University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations

1979

STATIC FIELD BREAKDOWN AND
CORONA CHARACTERISTICS OF
POSITIVE AND NEGATIVE ROD-PLANE
GAPS FILLED WITH SULFUR-
HEXAFLUORIDE - NITROGEN MIXTURES.

NAZAR HUSSAIN. MALIK
University of Windsor

Follow this and additional works at: http://scholaruwindsor.ca/etd

Recommended Citation

MALIK, NAZAR HUSSAIN., "STATIC FIELD BREAKDOWN AND CORONA CHARACTERISTICS OF POSITIVE AND
NEGATIVE ROD-PLANE GAPS FILLED WITH SULFUR-HEXAFLUORIDE - NITROGEN MIXTURES." (1979). Electronic
Theses and Dissertations. Paper 3579.

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please

contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at $19-253-3000ext. 3208.


http://scholar.uwindsor.ca?utm_source=scholar.uwindsor.ca%2Fetd%2F3579&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F3579&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F3579&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd/3579?utm_source=scholar.uwindsor.ca%2Fetd%2F3579&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca




.

l* National Library of Ganada

Cataloguing Branch
Canadian Theses Division

Ottawa, Canada
K1A ON4

NOTICE

The quality of this microfiche is heavily dependent upon
the quality of the original thesis submitted for microfilm-
ing. Every effort has been made to ensure the highest
quality of reproduction possible.

It bages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially if
the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed.

Reproductionin full orin part of this film is governed
by the Canadian Copyright Act, R.S.C. 1970, c. C-30.
Please read the authorization forms which accompany
this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339 (3/77)

Bibliotheque nationale du Canada v

Direction du catalogage
Division des théses canadiennes

AVIS

l.a qualité de cette microfiche dépend grandement de la
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de repro-
duction.

S'il mangue des pages, veuillez communiquer avec
I'université qui a conféré le grade.
7
La qualité d'impression de certaines pages peut
laisser a désirer, surtout si les pages originales ont été
dactylographiées a ['aide d’'un ruban usé ou sil'université
nous a fait parvenir une photocopie de mauvaise qualité.

Les documents qui font déja I'objet d'un droit d'au-
teur (articles de'revue, examens publiés, etc.) ne sont pas
microfilmés.

La reproduction, meme partielle, de ce microfilm est
soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-30. Veuillez prendre connaissance des for-
mules d'autorisation qui accompagnent cette theése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE



STATIC FIELD BREAKDOWN AND CORONA CHARACTERISTICS
OF POSITIVE AND NEGATIVE ROD-PLANE

GAPS FILLED WITH SFg-N, MIXTURES

by

NAZAR HUSSAIN MALIK

A Dissertation

Submitted to the Faculty of Graduate Studies
through the Department of Electrical Engineering
in partial fulfiliment of the requirements for
the Degree of Doctor of Philosophy at the
University of Windsor

L}

Windsor, Ontario,.
Canada '

1979



e

Husgsain Malik - 1979



e

I dedicate th%SMQErk to my parents.

N.H. Malik



s -ABSTRACT
_ An experimental study of the static field breakdown and prebreak-
down behavior of SFg-Np mixtures in non-uniform field gaps for applied

voltages of positive and negative polarities is described.” Mixtures

" containing 0 to 100% SFg are Iﬁvestigated over a pressure range of 100

to 500 kPa using rod-plane gabé of various sizes and different degreés
of field‘uniformity. An analysis of the prebreakdown currents, the
photomultiplier outputs and the visual observations of the corona dis-
charges indicéte tha; static field anode and cathode corona discharges
in SFg and SFg-Np mixturés are considerably different from thelr counter-
parts in air. The results further show that for such gaps, the die;
lectric behavior of SFg-N, mixtures is very similar to that of pure SFg.
A discontinuity is réported in the breakdown voltage—-pressure charac- |
teristics.of SFEHand SFg-N, mixtures when the rod eélectrode is positive.
The pressure for which this discontinuity is observed is higher for the
mixtures than for pure SFg and is affected by the mixture ratio. It is
shown that for Eoth positive and negative rod-plane gaps, breakdown can
oceur in the absence of any prebreakdown discharges above a.critical
pressure P.. The value of this pressure is higher for the negative rod-
plane gaps than for the positive ones and decreases with increasing SFg
percentage in the mixtures. It is shown that depending on the experi-
mental conditions, SFg-Ns mixtures can have a breakdown stfength in some
cases greater than that of pure SFg, and in other cases lower than that

of pure N,. The experimental results are discussed in detail.

Based on the streamer criterion, a simple method is proposed to calcu-

-

.
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late the discharge inception voltages in SFg-N2 mixture§ with SFg

content between 1 and 100%. Ihe-calculated values are in gﬁod agree-
ment with the experimental measurements for gaps having varying degrees
of field noﬁ—uniformiﬁles; Using Pedersen's model, it is shown that
SFg-N, mixtures are less sensitive to the electrode surface imperfections

than pure SFg. .

