An avalanche-streamer

transition occurs when

\
5w
At

E_ = KE (6.4}

where E is the external field gradient and K=1. The constant
5 27 x 107 -7 was arrived at by Loeb,énd Meek assuming the av-
alanches to be in air. There is insufficient information in
;he litersture to suggest an appropriate constant for bb6,
however the difference should be insignificant. ‘
Streamer onsét voltages were célculated.usiqg'edha-
tions (6.3) and-(6.4). The numerical techniques adopted for

the computations are basically the seme as those discussed in

Section 6.3.4.
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6.3.2 Critical Avalanche Electron Population triterion

)

Rsether (40) has proposed that an electron ‘svalanche
becomes unstable when the electron population N,y in the

avalanche reaches 108333109. Since
x .....
, N . = exp f(ﬂ-n)dx
~ . el : 0

for an avalanche initiated by & single electron at x = O in
an electronegative gés, this instgbility criterion can be 2
expreésed asH/ﬁz’-ﬂdx =~ 20 . The instability‘ manifests
itself as an a%alanche-spreamer transition and thus ﬁheggbove
cripérion can be used as a basis for streaner onset voltége
calculatiéné. As discussed in Chapter I, Nitts and Shibuya
(iS) developed a mathematical formulation which directly
determines the streamer onset volﬁ?ée of an;SF6 in§ulatedl
system (equation (1.7)) on the basis that an avalancﬁe
stresmer transition occurs when Nel,reaches'los. ’ ’
Streamer onset Qoltages of the experimental systems
were ctalculated using equation (1.7). The muximum electrical

stress in the gup (surface gradient of the rod or sphere

electrode st the sxis of symmetry) was determined by two

a

methods. ‘

1. 'Ehe differential of the'polynOmialﬂapprdximation
to the potentisal distribution alonp the axis of.symmetfy was

‘evaluzted st the point corresponding tc the electrode surface.

rd

/
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. 2, The equipotential surface passing through the
mesh poiﬁt one mesh length from the anéde surface and on the
axis of symmetry wss assumed to be that of a sphere concentric
with the SpherlCal surface of the anode and of a potential
equal to that of the ‘mesh point. The surface gradlent of
the gnode was therefore determlned from thc analytic expres--
sion of the field distribution between concentrlc spheres.

A comparison of numqri;ai values yielded by these two

‘methods is presented in Section 6.4.

6.3.3 Critical Electric Stress Criterion

As indicated.in Chapter I, several workers haVe{pro-

. posed calculating the corons onset or breakdown voltage of

an SFg insulated. system on the assumption that breakdown or

corona onset occurs when

Emax -1 -1 .
o = 89 kv cm = atm : : (6.5)

where Egax is the maximum electric stress in the gas and p
is the .gas pressure. Corona onset and breskdown voltages
of several of the test systems were calculated using'this
hypothesis (referred to in. subsequent &iscussiéns as the
critical (E/p) hypothesis) as a basis.- .

4
6.3.4, GCriticsl Positive Iop Density Criterion

. _ Pedersen (12) assumes that an avalanche streamer

\\\\\\\transition occurs when the p031tﬁve ion density in the

avalanche reaches a CPlthul value and on this basis has

4
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formulated the semi-empirical streamer onset condition

.o | ‘ L, ' 4
T f (o-n}dx = K (6.6)
. L] N .

where « anauv are‘the jonization and attachment coef-
ficients, of SFé.and K is a constant. The intégration is
performed along the line of highest field strength and

the limits L] and L2 correspond respectively to the loca-
tion on this line where o~ -7 = 0, and the point of intersec-
tion of tﬂe highly stressed electrode and the line of
_integpatidn. Pedersen considers 18 as an approprizte choice
of a K value..

Thé théoretical streamer ;nset_voltages of the sphere
and rod-plane test systems were determinéd for the various
combinations of. gap length, rod diameter, and gus preﬁguré
with the use of equation (6.6). The integration was per-
forméd along the axis of symmetry with Lo c?rresponding to
the intersection point of'the‘sphere or rod surface and the
axis. The theoretlcal streamer onset voltage of the rod-
plane systems were determined 1n the followlng nanner.

The voltage distribution along the axis of symmetry
1s first determlned using the flnite element technique and
polynomlal curve fit, as d®scribed earller, assuming 8 volt-
age Of 100 applied across the gap. A voltage of Vg kv ap=-

plied across the gap results in the voltage ‘'distribution

‘
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along the axis of symmetry

-

V?x ) = T%ﬁ 2% + a3x2 + a4x3 + -0 ) kv (6.7)

where V{x) is the voitage st 8 point bn the axis of symmetry

x cm from the rod electfode tip. TQe coefficients ;2, 83, +i-
;re determined from the curve fit to thé mesh point potentials.
The potentlal of thé rod electrode is éssuhed to be O kv.

leferentlatlon of/ equation (6 7) yields -the potential

gradient distrlbqtlon aldng the symmetry axis

V.o
E(x) = -9—(32 b 2ax + 3agxC b o)

3 8% .FGJB)

The value of « <% zt each point on the symmetry axis can be

determined by combinlng equation {6.2) ond (6.8) to yield

. V ;
; g A
v{x)-7n{x) = 27 700 (a2 + 2a3x.+ 3a4x +-:--) - 2400p ' (6.9)

Substitution of equation (6.9) into equation (6.6) reduces

the integral equation to the polynomial- expression -

= .-—g—- ? . - ! . \
K = 27 00 FaZL + a3L + ) - 2400pL (6.10)
or : I )
| K+ 2400pL_ 100 _
V 5 57 Vgs A (6.11)

e (apl + ajl™ + L)

where L is the distance seﬁarating‘tﬁf rod tip and the point‘
in the gap where w-n=0 . The voltasge Vg which satisfies
equation {6.11) is the streamer onset §oltage Vgs according

,CS; td the adopted crlterlon expressed as equatlon {6.5).. Since
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—7={ gt x = L, Is ean be determined from equation {6.9)

~

27T9— +2aL+---)--2400p={j_' (6.12).

golution of equation {6.11) reqeires a knowledge of L, how-
ever L is & function of the gap voltage as equation (6.12)
indicates. o ' | 4

' The streamer inception voltage Vgs can be determined
numericuslly from equations (6.11) and (6.12) by first esti-
mating Vgs This esﬁimate is substituted into'equabion (6.12)
and L is calculsated using Newton 5 method for determinlng .
polynomial roots.. This value of L is substituted into equa-
tion (6.11) and Vgs is determined. This new._volue of vgs
is used to recslculate L and subsequently the‘recalculated
L is used to determine a.new value of Vg . This iterstion
procedure_can be termlnated when the calculated values become
stationary within the accuracy limits desired.

If the estimate of-Vgs is poor, the calqulaﬁibns.may
‘converge‘te,a solution. with a meeningless physipal'inter—
pretatfon. However, it was found thast an accurate estimate
was not requ1red to obtain the correct convergence, an initial
guess within 50% of the proper solutlon usually resulted. in
the correct convergence. Appendix B presents a method of deter-
mining an accurate estimate from the golynomial coeffici;nts.‘

As a result of simplifying assumptions, an analytic
expressioh (equation (6.1)) is available for the axial field
distribution in the sphere-plane test gaps. The form

of this expression, however, does not lend itself‘to ‘the
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solution of the integral equation (6.6) snd therefore the

solution wss approximated as 3 polynomial and streamer onset

volgbges for the sphere-plane gaps were obtained using equa-
tions {6.11) snd {(6.12), . = = ‘

s
6.4, Compsrison_of bxoerlmental dnd Theoretical Results

Before comparing the experlmental breakdown and dis~-
Eéarge onset voltages-wlth the theoreticeal vnlues determlned
by the ‘various methods outllned cons ideration will be given
to the possible sources of error 1nherent to the experlmental

apparatus and. calculation techniques.