*
ae
T

A semi-empirical criterion is proposed to estimate Ehe minfmum gas
pres;ure at which corona free breakdown occurs in SFS-Ng‘ﬁixtures. Based
on this criterion, it is shown that the minimum pressure of corona free
breakdown in SFg-Np mixtures is a function of the radius of curvature

of the anode and gas mixture ratio. These results are verified experi-

mentally for hemispherically capped rod-plane gaps.
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CHAPTER 1

> INTRODUCTION |

1.1. Introduction : R

Heavy gases belonging to the‘seventh group of the periédic table,
.8, fluofine, chlorine, eté., have a considerably higher dielectric
: strength compared to air under ;imilar-experimental conditions. The
higﬁ breakdown st¥éngth depends mainly on their capability of taking up
free electrons, thereby forming heavy negative lons. Gases having this
r

property are called electronegative. Of the many available electro-

negative gases, sulphur-hexafluoride, SFg, has especially gained in

k]

4

importance in recent yeais because of its chemical stability and good
heat transfer propertie; in addition to its high dielectric strength. -
. Therefore it is being ;sed incréasingly in high pressure, high voltage
gas insulated systems capable of handling large amounts of energy.

. Inspite of the excellent electrical properties, there are certain
factors which adversely affect the choice of 5Fg in gas insulafed
systems., Besides being expensive, the dielectric strength of SFg is
very sensitivelto the presence of strong localized fields which are
often encountered in gas insulated systems. These are due to electrode
surface imperfections and the presence of contaminants, e.g., dirt and
metallic particles, ete. Furthermore, SFg insulated systems utilizing
gas pressures higher than about 600 kPa cannot bé operated in colder
climates because of the relatively high boiling temperature of the gas.

[
Therefore, there is an increasing interest in the possible applications

-
<

of mixtures of SFg with other common gases. The use of a mixture of SFg

and a relatively inexpensive inert gas could eliminate some of the prob-
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lems asséciated with puré §F5 and algg_ﬁeduce the insulation cost.

A thorough study of the availabié;iiterature on SFg[1] and SFg-gas
mixtures [2].indicate§ that SFg=-N, mixtures are véry promising for
applications in high voltage gas insulated systems. Such mixtures are
non-flammable, non-toxic and less expensive. Furthérmore, such mixtures
containing 50-60% of SFg by pressure have dielectric strength of upto
85-90% that of pur; SFg [2]. They are also expected to be less sensitive.
to the presence of free conducting parficleé and electrode surface
roughness and can be operated at pressures considerébly higher than
600 kPa which is the upper limit for SFg insulated apparatus,

' Inspite of the promise the mixtures show for applications as high
voltage insulation, thereris not enough information available about the
electrical discharge characteristics of SFg-N, mixtures especially in

.

the non-uniform electric fields. An important aspect of the design of

the high voltage gas insulated equipment is the prevention or minimiza-

tion of corona discharge activity. Such activity results in an appreci-
able amount of power loss and ‘causes deterioration of the insulation
which can lead to the eventual breakdown of the device. Consequently,

a thorough understanding of the corona related properties of SFg and its
mixtures is required. Therefore it was decided to carry out a detailed
investigation about the prebreakdown and breakdown behavior of SFg, N»

and SFg-N; gas mixtures.

1.2. Nature of the Investigations
Experimental and theoretical investigations were carried out in

order to obtain information which would contribute towards the under-

standing of the performance of SFg and its mixtures as a high voltage

insulation. The following aspects of the mixtures were investigated:

[

[l
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1. Experimental study of the corona discharges from inception to the

3.

1

fingl breakdown of .rod-plane gaps with hemispherically capped rods of
various diameters and gap lengths insulated with SFg, N and ng—Nz
mixtures [3,4], . .
2. Experimental study of the breakddun behavior of rod-plane and
sphere-plane gaps insulated with SFg, N2 and SFg-Ny mixtures [4,5],
3. A method based on streamer criterion was proposed‘to calculate
the discﬁarge incéétion levels in SFg-N» mixtures with Sﬁe content
between 1 and 100% by pressure. The calculated numerical values ;f thé
dischgrge voltages in the mixtures were compared with our experimentally
measured values as well as with those reported i; the.liter;ture for
electrode configurations producing varying degrees of field non-unifomi~
ties [6].7

Throughﬁut these investigations direct wqltages were used with the
highly ;tressed electrode acting both as anode and as cathode. Gas
pressure ranged from a minimum of 100 kPa to a maximum of about 500 kPa.
The SFg content of the mixtures varied between 0.05% and 100% by press-
ure. Hemispherically capped rod-plane electrode systems were used
because they improve visual observation by localizing the ionization
activity in the highly stressed region of the gagt\*xlso since the plane
electrodes exert negligible iﬁfluence on the growth of ionization, such

systems offer excellent conditions for the study of polarity effects

in the breakdown and prebreakdown investigations of gaseous dielectrics.



CHAPTER IT
EXPERIMENTAL ARRANGEMENTS AND PROCEDURES

2.1. Pressure Vessel

The investigatiqns were carried out in a stainless steel pressure
vessel 60 cm high and 36 cm in diameter fitted with a Hiéh voltage
bushing and four viewing ports. The high voltage bushing is a Geneéal
Electric 115 kV AC air blast breaker bushing which is filled with SFg
at a pressure of 600 kPa. Three of the four viewing ports were utilizea

for the visual observation of the.discharges in the test gap while the

-

fourth served as a gas inlét port,

. The high voltage electrode (rod/plane/sphere) was connected to the
bushing through a 15'mm diameter rod. The low voltage electrode was
connected to a bottom rod and was electrically isolated from the rest
of the vessel which was permanently grounded. The bottom rod passed
through the base plate and was connected to a vernier arrangement as
shown in Figure 2.1. The low voltage electrode was electrically
connected to a 50Q coaxial cable,

The gap length was adjusted bv first carefully liftifp’ the—botrom
electrede until an ohmmeter indicated contact between the two electrodes.
Proper ¥ap length was fhen set by moving the low voltage electrode.
Errors in ;he gap setting introduced by the tolerance limitations of
thread and the backlash were insignificant. However, the elongation
of the vessel walls resulting from pressurization introduced a small
error which was corrected using the appropriate correction factors.

2.2. Electrode Systems

Thé"ﬁiane electrode used throughout the investigation had a dia-

meter of 130 mm and was machined from stainless steel to a 90° Rogowski

f
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High Voltage Bushing

Photomultiplier H

1]

==
1

TR

50 ft cable

Vernier for vertical
movement ,

Resolution = 25 um

Figure 2.1 - Test chamber and electrode arrangement.
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profile. Hemisoherically capped rod electrodes of 1, 1.5, 2, 3.£5,
6.25 and 12.6 mm diameter and 50 mm length were used for the -study.

Rod electrodes having a diameter of 1, 1.5 and 2 mm were madé of stain-
iess steel while the rest were made of brass. The ball point sewing
machine needle used in some of the e%periments was made of hardncéfbon
steel and had a profile as shown in Figure 2.2. The sphere electrode
used was a 5] mm diameter brass sp{ere.

Before each series of tests, the electrodes were polished and
cleaned thoroughly using the following procedure. The electrodes were
first polished with a Brasso compoun& céntaining an abrasive chalk_of
m?ximum particle size of 20 . After cleaniﬁé with acetone, the
electrodes were further ﬁolishéd using a red rouge lapping compound of
0.5 pum grain size. The electrode surfaces were then cleaned with

acetone and freon solvents. Finally they were washed thoroughly with

distilled water.

2.3. Gas Mixing Procedure

For measurements In SFg and Nj, the test chamber was first evacu-
ated to a bressure éf!about 5 Pa and then flushed several times with
the appropriate gas prior to pressurizatipn. To studf‘the discharge
beﬂavior of various mixtures, the gases were mixed by adjusting their
partial pressure ratios. The chamber was first evacuated and the lower
consLituent was admitted to a partial pressure corresponding the
‘des}red mixture ratio. The second constituent was then added to a
total pressure of about 500 kPa. To carry out measurements at lower
pressures, the gas mixture was then ieaked to the atmosphere to obtain

b

the desired lower pressure. Unless otherwise mentioned. the percentage

in the mixtures refer to the percentage of SFg by pressure,



Figure 2.2 - Hard carbon steel r;egdle electrode,magnifi-
.cation = 285 times.
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‘The SFg used for these investigations was of commercial pufity

while .the nitrogeﬁ and f@lium were of ultrapuré grade. Before pressur-

izing the vessel, the gases wére_passed through a filter and a gas

purifier cbntaining a desiccant, A small'quantity of silica gel and

activated alumina was placed at the bottom of the pressure vessel. The
gilica gel served as a desiccant while the activatedialumina was used

to remove any chemically active compounds produced by the electrical

di=charges. :

r

2.4, High Voltaée Supply and the Measurement Systems

"The power supply was a Deltaray high voltage D.C. generator capable

of supplying upto 1 MV at 2 mA. The generatbr has a load regulatién of

\ .

" 0.1% and peak to peak ripple of 0.1%. A 200 k@ current 1imiting resis-

tor was placed in series with the high voltage supply line. The output
voltage of the generator was calibrated for applied voltages below 50 kV

using an electrostatic voltmeter of *0.57 accuracy?™ This calibration

was extrapolated in the voltage range of 50 to 400 kV.

. Prebreakdown current waveforms were observed on an' oscilloscope

connected through a 50Q coaxial cable to the low voltage electrode.

-

The cable was terminated in its characteristic impedance at the
oscilloscope input. Average corona cukrent levels were determined

with the help of a D.C. microammeter connected in series with the test
&
gap.

+

. For optical measurements, a photoﬁﬁltiplier tube, EMI-9781 R was

used. The photomultiplier was mounted on one of the chamber windows.'
and was optiﬁally aligned to view the entire region of interest. The

output signal from the photomultiplier tube was also measured with the

cscilloscope using a 500 coaxial cable terminated in its cHaracteriétié

.
r
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JImpedance. ‘Tektronii 549 storage oscilloscope with 1Al or 1A7A plug-in -

-

unit was uséd for the oscflloéraphic studies.