6.4,.1 Exverimental Error Limits

Errors in the exper1mental meosurements may be intro-

duced by the follow1ng factors.

1. All electrode dimension and gap lengths were meas-

ured to an racy of t.001 inches. Other dimensions

(vessel diffieter, bushlng dimensions, etc.) _were measured to.
an acéqracy of better than *F 1l%. Therefore, dimen51onal
insccuracies should introduce ipsignificant efrors,with the
exception of the 1/16 inch dismeter rod plnne EapS. .The

actual rod dlameter could differ from the assumed value by
aS‘muqh as .5116%. A compcrleon of dlschdrge inception
voltages for l/h 1/8, and 1/16 inch dlaneter rod- pldne‘gaps
of the same length and otherw1be 51mllar conditions supgests
that the ;olerance limitstions could 1ntrodhce an error of

*+ 1% in the extreme case.

2. As indicaped in Cﬁapter.II,'the pressure vessel
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was observed to expand with ingreasing. 1nterna1 gas pressu#e,
effectlng an 1ncrease in the gap length. A comparlson of.~
experimentsl dlbcharge onset data at varlous gap lengths
suggests that these variations should have an insignifiicant
effect on calculatlons mede unler the;assﬁmptlon af constant
_gap length, Wlth the exceptlon of the 2 inch diameter spherec-
'plane Eaps. ;In thls caee the eftect was observed to be 513-
nificant, however, it wss easily‘accounted for in the cal-
culations. | _::'.; r , | ' | A
3. & ma X imurn difference of iil% could exist between’
. . the measufed and actual vessel ga pressure._ An errdr of_'
this magnltude would introduce a dlscrepancy between tHe
‘experlmental and calculated discharge onset voltasges of as
much as ‘“li. However, in the moxe/igp uniform flelds,
experimental data 1ndrt’tes‘fﬁ§€"1t his a somewhat smaller
effect i.e., in the case of a 1/8 inch dlameter rod-plane

4

gap of 1.5 inch: length the error in the extreme case is ap-

P . . proxlmately *'O 8%.

,1 g L. -A max1mum dlfference of -+ 2% coulid exist between

e " . . .
the measured and_actual voltage applied across the gap. -

.ﬁ.' The experimental work wss performed with the am-
bient temperature of the-iaboratory at.298'°K ifl%.' %emp_
erature coxrectlons were not. applled td the data-because-a-
study of the llterature leaves doubt as to how such a cor-
rection should be made. As an exénple, reference L1 quotes

data obtained under-different test condltlons tHan that pf

wr . . e
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this work, and iqdicatesithat the breakdown voltage of SF¢
decreases substéntially more- with increasing‘gas temper-
ature:than does the breakdown'voltaée of air under the same
conditions.f |

6. Q 2 Sources of Error in Calculations

Apart from the experimertal 1naccurac1es descrlbed
above, there are & number of mathematlcal sources of error
inherent in the calculatlon techniques employed which glve
rise to ilscrepancies between experlmental results and theo-
retical predictions. These are )

1, Errérs introduced‘by'thg selection of boundary
conditions to éharacteriié the numeficalx§olution spéce.for
rod-plane.éaps.»

2. Erroré introduced by ﬁhe finite difference approx-
fmétien to Laplace's equation.

?,3._ Errdfs introduced by the polynoQial approximation
* to tﬁe potential distribution along the symmetry axis.

L. Erfors_due to the approximations introduced‘to
sinélify tﬁe sphere-plane gap geometry. |
Ea¢h of these sources of error will be discussed in turn.

L The actual space conflnlng all equipotentials of the'
rod-plane gaps‘is unbounded. A finite solution space is.

' obtained'by approximating the bUShinp, the connecting rod,

gnd the upper section of the Rogowski proflle electrode by i
the Neumdnn and Dirichlet boundarles jllustrated in Figure 6. l..l

[

Calculaplons were made‘USlng several other approximations to !

o

)
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this region which introduced much more uniiorm or much more

non-uniform field conditions than actuully present. Such

wide variations of field conditions in this region were ob-
. served to have little effect of the field distributicn in

" the vicinity of the rod electreode {less thén a l% difference

between the two extreme cases). Therefore, the approx{—
. . \ . -0 L '
mation adopted introduces at most a 1 0.5% error.
- The accuracy of the numericall§ determined'field dis-

trlbutlon is a function of the u\Fh length of the finite ele=-

" ment approximatlon to the solution space. In order to ascer-

tain that the mesh ledgth adopted for the calculations would
1ntroduce llttl; error, the solution to the field dlstrlbu-
tion wos obtained using several dliierent mesh lengthb. Var--
iation of mesh length wus obtained by adding or eliminating
one or more of the highest numbered regions illustrated in
Figure 6.1. - A chenge in mesh length also resulted in the

addition or elimination of a boundary between regions of two

different mesh lengths. Tables 6.1 snd 6.2 illustrate cal-

‘eulations of minimum strésmer onset voltsges obtained for-a

v

number of different mesh lengths and two different field con-

figurations. An inspection of the data indicates‘that ) mesh

 length ol less than one third of the rod radius 1ntroduces an

insignificant error to the calculatlons. The data likewise

indicstes thst the division of the field into regions of dif-
L ) 2t h
ferent mesh length does not introduce a noticable error.
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TABLE 6.1. AFFECT UOF MESH LeNGYH OW CALCULATED STHEAIER
ONSET VOLTAGES Fui. & 1/16 INCH DIAMETeR #UD-PLiNk GaArP OF
0.5 INCH LelGTH DETLRMINED USING EQUATION (6.6} WITH K = 20,
AND A 1OTH OKDER, 20 MESH POINT POLYKOMIAL. (M.L. ~ #MBECH .-
LLNGTH, R - RUD RADIUS)