The l1A7A unit is a -high gain, low noise amplifier with adjustable
" bandwidth and a maximum rise time of 350 nanoseconds. The use of this
unit permits the megsurement of currents as low as 2 x 107104 at a

bandwidth of 10 Hz. : rise tme of the 549 oscilloscope with the

. ) -
1Al plug-in unit is 13 nanoseconds. : _

N



v CHAPTER 1II

PREBREAKDOWN STUDIES OF THE NEGATIVE ROD-PLANE GAPS

3.1. Introduction

Experimental investigations of the prebreakdown discharge behavior
of hemispherically capped rod-plane gaps-insulated with SFg, No and
SFg-N, mixtures were carried out. Most of these investigations were
carried out using a 1 mm diapeter rod electrode and a 20 mm long gap.
However, measurements using other rod electrodes and gap separatixns-wefe
also carried out. Information about the prebreakdown current pulses and
fheir dependence on the applied voltage, gés pressure, gas mixture ratio,
gap length and the rod diameter ﬁas obtained. Furthermore, optical
' measurements using a photomultiﬁlier tube were carried out in order to
obtain a betté% understanding of the corona discharge behavior in the
negative rod-plane gaps. The optical output of the corona discharges S

»
were photographed using a polarqid sti1ll camera and a 300 ASA black and
white film. The experimental results of these studies are reported

and discussed in the following sections.

3.2. The Cathode Corona in Nitrogen

)

In nitrogen, the prebreakdown current passed through four transi-
tional stapes before the final breakdown of the test gap occurred. As
the applied voltage was gradually increased from zero, Trichel pulses
appeared at the onset level which we denote as stage 1. These pulses
were very regular in both thelr amplitude and frequency and are shown
in figure 3.1{a). The frequency of these pulses increased with the
applied voltage while their amplitude remained roughly the same. As

the applied voltage was further increased, these pulses took-the form

10
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(a)

/!

(b)

Figure 3.1 - Prebreakdown currents in a rod-plane gap using 1 mm diametér

rod cathode and filled with Ns.

(@) Trichel pulse at 7 kV, horizontal scale = 50 useé/div,
vertical scale = 50 pA/div,

(b) Current pulse in stage 2 at 7.7 kV, horizontal scale =
20 psec/div, vertical scale = 50 pA/div. '

(c) Glow in stage 3, horizontal scale = 10 msec/div,
vertical scale = 50 pA/div.

(d) Glow with pulses in stage 4, horizontal scale =
10 msec/div, vertical scale = 200 pA/div.

(a), (b) and (c) are for a 12 mm gap at a pressure of 100 kPa.
(d) 1is for a 20 mm gap at a pressure of 200 kPa.
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of stage 2 as shown in figure 3.1(b). This is a transitional stage from
the Trichel pulse corona to a glow corona. As in stage 1, the repetition
rate of the pulses in stage 2 also increased with the applied voltage.
Figure 3.2 shows the change in the repetition rate of the pulses in

stage 1 and 2 with thé applied voltage. With further 1ncreasé in the
applied voltaée, the prebreakdown current became steady. The magnitude
of this cur;ent increased with increasing applied voltage in stage 3 as
shown in figure 3.1(c). As the applied voltage was further raised,
irregular pulses appe;red superimposed on the steady current leading to
stage 4 as shown in figure 3.1(d). Visual observations during this stage
of corona indicated the presence of a bright spot moving irregularly on
the cathode tip. However, no discharge activity was detected on the
cvlindrical portion of the rod electrode. This behavior continued until
the spark bridged the gap.

The photomultiplier output in stage ! and 2 con istea of pulses
similar to the current pulses discussed earlier. 1In sflage 3 of tﬁi/)
corona discharge, the photomultiplier output had a large steady compoﬁ—
ent with a minute ripple. The signal from the photomultiplier output
incr;ased with the applied voltage. This output in stage 3 is plotted
against the prebreakdown current in figure 3.3. Thus it appears that
the light emitted in the glow stage of the corona discharge is almost
proportional to the prebreakdown current. In the fourth stage, the
photomultiplier output showed large varlations with time.