EXPERIMENTAL ~ CALCULATLD STHEAMER ONSET VOLTAGE

GALS MIKIUA :
 DISCHARGE | VULTAGE 7 DIFFERERCE
PHESSURE VULTAGE (KV) FHOM EXPERIMENTAL
(4T) (V) T.L. k/3 W.L. R/6 th.L. R/3 M.L. H/6
l-’o 17-0 18-0 1708 + 5-9 + Lc?’
1.5 . 27.0 24.7 24.4 ~ 8.5 = 9.0
2.0"” . 32-0 3.1.-2 30-7 - 205 - Lol
2.5 - 42.0 37.6 36.9 - 10.5 - 12.1
3.0 - 45.0 L3.8 L3:0 T = 2.7 = kb
3.5 52,0 C50.0°  49.1 - 3.8 - 5.6
4.0 60.0 56,k 55.0 - 6.3 - 8.3
k.5 71.0 62.2 61.0 - 12.4 - 141
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The polynomial approximation to the potential vari-
stion along fhe @xis of symmetry may introduce significant
errors. hs it is not necessary to describe ‘the potential
varistion along the total length of the a:.is, the question
arises as lo the number of mesh potentials to which the poly:'
“nomial should be fit to as well as to the order of polynomial
which should be used. Strevmer onset voltages and maximum
surface gradients were calcdlated using several different
point fits snd polynomial orders. The results of some of
these calculstions are listed in Tables 6.3 and 6.4, In
calculating streamer onset volvages using a 20 point fit it
was féﬁnd that any polyncmial fit of greater than & fourth
order ylelded the same velue within + 0.2%. The duts of
Table 6.3 indlcates that a considerable disparity QXlStS
betweenystreamer inception voltages calculated using a 5
point fit and those calculated using 2 10 or 20 point fit.
Surface gradient cslcilations indicate that significant
disperities are effected by veriations in both fit and
polynomial order; A‘comparisbn of surface gradienﬁ csl-
culatlons obtained using the polynomjisl and the concentric
.spheres anproxlmabion suggests that the-10th order poly-
nomial fit to 20 p01ncs ylelds the best approximstion to the
true potentldl dlstrlbutlon along the syumetry axis. .

The-approximating of the experimental sphere-plane
gaﬁ'as an isolated sphere-sphere gsp intfoduces errors due

to the;Bnbsence of the connecting shaft, the cylinder walls,
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and the base. The departure of the Rogowski electrode from
an ideal pléne.electfode also introduces errors. The effect
‘of'cylindrical enclosers, shaft diametefs, etc. on the break-
down voltage of sphere-sphere gaps was exanmined by Ruffel

and ﬁusbands (18)‘and the results of'ﬁheir;study suggest
that the(approximation shou&d not introduce an error greater

~ than * 1%.

. -

-

TABLE 6.4. THE EFFECT OF THE POLYNGMIAL OKDER ANJ THE NUMBER
OF VEGH POINTS TO WHICH THE POLYNOMIAL IS FIT ON CALCULA-
TIONS OF THE MAXIMUIM VOLTAGEL GHADIENT OF A 1/4 INCH RwD-
PLANE GAP. - | ' n

-

Mesh 10th Order 10th Order 10th Order 5th Order Concentric
Length Polynomial Polynomial Polynomial Polynomial Spheres

--20 pts 10- pts 5 pts 20 pts
1/48 172.7 - - 161.2 . 173.6
1/96 . 174.2 175.7  201.5 171.7 174 4
1/192 175.6 - . - lma 175.6

6.4.3 rDiécussi5n of Results

Tables 6.5 through 6.15 compare the streamer onset

voltages calculzted using the techniques discussed in Sec-

tion 6.3 with the lowest experimeﬁtal voltages at which any
_form of discharge activity was obsefved in the SF6 insulated
electrode gaps. Figure 6.5 gives s graphical comparison of

theoretical and experimehtal results for a 1/16 irch rod-plane

4
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TABLE 6.6. CUMPARILUN OF LXPRKIMEN TAL BREAGDUWN VULTAGES OF
. A 2 INCH DIAILTER RUD-PLALNE CGAP OF 0.5 INCH LLNGTH WITH
CALCULATED STREAIER ONSwT, VOLTAGLS DETERMINED USING EQUA-
TION (1.7) Akl EGUATIOL (6.6). WITH K = 20 AND & 1OTH. OkDER,
20 MESH PQINT POLYLOMIAL. ‘

GAS YEXPERLELTAL  CALCULATED STHEAMLK ONSET VOLTAGE

MININMUL : .
 PRESSUKE ~ BREAKDOWN —  VOLTAGE % DIFFEHENCE
VOLTAGE (kV) " FRuUM EXPEKRIMENTAL
(ATLY) {KV) EGN.(1.7) EGR.(6.6]) EGN.{1.7) EGN.(H5.6)
1.00 ©90.0 C 92,00 . 92.0  +2.2 4 2.2
I.65 149, 148, 148, ° - 0.7 - = 0.7
2.35 . 209. 208. 208. - 0.5 - 0.5
3.00 271, - 266. 266; . -2.0 .-2.0

TABLE 6.7.. CUMPARISON UF EXPRXIMENTAL BREAKDUWK VULTAGES OF
A 2 INCH DIALETEK HOD-PLANE GAP OF 0.25 TNGH. LENGTH WITH
CALCULATE® STREAMER ONSET VOLTAGES DETERMINED USING EQUA-
TION (1.7) ALD EGUATION (6.6) WITH K = 20 AND'A 10TH OHDER,-
20 MESH POINT POLYNOMIAL.

'y

GAS EXPLRILNTAL CALCULATED STHEAMER ONSLT \)QLTAGE :

: MINIMUM
PRESSUKE ~ BREAKDOWN ~~ VOLTAGE 7 DIFFERENCE.

, VOLTAGE (KV) FROI EXPERIFENTAL
(ATH) (KV) EQN.(1.7) EWN.(6.6] EGN.(1.7) BUN.(6.6]
1.00 .  -56.0- - 53.0 53.0 - - 5.4 2 5.
1.67 92.0 ©  87.2 87.3 - -5.2. -5.1
'2.35 - 127. . 12l 121, - W7 = 4.7

" 3.00 157, 15k, . 155, -9 -1.3
3.70 197. 188. . 188, - 46 - 5.6

222, 2.6 -2.6

140 ‘224, 222,
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TARLE 6.8, COMPARISON OF MINIMUM EXPEkIMEH/TAL DISCHARGE
VOLTAGES OF A 1/4 INCH DIAMETER ROD-PLARE GAP UF 1.5 INCH
LENGTH WITH CALCULATLD SThehfbkR UNSLT VOLTAGES DETERMINED
USING wQUATION {1.7) AND EQUATION (6.6) WITH K = 20 AND A
10TH ORDEK, 20 MESH POINT POLYNOMIAL.

P

&
GAS EXPERTMLEITAL " CALCULATED STREAMER OLlSET VOLTAGE

(ATIH) (k)  EGN-(1.7] EGN-(6.8] EGN.{1.7] EGK.(6.6]
1.0 68.0 67.1 68.5 - 1.3 + 0.7
1.5 100. 96.2 97.7 - 3.8 - 2.3
2.0  13s. 126. - 126. - 8.1  -6.7
2.5 160. 152.  154. - 5.0 - 3.8
3.0 192 180, 0 182. - 6.3 - 5.2
3.5 216. 208. - 210. - 3.7, -2.8
)

4.0 242, - 235./ 238, - 2.9 - 1.7
Lo 271, 263. 265. - 3.0  -2.2

3
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TABLE 6.9. CulirsrIsON OF HMINIMUM EXPERIMLNTAL DILCHA RGE
VULTAGLS OF & 1/4 IWCH DIAJLTER hGD-PLANE GAP OF 0.5 ILCH
LEKGTH WiTH CALCULATED STHEAM.R ONSET VOLIAGES DETERMILED
USING EQUATIONL (1.7) AND EQUATION (6.6) WITH K = 20 ARD A
10TH OQitDER, 20 MeESH POINT POLYNUMIAL. ’ ~

\ -

%

GAS EXPERIMENTAL CHLCULATED SThEAM:R ONSET VOLTAGE

e SN Y 235 52
(ATH) (kv)  EQU.{1.7) EGN-(B.6] EGN.(1.7) EGN.(6.6]
1.0 40.0 38.7 39.7 = 3.3 - 0.8
1.5 © 60,07 55.5 ~ 56.6 - 7.5 - 5.7
2.0 74,40 72.0 73.2 - =27 -1.1
2.5 - 95.0 88.3 89.5 - 7.1 . - 5.8

© 3.0 107. 104, 106. -2.8  -0.9
3.5 122, 120. 122. - 1.6 + 0.0
4.0 - 132. 136, 138. + 3.0 0 % L5

L.5 152. 152. “154,. 0.0 °  + 1.3
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TABLE 6.10. COMPARISON OF MINIMUM EXPLKINMENTAL 0ISCHARGE
VOLTAGLS OF A{1/8 INCH DIAIRTER ROD-PLANE GAP OF 1.5 INCH
LENGTH WITH CALCULATED STREAMER ONSLT VOLTAGES DETERMINED
-USING EQUATION {1.7) AND EQUATION (6.6) WITH K = 20 AND A
10TH O#RDER, 20 MESH POINT POLYNOMIAL.:

GAS EXPERIIENTAL .CALCULATED STREAMER ONSET VOLTAGE

MINIMUM :
PRESSURE ~ DISCHAKGE = VOLTAGE % DIFFERENCE
VOLT AGE . (k) FROM _EXPERIMENTAL:
(ATM) . (KV) . EON.{1.7) EQN-{6.6) EQN.(1.7) EQN.(6.6)
1.0 4.0 L2.4 4.3 - 7.8 - 3.7
1.5  61.0 60.0 62.1 - -1.7- 4 1.8
2.0° : 85.0 77.2 - 79.4 -.9.2 - - 6.6
2.5 ~ 98.0 94,17 - 96.1, - 4.0 - 1.6
3.0 115. 111, 113. - 3.5 - L7
3.5 130. 127. 130, - 2.3 0.0
s 0 154.  lhk. 6. - 6.5 = 5.2
- hll

L.5 169. - X160, _16-2.-.' - 5.3

\
\
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TABLE €.11. CUMPARISON OF MINIMUM EXPERIMENTAL DISCHARGE
VOLTAGES OF A 1/8 INCH DIAMETER HOD-PLANE GAP OF 0,5 INCH
LENGTH WITH CGALCULATED STREAMER ONSET VOLTAGES DETEKRMINED

" USING EQUATION {(1.7) AND EQUATION (6.6) WITH K = 20 AND A
10TH ORDER, 20 MESH POINT POLYNUMIAL.

GAS EAPERIMENTAL ~ CALCULATED STREAMER ONSET VOLTAGE

C MINIMUM ,
PRESSURE =~ DISCHARGE ~— .  VULTAGE - % DIFFERENCE
i VOLTAGE {KV) " FHOM EXPERIMENTAL®
(A:M) (KV) EQN-{1.7] EQN.(6.6) EQN.(1.7) EGN.(6.6)
1.0 27.0 - 25.5 .26.6 - 5.6 - 1.5
1.5 - 38.0 36.0 37.3 - 5.3 - 1.6
2.0. ' 50.0  46.4 47.6 - 7.2 - L.8
205 60.0 56-5 . 57.8 - 5.8 - 307
3.0 73.0 - 66.6° . 67.9 - 8.8 - 7.0
3.5 '89.0 76.5 77.9 - lh.1 - 12.5
14..0 96-0 - 86:3 87-8 - l.Oul . - 8.5

LeS . 110. © 96,1 97.6 - 12.6 - 11.3

|




| 1-36'

“TABLE 6.L2. COMPARISON OF MINIMUM EXPERIM:NTAL DISCHARGE
VOLTAGES OF A 1/16 INCH DIAMETER ROD~PLANE GAP OF 1.5 INCH
LENGTH WITH CALCULATED STREAMER ONSET VOLT AGLS DETERMINED
USING EQUATION (1.7) AND EQUATION (6.6) WLITH K:= 20 AND A
10TH ORDER, 20 MESH POINT POLYNOMIAL. -

w )

GAS . EXPERIMENTAL  CALCULATED STREAMER UNSET VOLTAGE

MINIMUM . | B -
PRESSURE  DISCHARGE VOLTACE . o DIFFERENCE
“VOLTAGE C(kV) FROM EXPERIMENTAL

(ATM) (KV) EQN.(1.7) EQN.(6.6] EQN.(1.7) EQN. (6.6]
1.0 . . 28.0 27.1 '29.2  =3.2  + 4.3
1.5 . . 40.0  37.9° - 40.0, -=5.2  + 0.0

2.0 k90, k8.2 ¢ 504 - 16+ 2.9

. 2-5 5900 58-3 ‘ 60.6’ - ltz ! ¥ 2.7
3.0 68.0 68.2  70.6 +2.9  * 3.8
3,5 g1.0 78.1 80.5 . = 3.6 + 0.6

© 4.0 - 93.0 ~ 87.8 90,3 - 5.6 - 2.9

4.5 - 102. +  97.4 . 100. - 45 2 2.0
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TABLE 6.13. COMPARISON OF MINIMUM EXPERIMENTAL DISCHARGE

" VULTAGES OF A 1/16 INCH DIAMETER RUD-PLANE GAP OF 0.5 INCH
LENGTH WITH CALCULATED STREAMER ONSET VOLTAGES DETERMINED
‘USING EQUATION (1.7) AND EQUATIOH (6.6) WITH K -= 20 AND A
10TH ORDER, 20 MESH POINT POLYNOMIAL.

GAS EXPERIMENTAL  CALCULATED STREAMER ONSET VOLTAGE
. o

' MINIMUM . . |
PRESSURE  DISCHARGE VOLTAGE % DIFFEKENCE
~ VOLTAGE ___{xV) FROM- EXPERIMENTAL
(ATM) (KV) EQN-&J.?I‘@QN-(6.6]'EQNzILL?) EQN-(6.§1
1.0 17.0 16.5 - 17.8 < 2.9+ 4.7
1.5 27.0 ©o23.1 244 - k- 9.6
2.0 32.0 29.4 30.7 - 8.1 - 4.1
2.5 42.0 35.5 36.9 - 15.5 - 12.1
3.0 ~ 45.0 L1.6 L3.0 = 7.5 . = bk
3.5 52.0 47.6 49.1 - 8.5 - = 5.6 .
4.0 60.0 53.5 55,0 -10.8 - 8.3
- 16.3 - 141

L5 71,0 59.4 61.0

2
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1/16 INCH DIAMETER ROD-PLANE GAP OF 1.5 INCHES LENGTH WITH CALCULATED
STREAMER ONSET VOLTAGES DETERMINED USING EQUATION (6.6) WISH K = 20
AND A 10TH ORDER, 20 MESH POINT POLYNOMIAL. ‘



141

gap of 1.5 inch gap length.

The results illustrated in Figure 6.5, &s wellléguall
other results, demonstrate that the;galculated values of
streamer onset voltages correspond to the minimum voltage at
which any form of discharge waé observed. The results also
indi%éte that, for the most part, the theoreticsl values are
somewhat lower than the experimental dischsrge oﬁset values.
This is to be expected as, at the theoreticsl onset voltage,
only a free electron aﬁ‘a sin@lg optimum poiﬁg in the gap
can initiate a streamer pro&uciﬁg avalanche. The experimental
streamer onset voltage will, in theqry; excéed the theoretical
value unless the chénqe occurrence of a free electron at the °
.optimum point coincides, in time,.with the gpplication of
the  streamer onset voltage to ‘the gap.