ﬁhen the appl;ed voltage was gradually reduced, ;ll the four stages
occurréd in the reverse order and their offset levels were somewhat léwer
than their onset levels. In general, the voltage ranges in which these.

four stages occur depend on the gas pressure. TFor instance, at low

pressures such as 100 kPa, the first two stages might not be observed



Repetition rate(lO4 pujg;; per second )

20 - P = 100 kPa o -
gap = 12 mm
rod dla. = 1 mm
.16 o -
12 -
o
8 |- o -
I‘ e /o -
o
0/ »
0 1 L ! 1
4 § 8 10 12 14

Applied Voltage kV

Figure 3.2 L Variations in the pulse repetition
rate when applied voltage is changed.
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Prebreakdown Current uA

v th

350 —F i ' T
o ‘
3004 c,/
250} °
20 mm gdp
200 °
1 mm dia., rod
) 150 kPa
150 o/ . h
100 (
sol°
0 | | ! - 1 1
1 1.5 2 2.5 K] 3.5

i
Photomultiplier Cutput mV

Figure 3.3 - Relationship between the prebreakdown
current and the photomultiplier output
for glow corena in N
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when the applied voltage is raised from zero. In.such cases, the onset
current was of a glow natgre.. The mégnitude of this current increased
with the applied voltage $§ shown in figure 3.?. However, when the
applied voltage was reduced ;:adually, the pulses of the second and the
first stagé appearedin sequence - before the discharge extinction took
place at a voltage %evel which was 1oﬁér tﬁan the one where corona
started (figure 3.4). It is interesting to mote that the glow corona
in stage 3 was observed at all the pressures investigated upto 500 kPa,
In, pure non-attaching gases, the cathode corona is usually in the
form of a glow discharge. Under such conditions, the positive ion cloud -
created by the corona discharges 1s at some distance from the cathode,
thereby increasing the field between the cathode and this space charge.
This increases the ionization in the vicinity of the cathode and thus
produces a glow dischargé. Any electronegative impurity prevents this
discharge by building up‘a negative ion space charge and reducing the
field near the cathode. Tﬁe Trichgl pulse corona observed in nitrogen
indicates the presence of electronegative impurities such as Hp0 or 02
etc. Since these investigations éere carried éut using ultra pure
nitrogen having electronegative impurities of less than ten parts per
ﬁillion and the test chamber was evacuated and flushed with N, several
times prior to the measurements, the electronegative impﬁrity in the
final gas is expected to be less than 10747, -éhe Trichel pulse coroma .
indicates that even such a small electronegative impurity is sufficient
to build up a negative ion space charge cloud and interrupt the dis-
charge especially near the threshold level. Earlier studies by
Weissler [8] had indicated that Trichel pulse corona is observed in N

containing 0.1% 0,. The present results indicate that even the slightest

electronegative impurity produces conditions favorable for Trichel pulse

LTI T, L IR LT D i el e T T R Rt I U PV Y S



Prebreakdown Current pA
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Figure 3.4 - Variation in the prebreakdown current
when applied voltage is changed.
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corona at theldischarge onset level in non-attaching gaé like Ng.- However,
when the applied voltage i; increased, sthe negative ion spacé charge
becomes less dominapt and conditions for the establishment of a glow
discharge prevail at higher voltage levels. ‘
The presence of the irregular pulses in addition to the steady curr-
ent in stage 4 is not surprising. The discharge in non-attaching gases
is a catﬁode controlled phenomenon and is extremely sensitive to surface
éroperties of the cathode material. Due to the continuocus glow discharge,
the posgitive ion bombardment sﬁutters oxide films, gas films and the i
cathode material from the surface. Ambient gases reacting chemically or
-physically with the surface, as well as with ions driven into the surface -
due to their kinetic energy, will alter the surface properties in various
and sometimes opposing fashions [9]. Thus depending on the current den-
sity and rate of gaseous diffusion, as well as on the kinetic energy of
the lons, the surface conditions will change with time. Thiéowill force
the discharge to wander over the surface and will also control the dis-
charge magnitude thereby producing variations in the prebreakdown.current

magnitude.

‘3.3. The Cathode Corona in SFg

With an increase in the applied vol}age in SFg, the first indication
of the discharge activity was in the form of isolated current pulses as
shown in figure 3.5(a). fhese pulses occurred at random with'timé inter-
vals.between two-successive pulses varying between several milliseconds
to a few minutes. The pulse amplitude also varied at random. The maximum
amplitude of these pulses gradually increased with increasing applied
voltages. In addition to single isolated pulses a series of pulses as

. shown in figure 3.5(b-e) were also observed near the onset level. These

—— e — 2. = s i e o




Figure 3.5 (cont'd)

(a)

(e)

P = 100 kPa, V = 22 kV
5 msec/div, 20 pA/div.
Gap = 20 mm

P = 100 kPa, V = 22 kv
5 msec/div, 20 pA/div.
Gap = 20 mm ‘

P = 100 kPa, V = 22.5 kv
50 usec/div, 20 uA/div,
Gap = 20 mm |

P = 450 kPa,.V = 41 kV
2 usec/div, 20 pA/div
Gap = 10 mm.

P = 100 kPa, Vv = 23 kV
50 usec/div, 20 pA/div
Gap = 20 mm.



19,

P = 100 kPa, Gap = 20mm
2 usec/div, 10 pA/div.

' 45 kv

P = 100 kPa, V = 23 kv,
2 pgec/div, 0.1 mV/div.
Gap = 20 mm,

P = 100 kPa, Gap = 10 mm
1 psec/div, 0.1 wV/div.

Figure 3.5 - ngbreakdown current and photomultiplier output
waveforms for rod-plane gaps filled with SFg.