- In a very feﬁ‘cases, discharge activity wss observed
at voltages slightly below the theoretical minimum. There
- : are several possible explanations for-this. _

i. The differencés between experimental and theo-
reticai vplues.;re within the error limits of the measuredl
and caléulated values., ‘

| N

2. The calculations .are bssed on statistically aver-
aged ionizatioh and attachﬁent préperties of the gas. . The
instantaneous,propefties do vary somewhat snd this could
result in the occurrence of discharges at voltages lower

than the thepretical minimum.

3. The theoretical calculations do not account for

—
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<

the presence of foreign 6bjects in the gas. Somno contami-

‘notion of the gas i; qnavoidable and partvical initiated
breaxdown could occur, .-
‘ Pedersen's proposal of 18 (12) @s a suitable value

for K in equation (6.6) is based on avsilable uniform }ield

'breakdown data. The exberimental results of the present

study sfforded the opportunity of examining the significunce
of the choice of K value on'thé stresmer onset values cal-
culated under & variety of field conditions.

Table ©.5 illustrates chenges in calculated onset
voltﬁggs fesulting from varistions in the Kk vslue. These
results and others demonstrate thst the K vslue bére.its.
greatést significance on calculap}ons aésociated with the
most non-uniform field conditions. The calculated streamer .
onset §oltage for a 1/16 inch rod-plane gsp of 1.5 inch
length increased by 1.3% as & result bf‘; K value incresse
from 18 to 20. This same change 'in K had sn insignificant
_effect (L0.2%) on the calculations of onset vdltages'fdr.tpe.
-2 inch diameter sghere-pline gaps.

?__ The experimental results of this work cannog bé used
as s basis for an sccurate empirical determinstion of X
‘becagse of thé'erngi limits‘associated with the data. How-
.ever, the calculations indicate, thst for most technologically

oricnted work, the effect of-the K value on calculations of

‘discharge onset voltages is insignificant.



lh3‘

For the present study, a K value of 20 was used for
the majoriﬁy of' thé calculations bused on equation (6.6)
as this val ue yielded the closest overall agreenient between
theoretical and”experiméqtal results. .

«Taﬁles 6.5 -through 6.15 inlicate that three of thelw
four calculatidn techniques used for determining discharege
- onset volucges yield results which differ little from each
ocher.t Hé;ever: the results obtained using the Cflthol
(E/p) hypothesis (equation (6.5)) sre significently lower
than the others, with the pgrceﬁfége difference varying
directly with the degree of field non-uniformity. |

" hAside from Lhe.fiéld distribution approximotion in-
herent to equation (1.7), equations (6.5), (6.6), end (1.7}
sre of the ssme form, differing only in the choice of K )
value. .Equétion (1.7) is tused on the assumption thst an
avalanche-sfreamer transition occurs when the avalanche
electron popul:tion reaéheéflos. This is equivalent to th¢.

4

strearmer onset condition

X . )
f(ot-n)dx = 18.4 -

0

v

The critical (E/p) hypothesis is equivalent to the'str?amer‘

onset condition -

x N
_,,th fo-n}dx = 0
0.
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As discussed ebove, the integral onset equat;cn (6.6) -
yields streamer onset voltages which are relatively insene&-
tive to the K value. Thus, apart froﬁ differences due to .an
approxim tion of the field distribution, equation (6.6} with
a K value of 20 snd equation (1.7} should yield results which
differ little from esch other (results from equation (1.7)
should be less than 1.1% lower than those of equation-(6}6)»
in the extreme case). | .

| Lalculatlons based on equdtlon {(6.5) sre significantly
lower than those obtained from equation (6. b) with K = 20
becuase of -the very large difference in the K values. Also
since the sensitivity of calculsted onset voltages to varia-
tions of K increases with incressing field non-uniformity,
. the ge?centate discrepancy between'the'celculations varies
directly with the deéree of field nbneuniformiﬁy.

.Calculations'baseq.on the criticel avalanche field
criterion (equations (6.3} &and (6.&)_differ 1ictle from .
those based on equetion (6.6) with K = 20. “The difference
can be made completely insignificant by changing the con
stant '5.27 x 1077 of equation (6.3} to 5.43 x 10-7. The’\\\
.close agreement between these apparently 1ndependentrmethode
is not surprising as the term exp f ?U-T))dx is very much
more sensitive to changes in gap vcgtage then the other
terns of equation (6.3). | |

The difference between calculated values. obtazned u51rg

equations (1.7) and {6.6) with K = 20 can, in part, be sttribe
/ » A :
uted to the errpr introduced by the approximatigh\gi? equation -

| /
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(l,?), of the field distrabution at the tip of a hemispher-

" ical rod or sphere as thet of sn isolated sphere. This error

is a function of the relative nasgnitudes of the symmetry axis
length over which «>7% andithe radius of the rod or sphere.
This point is illustrated ih'Table 6.16. The isolated spﬁere
approximation ié an.accurate representation offthe field dis-
tribution only at distances within a smzll frsction of the
radius of curvature:of the electrode surface. Therefore, the
accuraty of any calculation bused on equation (1.7} is a
function of the distance over which the integrstion is per-
formed._ Fhis is exemplified in Table 6;17. ‘For a gliven

electréde system, the integration length is inversely proror-

. tionsl to the fas pressure. Conseyuently, the difference in

calculated streamer onset voltiges, based on the two dif-
ferent approximations to the field distribution, should de-
crease with increasing ges pressure; Evidence of this type

of relationship can be observed in Table '6.17 and is ob-

served for all other field conditions as well. '

Tatle 6.18 indicates that the rod diameter appears to

"have a significsnt bearing on the accuracy of isolsted sphere

4

apprbximatiOn, althoughcit muét.be kept in mind that the com-
perison of calculations is made with results obtainéd usihg
another épproximatidn, not the exact solution. Errors inherent
in the polyndmial approxgmation,.hgwever, qre'undoubtedly

‘much smaller as Table 6.16 would suggest. ! .



TABLE 6.16. COMPARISON OF POLYNWOMIAL AND ISULATED SPHERE
APPROXIMATIONS TO THE POTENTIAL DISTRIBUTIUNS IN A 1/16
INCH DIAMETER ROD-PLANE GAP OF LENGTH 1.5 ANCGHES.

MESH  DISTACE FRUN™
POLYNOMIAL  ISOLATED SPHERE ROD SURFACE
POTENTIAL (INCHES)
0.00 .000033 0.00 0.00
6.03 6.03 . 6.03 . .0052
10.61 10.61 | 9.30 . Lowo
W.2h .24 11.34 .06
17.20  17.20 12.75 .0208
" 19.68 19.68 1377 .0260

A\

TABLE 6.17. CCi#PARISUN OF STREAIER OKSET VOLTAGE CALCULATIONS,

USING EQUATION (1.7) AND EQUATION (6.6) WITH K = 18 AND A
10TH OHDER, 20 MESH POINT POLYNOMIAL. -

I~

INTEGRATION LENGTH . © GAS . 4 DIFFERENCE

!

___INTEGRATION LENGTH ____
INCHES — % OF ROD RADIUS  PRESSURE (ATM)  IN CALCULATIONS.
01003 . 81.5 1.0 3.68
.00704 57.2 : - 2.0 2.96
.00573 46.6 . | 3.0 2.15
.00495 10.2 4.0 170




147

TABLL 6.18. xtRbLLthh UIbkEHhLLb IN STubkAiLR UNGOET VULTAGLY
CALCULATED USING EQUATIUN (1, 7) ANJ LGUATIUN {6.6) WITH A
10TH ORDER, 20 MESH-POINT PULIN MIAL AND K = 18

,Electrode : Non-uniformity % Difference’
Geometry (inches) Factor (E_/E_..) in Calculatlonb
~n _
1/ - /2 " - 260 _1-.21
/L - 11/2 .140 | 1.23
1/8 - 1/2 .151 | ‘ ' 2.47
1/8 -1 1/2 L0814 2.56
1/16 - i/z .0832 - 4.50 .‘
1/16 - 1 1/2 . .o380 ) 56 -

T e -

-
—A comodrlson of measured anéﬁéalculated dlscharge volt-

ages of the experlmenfal systems of this study demonstrutes
that the calculation technxqués; with the possible(;xceptlon
_of the critical (E/p) technique, &5 accurustely predict the
minimum discharge performance of'compressed‘SFé insulated
systems. An evaIUatlon of ‘the relatlve merits of these meth-
.ods of calculation should be made in consideration of the

fact that all of the technigues require, at the least, the

degree of n&n-uniformity of the electric field distribution

¢
A

.
in the-gas. As a resulg, & field calculation is required in ﬂ 7/‘
each case;. a calculation whixh overshadows, in both complexity
-and computatlon tlme, the cslculations)associated w1th each
individual technique.‘ Therefore, the fact that the computa-

tions asqociated with equations (1. 7) end (6 5) -are much less

-

S |
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c;;;Tex than those associate equations (6.4) and (6.6} is
really'of little consequence,‘-

lEquation (1.7) a{sne offers -an snalytic relationship
. between the system discharge onset voltage and the gas prés-nh
sure, gap length, and electrode radius. This is achieyed
through the use of a simple approxlmetlon to the field dis-.
tribution, an approxim:tion which is only accurate wsen the
electrode surface at the p01nt of maximum eleé&trical stress
can be characterized by two orthogonal radii of curvature.
. The numerical technique based on equation (6.6) is
not limited Lo specific types of electrode geometry &nd |
therefore of fers greater peneral appllcablllty than g;ua- I
tion (l 7) The requirement of an inltlal guess for the dis-
chorge onset voltage of the system under calculation is some—
what inconvenient, however, it is possible ‘t.0 determlne 3 };
sufficiently accurate initial guess from & knowledge of the~
. polynomial coefficients essoc1ated with any applled‘voltegé.

The method is outlined in Appendix B. |
The celculatioh technique associated.with the critical

-avelanche field critertion is quite similar to that associuted‘-
with equatlon (6.6), and possesses the same advantages and
disadvantages. It_is impossible to stzte which of the two
me thods best predicts the discharge performance of an oFg
insulated system since the deviations between calculsted
values of the respective methods are well within-the'experi--

C e 3

mental and ebmputational error Limits.
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6.5 Corons Free Breskdown in Comnreésed SF6

In discussing the trgnsitions between various types
of_corona discharges at a positive point in air, .Herms£e;n~‘
(20) proposed that the basic féctor‘governiﬁg such transi-
tions wss the rute of chanée of voltszge gradient at the
anode snrface. ﬁe substantiated his hypo;hesis by showing
" that different corona phengmena were related to different
}anges of anode surface gra-iients, independent of the elec-
trode geometry. A somenhat similar hypothesis wes examined
in this work. | :

A number of authors (4, 9) have proposed that break-
down in highly non-unlform gaps insulated with SF6 can occur
in the abﬁence of corona- pulses at thh gas pressures be—
cause an enhancement of streamer propagation properties
accompaniee an increase in gas pressure. If the pressure
is'sEfficiently high, tne first streamer forme& in the gas
can brldge the gap and initiate a eﬁark. .

The ability of a Cdthode dlrected‘stredmer to prop—
agaté in s gas depends on the rate of growth of the ion
space charge at the streamer tip. Tnls charge created
by secondary avalanches approaching'the‘tip; ThSse ava-
lanches are\inibiated by free electrone produced inea“volune
surrqunding the streamerltip.where the elecnfic field gradi-
ent Ey due to the external voltage and streamer "space charge

.voltage is streamer directed and where Et/p>89 kv cm'l atm‘l

The number of secondary avslanches reachlng the streumer is

A

I



therefore proportlonal to the number: “of free electron
duced within this volume (denoted as tlie "ionizing volume“‘ '
in the subsequent-dlscu551ogJ. _Electrons" proguced,outs}de,
the 1onlzlng volume suffer attschment and the resultingh eg~
ative ions are swept to the ‘anode and do not contrlbute t? ) °
the propdgatlon process. . ' | ;

For & piven set of ileld condltxons, the number of V /
electrons produced in the ionizing ume is proportional
to the photqn absorption poefficie%gpi;of the gas and the
rate of phopbn produetion ﬁithin the strezmer tip. ff“Q is °
the photon absorption cross-section .of the [es moleeu?es__“ B

then

. s.' l-l-'--NQ o : =

[

where N 'is the number of atoms per unit volume. N is directly7
proportlonal to the gas pressure.p. Assumlng for the moment
that the _photons are created at a point source and the ion~-
Vlzlng volume is a sphere of radius r w1th its center.at the

po;nt source, the prpbablllty P- of a photon escdplng T

volume is-given by
P, =e* =keP"
, g

where K is a constant. Therefore, a linear incresse in the

gas pregsure 1is accompanied by an expanentisl decrease -in

"the probability that a photon will not- creste & free electron

o
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within the donizing volume.

The growth of the ion space charge'at the streamer
tip is a function of the ‘total field gradient .in the vicin-
ity of the tip.’ The gradient is determined by‘the applied

field plus the field due to the streamer space charge. For
B e

8 streamer to propagate in'a direction in which the field
inten51ty is decreasing (cathode dlrected streamer in a
posit1Ve 901nt~plane gap), the space charge fleld must in-
crease at & rate 'which can compensate for the rate of de=-
_crease of the applied field. The rate of 1nc1ease of the

space charge field is proportlonal to the rate of charge
’
accumulation at the streamer tip, whlch in turn is propor—

tional to the rate of photo 1onlzat10n in: the 1on121ng volume.
From the above dlscu351on it 15 evident thet the
probablllty of a streamer advancing suff1c1ently far into.
.- an SF6 1nuulated electrode gap to initlate breakdown is'a

- function of the maximum rate of change of voltage gnadient
. I '
in the gap and the pressure of the-gés. On the basgs of this

statement the following hypothesis is proposed A streamer'

initlated breakdown in SF6 will occur in the abcsence of
|
|
corona of eny form, when the gas prqssure is such that
“ | - a .
dE P < ¢ ) N
. -8 Cf | _ {6.13)}
J
=.the maximum rate of: change of anode surface
gradient in kv cm” -2t a gap voltage equal to.
.the streamer onset voltage .