Diameter of the rod cathode is 1 mm.

(a) to (e) are the prebreakdown current waveform
whereas (g) and (h) are the oscillograms of the
photomultiplier output. Coe
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series of pulées or"momentary dischargeé‘vere mofe common at high press—.
uresand'discharge onset was usﬁally in the form of pulses shdwﬁ in figure
3.5(d). Whenlthe applied voltage was increaged, the momentary discharges
became more regular ag shoﬁn in figure 3.5(e). This behavior continued
until sustained corona occurred which was accompanied by a d.c. level of
the prebreakdown current pulses. The average prebreakdown current as
well as the repetition rate of the .corona pulses increased with the’ .
applieé voltage as shown in figure 3,5(f). This behavior of the pre-
breakdown current continued upto the breakdown voltage level.

The photo;ultiplier studies showed =z good correlation between the

prebreakdown current and the light emitted during the corona discharges.

\
At the onset of a sustained discharge, the photomultiplier output was

‘composed of small pulses irregularly spaced in time. These pulses had L

also differenF amplitude and.had negligible d.c, level as shown in
figure 3.5(g). An increase in the applied voltage resulted in an increase
in the frequency and amplictude of these pulses. At higher voltage levels,
the photomultiplier output contained a steady component in addition to
the pulses as shown in figure 3.5{(h). The steady component increased with )
the applied voltage. This behavior of the photomultiplier output continued
upto the breakdown voltage level,

In SFg, a steady glow corona was not observed in the range of press-
ures'investigated. Though both the current and light output never
reached zeroc values except near the discharge onsét, the wavefornms (e.g.,
figures 3.5(f) and 3.5(h)) appeared to indicate the presence of a series
of pulses 6ccurring in rapid succession, not necessarily froﬁ the same
Spot on the cathade. Tt was very difficult to resolve the nature of these ‘

Pulses especially at higher voltage levels.
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Vigsual observatiops of the test gap were also carried out. At the
onset of steady corona discharge, faint bluish discharge filaments were
seen at the tip of the rod electrode. These filaments were occurring
at different-pdints on the cathode. The lengph of these filaments and
the cathode area covered by them increased with the applied voltage. At

higher voltages, the discharge had a glow like spherical appearance at

the tip of ;he cathode. The discharge activity spread to the cylindri-

cal portion of the rod electrode as the applied voltage approached the

. breakdowm level. Similar phenom?non could not be obsgrved in the case
of the bure nitrogen. The dischérge in pure SFg was very faint at all
the pressﬁres and could not be photoéraphed meaningfully.

When rod electrodes having diameters other than 1 mm were used,
the discharge activity basically remained the same. Similarly a change

s )
in the pap length from 10 to 40 mm for rods having diameters of 1, 1.5

>
2 and 3.&5 mm did not produce\any significant changes in the discharge
behavior. -An inﬁrease in the gas pressure introduced certain changesl
in the prebreqﬁdown behavior of the test gaps. At higher pressures, the
discharée_seemed to spread late}%lly on the cathode surface rather thqn
exﬁending into the gap when the ;pplied voltage approacﬁed the breakdown
level. The gas pressure had a pronounced effect on the prebreakdown
behavior when rod cathodes having diaﬁetefs of 6.3 and 12.6 mm were used.
At low pressures, the prebreakdown ac?ivit& was similar to that observed
for the 1 mm diameter catbode. éf the pressure was increased, the dis;
charge channels were shifted away from.the sphefical tip of the rod
electrode. At still higher pressures, no prebreakdown acfivity of any

kind was recorded prior to the bréékdowﬁ of the gap. In such Eéses, the

discharge onset directly resulted in.the'breakdown of the gap. Thé-

critical pressure,-that is, the pressure above which no prébreakdown activity

Y, .

-~
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‘3.4, The Cathode Corona im SFg-N» Mixtures

Similar to the pure SFg, the discharge onset in moét of the SFg-N, .

mixtures was in the form of isolated pulses which led to a sustained dis-

charge when the applied voltage was increased. For mixtures having less

-

than of SFg, the predominant type of prebreakdoqucurrent at-the on-

-y

steady discharge was similar to the transitional pulses” observed
1 .

as shown in figure 3.6(a). Unlike pure SFg these ﬁulses vere

egular in amplitude and in time separation. Their repetition rate

in the N»

Teased with the applied voltage as shown in figure . 3.6(a). With an in-

,$§ease in the SFg content of ‘the” mixture, more thdn one type of prebreak- .

. down current pulses were recorded at the discharge onset. Figure 3.6(b)
>>a shows different forms of prebreakdown current pulses pbserved in a 20% -

SFS—N% mlxture. Although the separation between these pulses is not uni-

4

. fbrm, their amplitude is fajrlv regular. TFor mixtures having SFG content

greater than 30%, the prebreakdown current pulses were generally similar

to thbsifpbserved in pure SFS as discussed in section 3.3. They were very
irregular both ip amplitude and time separation At higher gas pressures,

prebreakdown current pulses of the type shown in figure 4. 6{c) and (d)

WErE moTre COommon. - . . T

-

When the applied_voltage was increased, the average  corona current
'increased. Furthermore, iq certain voltage ranges, steady currents like
those in a glow corona could be observed for certain éurations of time
and'were_foliowed‘by puls;s superimposed %n—the\sgeady levels. This be-
havior was mqpﬁ'common at lowbpréssures such as 100 kPa and for mixtures
having lésg than:faz SFg. TFigure 3.6(e) shows the prebréakdown current

waveform for a pixtufe having 10% SFB-at a total pressure of 100 kPa.