-

= . gas pressure in atmpspheres_

.= constant
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In‘order to test the hypothesisland determine a suite-
able value for C,gi xf)-P wss calculated for various values
of p ﬁrom the data of Figures L. " through 4s9. %%>FO WES
determined using the appropriste polynomlal expression for
the field distribution at a gap voltage equal to the streamer
‘onset voltage. The results of these calculatidhs are plotted
in Figure 6.6 along with the minimum pressure for each elec-
trodefconfiguration at which no single pulse or momentary
‘sustained'disonarge activity was observed.

. Theére ie a reasonable conformity between the experi-
mental results and the. predlctlons of ‘the hypothesis when
C = 200. Slngle pulses were observed experimental]y in 1/4
and 1/8 1nch rod-pléne gaps of lengths.0.5 andAi.S_inches
respect1Vely at pressures somewhat higher than the predlcted
values, howeVer, these pulses were only ‘observed under ir-
radiated conditions and only one pulse Was\observed in each
csse in a time span of approxlmately 3 minutes.

It is pbssible to exprfss the corona free breakdown
crlterlon of equation (6 13) in terms , of the radius of
curvature R of the highly stressed electrode, and the §as
pressure p. 1£§;it is assumed that the highly stressed elec-
trode is an ;sola 2d sphere of radius_@ and possesses 8

)

potentisl V = g 7

4

then = ..

E L
E(x) = —2X - 6.14)-
X (0 Xy2 . ( )

where E(x) is the'potential gradient at a distance x from

o . N
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‘ —— 1.5 inch gap
o0l . —~ = — 0.5 inch gap . ,
------ 1/16 - 1.5 inch gap using con- .
v centric spheres approximation
o [ Minimum gas pressure at which
‘ ~ momentary discharge activity
1200} \J, - v was not observed
) X Minimum gas pressure at which’
\. ) single pulse activity was not
C v observed
- 1000 -
(=K
Im 80” -
o
Ll
.=
u-l|><.
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400 L
2004=
0 - | ‘ : _t : : | |
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| PRESSURE . - ATMOSPHERES
FIGURE 6.6.  Sb| _ce™P AT GAP VOLTAGES EQUAL TO THE MINIMUM VOLT- -
AGES AT WHICH DISCHARGE ACTIVITY WAS EXPERIMENTALLY OBSERVED.
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the sphere surface and Bmax-is equal to the maximum potential

gradient of-the actusl electrode system. 'Emax can be deter-

mined from equation (1.7} which is also based on the above

approximstions.

From equstion (1.7), the stresmer’ onset voltage

[

e Vo "(p)crit TE L - p {1 +\(pR,)__ (6.15)

where -'Vs[(Emaij is the field non-uniformity facter.

(u in equation (1.7)). From equation (6.15)

E ' C ,
E = (—) oep 1Ky (6.16) - .
) max pjerit R ’.
and i , \r - | .
L dEl L fEY L2y - l. K '
dx x=0 ~ \pjerit (-2) R ] +\]'p"ﬁ (.6‘17)
. * ‘ rd .
From equation (6.13) " . :
£y 1, Ky P - -

”Equapion.(6.18) represents the corons free breakdown criterion.

Inspection of this equation indicates that theloccurrgnce of

a corona free breskdown depends 6nly on the parameters p and R,
The locus of p; R c0mbinatioqs which satisfy equation

{6.18) is plotted in‘Figure 6.7. Due to the trangcendenﬁsl

nature of the equation,‘each point of the curve was determined

numerically using Newton's Aethod. | ;

" The corona free breakdown hypothesis, equation. (6.13)

. | . .
can be interpreted with reference to.Figure 6.7 as follows.

Prebreakdown current phenomena can be observed in all SFg

I

)
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O Berg & Works (6) '
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was observed to precede breakdown
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FIGURE 6.7. THEORETICAL CALCULATIONS AND EXPERIMENTAL MEASUREMENTS

OF THE ONSET PRESSURE OF COBONA FREE BREAKDOWN IN SF..

i
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insulated systems possessing a p;, R combinstion lying to

~the left of the curve of Fipure 6.7. Corona free breakdown

occurs in systems with a p, K comt:ination lying to the right

of the curve.

e

Figure 6.7 illustrates the p, R corbinctions for the

L)

maximum pressures at which prevreskdown discharges were

observed experimentally in six different rod-plane geom- -

- : <
etries. The two points in the "no corona™ rerion represent

single pulses of a very small marnitude which where observed
only under irradisted condltlons and then only occ351onally.
"Hesults of other studies oF corona inception voltabes

in bF6 insulated non- unlform fleld Laps are slso plotted in

Figure 6.7. In these cases ‘the wuthors 'do not specify the

nature of the corona discharge. A comparison of published

breskdown voltage results and corona onset measurements

suggests that Foord (3) and Howard (8) used the term "corona
onset voltage" in reference to the onset voltage of a steady
discharge. Works dnd Dakln (5} on the other hand apparently.
include the single pulse phenomenon as a ccrona discharge.
leFggure 6.? demonstrstes that calculations based on
equation (0.13)'yield a reassonably sccurate erediction of the

-

corona free breakdown onset pressure.



CHAPTER VII
CUNCLUSIOKS

The following conclusions sre draswn from the experi-
meﬁﬁal and analytic studies described in the dissertation.:

1. DC breakdown and corona.studies of SFg gds in non-
irradiated test gaps enclosed by a metal vessel are influenced
significantly by voltage rates of rise above the order of 1 kv
per minute. ‘ | - -

2. Static {ield snode corona in SFg differs.signifi-

cantly from its counterpart in aif, At low ges pressures a

corona distharge in SFg at & hemispherical snode poes through

three princiqgal stageslof development with increasing gap
voltage. These arg denoted in the dissertation as single
.bulse,'momentar% discharge, and sustained discharge. At
higher gas pressures or in more uniform gaps a complete
breakdown may ?reclude the development of any of these stages.
_Ultra-violet'radiation alters considersbly the inception -
‘voltage of a sustaiﬁed discharge yet has &n insignificant
effect on the inception levels,bf siﬁgle pulse or monmentary 3
diécharge activity.

3. An analysis of prebreékdown currents and visual
manifestations resulting from the various fo;ms of corons
aétivity in SF6 suggests that thé mean photoionizing free
paths of the principsl photons in an SF6 diséharge are much

shorter than those in air. Corona current oscillograms dem-

onstrate that the anode surface gradient is increased by s
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sequence of discharge pulses. This indicstes the presence
of a negative.ion space charge which signifidcantly influences
the discharge behavior.

L. Sustained discharge activity establishes & low
field barrier to breskdown streamers, the'result'being a.
breakdown voltage which is much above - the corona onset level.
If the SF6 gas pressure is 1ncreased sufficiently, a break-
down will occur before 8 sustained discharge and accompanying
"1ow field—hgrrier materialize. The sudden disappearance of
sustained dischorge activity manifests itself ag a discon-

<

tinuous decrease of the breakdown voltage. This occurs in
the negative slope region of the breakdown voltage- pressuréﬁ
characteristics and the pressure at which this discontinuity
-QCCcurs marks the' upper.pressure ‘limit of corona stabilized

breakdown

-5. A comparison of theoretiCal streamer onset voltage
calculation° with experimental results over a wide Variety of_
field non—uniformity, od radii, and gés pressures indicates

thst the semi-empirical onset criterion, equation 16.6},

wlien implemented with the use of numerical tachniques, yielded

" the most accurate predlction of the ﬂinimum DC voltage at
which a- streamer related discharge will occur at the anode.
Calculations(gaséd on the critical (E/p hypotheSis yielded
overly conservative streamer onset voltages for the more non-

unifornm gaps.examined.

dv
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6. ' A semi-empiricsl .criterion based on widely accepted

theories of the streamer discharge mechanism was developed to
“ : '

predict the minimum gas pressure at which a DC breskdown will
'preclude the fprmaﬁion of any form of anode prebreakdown dis-
charge. Experimental resdlts~indicate that calculations
based on'this criterion are accurste to within £0.5 atm over
the range of field conditions examined. |

7.1 Suggestions for Puture Viork B _

i
"The 1nterpretat10n of the prebreakdown current osc1l-

lograms are somewhat limited by the necessary use of a rela-
tively low bandwidth recording system. Further corona cur-
.rent studies shouid be carried out at higher bandwidths.
Also, the corona current studies should be comoluhented.with
image.intensifier or‘photohultiplier studies ss these kan
'.yield'spefial.as well as.temporal inforpation of ionization
actiyity; . | .
There is little informetion in the literature on
static field cathode coronas or AC coronas in SFg. The se
—-phenomena probably di(f;;;ccngidiiﬂbly with coronss in air
and the technical importance, of SFg warrsnts an 1nvest1gat10n
| in these areas. In this regard corons phenomena in SFg~-air
. miiiures should also be‘investigated. SR o coL
The methods of calculating discharge onset voltages
-and corona free onset pressure, developed and assessed in
Chepter VI, should be.examined in reference to more varied
electrode geometries and voltabe wuveforms. The ponsibility

of extending thefe technlques to SFg=-air mixtures should also

be examined.
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" APPENDIX A(
| FINITE DIFFERENCE EQUATTIONS OF AN
AXIALLY smmmm FIELD

The figure béiow represents five mesh p01nts lying in

il

-

& plane upon which is mspped a three dimensional dxially

‘symmetric field L 7 : : o
” . ORIGIH‘-———————-——w'—-w-r;--————-—-- 5=
o~
I-1,d '
z ah]
- ch b 9 op
P T 1L,d+4]
N\ [,J-1 ) I, . )
0 . bh -
- - ' é”
$ | JURE
SYMHETRY . |
AXIS o ‘ S
If the field distribution is determined by Leplace's equa- e
tion (V %p = g ) then the potehtial at point 1,J can_be'deter-t
mined from the equation _ R ‘
1
3% , 120, % _ . -
g =0 - o
or~  rar- 3:2°. _ o = .

Redueing the field to a finite number of mesd pointslellows
,the derivatives of this equation to be approximated through

o the expansion of the potential at I,J as truncated Taylor

series along 'the r and z .axes. Using this technique btorey |

. and Billings (3&) have derived the fol]owiﬂg finite difference
A A .

——
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& . L 4

equation which expresses PI’j 85 a function of the adjacent

mesh‘points along the r and z axes.

Pr o= OProy,0 P, * GPra * GPrLua ‘

. | .
where .- C] - a(a+b)65

If a=qug=1f§the equation simplifies to

ey

‘\D‘

. 1 -
C2 7 5w

C. = 1z d/er :
3 c{ctd C5' . 7
1+ cj2r V ‘

4 — dc+d)C.- i

C5=iEH'+EH'+ cdr

.

~ 1 TS |
Py %:, H Py g F P g 0 Py g+ O P g )

&

. o
. On the symmetry axis { \;ﬂ

2 -

Brz' 2 9z° ‘
- e .t“

Using‘the technique outllned above, the potent181 of a point

lyington the symmetry axis (Jhl) ‘can be’ determined from the"

: . . . ‘ } R “op ;_H-_\_. .
equatloq, y . 1 o e .
! om . - L. . . [ - - X

' o [}

CBPI . J‘* C7P1+v 3" CfrLe g

q
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APPENDIX B '
COMPUTER PROGRAM TO CALCULATE bTRhAIlLR ONSET VOLTAGES

This preogram tan be used to calculate the streamer

onset voltage of an SF6 insulated electrode system. The

-

‘b331s of the program is Pederson s streamer onset conditlon,
quatlon with a K. value of 20. Four inputs are required

1. The coeff101ents of a polynOmlalwwhlch flts the
potential‘distributlon along the flow line possessing the
1srgest voltage gradient. The highly stressed eleqtrode‘is
s\}gned a potentlal of 0 and the totaI voltage across the .
insulated gep.is 1 kv (coefflclent unlts = kv, cm)

' 2. The 5Fg pressure in dtmospheres dbsqute.

‘1, The gap length in centimeters.

Lo IS required the ‘program will calculate both the.
stresmer me chanism- I (inltial streaner crosses the’ entlre gap)
and streamer mechanlsm II onset- voltages. Streamer mecha-*
nlsm I is only, p0551ble under ‘near. unlform field condltlons.

_ Both streamer onset voltages are calculated if the varlable

S

-

.

) MODL is assigned a value O.,

4

An 1terat1ve technique is used to solve equations

”(6 ll) and (6. 12) and initial values for the stresmer onset
voltage and aValanche length are requlred.. These values can
‘be . obtained from the polynomlal coefficients ‘in the follow1ng
- mBnNEr. i f h

' b

1t is assumed that the .polynomial descrlbes the.poten--

.tialldistr%pution along a flow line emlnatlng from &n isolated'

e " . - 4
. . ’ . A , .
‘ N " . ) .
PR . .
Lo .
. ‘ t -
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sphere of radius H. The voltage gradient along this flow - o
line is given by

E(x) = -k S
(14 x/R)* '

: . ‘ . e
where E ., is the electrode surface gradient. Expanding
this expression as a Maclaurin series gives
2 w3 A T
x .
E(X) = E . max + mgx - ) ® . ('I.'i)
- ‘ o , R R

The' polynomial -describing the actual'letage distribution
along the flow line possessing the maiimum voltage gradient
is '
Vi{x)=Vax+Va x2 £ a3+ o S (i)
g 2 g3 g4
.where Vg 1s the gap. voltage and x = 0 at the highly stressed
-electfodg surface. The voltage gradient along this f;dw line

ks

i ., . - . .2l | , e
E(x) = Vjap + 2V agx + 3V asx" & ;- - i)

—

Equaﬁing the first two coefficients of polynomials (ii) and.

(1v) we have
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Therefore

[=1]

R=-2
3
From equsztion 1.7 we have.
89upL(1+ 0.175)

\IPR

. ] \ ) V ' .
s is the streamer onset voltage -under the asFumption

where V

that the highly stressed electrode is treated ss an isolated

sphere. 7The field ndh-uniformity-factor from equation (iv)

138 ! ’ !f ’ \
- ’ -"“‘ .
Loty Yt
/ Emax aZVg aZL ¢
Thérefore ;
- [, .89 3
‘ v==22p (1+0. 175{]
L a .
N Y 2 pay

Thus V serves’as an approximation to' vhe streamer inception

voltdge of t?e system.:

-

Nittg and Shibuya have shown that the isolated sphere

approxlmatgbn yields an integration (anlunche) length
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s can be used as an approximation to the avalanche length.
s Bpth V and s can be determined simply from the know-

ledge of tHe‘absolute gas pressure in atmospheres and the

poiynomial cqefficients éalculated on the basis of a voltage

of 1 kv applied acrdss the entire gap.

.
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