Figure 3.6(f) shows the photomultipliér output under similar conditions.
7/
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Figure 3.6 (cont'd)
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P = 300 kPa, 1.5% SFg
20 pA/div, 0.2 msec/div.

20 mm gap, 1 mm dia.rod,

Vv =23kV, P = 200 kPa,
0.1 mA/div, 0.2 msec/div,
20% SFg, 20 mm gap, '

1 mm dia. rod.

V = 30 kv, P = 400 kPa,
40 pAfdiv, 5 usec/div,
0.1% SFg, 20 mm gap,

]l mm dia. reod.

V=52 kV, P = 500 kPa,
40 pA/div, 0.5 msec/div,
10% SFg, 10 mm gap,

2 mn dia. rod.
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V = 76 kV, P = 100 kPa,

100 uA/div,AS usec/div,
10Z SFg, 40 mm gap,

1 me dia. rod.

(e)

V = 76kV, P = 100 kPa,
10 mv/div, 5 psec/div,
10% SFg, 40 mm gap,

1 mm dia. rod. (PM output)
N

-

(£) ~ »#

V = 155 kv, P = 300 kPa,
100 pA/div, 0.1 msec/div,
10% SFg, 40 mm gap,

12.6 mm dia. rod.

(g)

Figure 3.6 - Prebreakdown current and photomultiplier output
waveforms for negative rod-plane gaps filled with SFg-Np
mixtures.

(a) to (e) and (g) are the prebreakdown current waveforms
whereas (f) is the oscillogram of the photomultiplier output.

-
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In this case, both the current and photomultiplier outputs are fairly
steady with relatively small pulses superimposed. For mixtures having
either an SFg content of-more than ZOZ\or for gas preSSures.of > 200 kPa.
The prebreakdown current and the ﬁhotomultiplier.output appeared to be a
collection of ptlses_in rapid succession. As the applied voltage
approached the breakdown level, more and more pulses were observed super-
imposed on the d.c. component. These pulses were irregular in thelr
amplitude and time separation for both the prebreakdown chreﬂt and the
photomultiplier outpués. This mode of corona discharge continuved until
a spark bridged the test gap.

There was a pressure above which'no corona activity was observed
prior to the breakdow; in the caserof 6.3 and 12.6 mm diameter rod
gathodes_ This critical pressure yaS'affected by the electrode gép
configurétion as well as tﬂe gas mixture ratio. These changes in the
critical .pressure will be discussed in detail in\the next chapter.

Visual observations of the test gaps indicated that at the onset
level a diffusgd channel appeared at the electrode tip as shown in
figure 3.7(a). For mixtures having small SFg content, the discharge at
the onset level was similar to th;}~shown in figure 3.7(b). When the
applied voltage wéé increased, the discharge spread on the cathode
surface and extended into the gap. For 1l and 2 mmn diameter rod cathodes,
the discharge was very diffused and had a roughlynspherical shape. The
size of this gloﬁ like discharge inc;eased with the applied voltage and
ultimately the discharge spread towards the cylindrical part of the

-cathode. The size of the discharge was also affected by the total gas
pressure and the mixture ratio.as shown in figure 3.7(c) and (d). It is
interesting to ;ote that the prebreakdown current and photomultiplier

output waveforms corresponding- to :the discharge shown in figure 3.7(c)

o
|
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f
(2) " () .
V = 50 kV, P = 100 kPa, ) V =16 kV, P = 100 kPa, .
S8Fg =50%, Gap-= 40 mm SFg = 1 Z, Gap = 40 mm -
rod dia. = 3.16 mm rod dia. = 1 mm .
~exposure time = 10 msec. exposure time = 10 msec.
(c) (d)
V=76kV, P= 100 kPa V=90 kv, P = 100 kPa k
SFg = 10%, Gap = 40 mm SFg =50%Z, Gap = 40 fm
rod dia = 1 mm

rod dia = 1 mm

exposure time = 10 msec. exposure time = 10 msec.

Figure 3.7 - Cathode coronas in rod-plane gaps

filled with SFG_NZ
mixtures.
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contain a large steady component in addition to the pulqes as shown in’
figure 3.6(e) and (f). | |

When cathodes of larger diameters were used, it was éossible to
observe the individual discharge’ filgments nore clearlyJ Visual

observations of a 12.6 mm diameter cathode indicated that the discharge

‘was ‘made of individual channels from the onset to the breakdown level.

These channels were small in size and fewer in number at the onset
level. They changed théir position on the cathode surface—in an
irregular fashion. The number and size of these channels increased
with the applied voltage as shown in figure 3.8(a) and (b) for a 30%
SFg-N» mixture. The number and size of these channels were also
affected by the mixture ratio. Ugually these were larger in size and
possibly more numerous for lower SFg content. Figures 3.8(c3 and (d)
show this clearly for two different mixtures having otherwise identical
conditions. The discﬁarge appearance was also affected by the total
gas pressure. It was cobserved that as the gas‘pressure increased, the
surfacé area of the cathode govered by the digcharge channels reduced
gradually. At low pressures such as 100 kPa, the discharge fully )
covered the cathode tip and extended well into the gap. However, at
higher ;ressures it tended to spread laterally to the cathode. At ftill
higher pressures, the discharge materialized only on a small portion of

the cathode. In such cases, the discharge channels were inclined to the

axis of the rod electrode. Though the bundle of discharge channels

.changed its position on the cathode surface in a random fashion, their

inclination to the rod axis at a particular pressure remained roughly
the same. Figure 3.9(a) to (c) show the changes in discharge pattern
when the total pressure of 1.5% SFg-N, mixture is varied. Figure 3.9(d)

to (f) show similar changes for a 10% mixture. The behavior was similar

o mTR A = - = e e < ————— -
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(a) (b)

V =90 kV, P = 100 kPa V = 100 kv, P = 100 kPa
SFS = 302 SF5 = 30Z
gap = 40 mm gap = 40 mm ~

exposure time = 10 msec. exposure time = 10 msec.

s

-
.
>
.

(c) ()
V =86 kv, P = 100 kPa ' V.= 86 kV, P = 100 kPa
SFG = 10% SFG = 1,5%
gap = 40 mm gap = 40 mm

exposure time = 10 msec. exposure time = 10 msec.

Figure 3.8 - Cathode coronas in rod-plane gaps filled with
SFg-Ny mixtures. Rod dia. = 12.6 mm.
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(a) (d)

V =82 kv, P = 100 kPa V = 46 kV, P = 60 kPa
(b) (e)
V = 111 kV, P = 200 kPa : v = 128 kV, P = 200 kPa
] (@) ()
V = 141 kv, P = 335.kPa V = 155 kv, P = 300 kPa
(a-c) = 1.5% SFg (d-f) 10% SFg

Figure 3.9 - Effect of pressure on cathode corona in a 40 mm gap
filled with SFg-Np mixtures. A 12.6 mm diameter rod
cathode was used. Exposure time in all these cases 1s
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in other mixtures as well as in pure SFg. It is interesting to note the
prebreakdown current wa§eform shown in figure 3.6(g) which dées not
contain pulsés of any specific nature and appear_toqbe due to some type
of glow discharge. However, the visual appel{ence of dischafée produc-
ing this current is made of indiviéual filaments as shown in figure 3.9(f).

The brush-like discharges shown in figures 3.8 and 3.9 were observed
in all the mixtures, even those containing 0.02% of SFg;. However, this
type of digcharge could not be observed in pure nitrogen. In nitrogen,
the'photons-emittéd at the cathode tip during corona discharge had enough
intensity and meanfree paths that the plane anode as well as the chamber
walls could be visually observed. Figure 3.10 shows the corona discharges
in pure Nj; and in an SFg-No mixture having 0.05% SFg. It is interesting to
note that for the gap under discussion, the breakdown‘voltage of pure N,
was practically the same as the corona onset voltage where ;;dfor 0.05%

mixture, the breakdown voltage was more than double the corona inception voltage.

3.5. Corona Onset Levels in SFg-N, Mixtures ‘

As discussed in the previous section, the corona onset was in the
form of isolated random pulseg. When the applied voltage was increased,
ustained diiFharge occurred. Usually the onset level for the single
pulse corona activity was a few kV lower than the one at which the
steady discharge appeared. The difference between the two levels
increased wiEh gas pressure, field uniformity and SFg content in the
gas mixture. In this section the inception level for isolatkd pulse
activity will be discussed. This is the minimum voltage at which
di arge appears.

The corona onset voltage varied with the gas pressure, mixture

ratio, gap length and the diameter of the rod electrode, Figure 3.1l
L]
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(a) _ (b)

'V =35 kv, P =100 kPa

y = 80 kV, P = 100 kPa
gas = nitrogen

SFg = 0.05%
exposure = 10 msec exposure = 10 msec
gap = 40 mm gap = 40 mm

rod dia, = 12.6 mm rod dia. = 12.6 mm

Figure 3.10 - Cathode corona in nitrogen and an SFg

-N2 mixture containing
0.05% SFg.
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shows the variations in the onset voltage whon the mixture ratio and gas{
pressure_are changed using . & 20 mm negative rod—plane gap and 1 mm
diameter rod. Here it is seen that when the first few percents of SFS
are added to Ny, the onset voltage Increases significantly. However, a
further increase of SFg content in the mixture doés not Tesult in a

' similar increase and the beneficial influence of SFg on the onset volt-—,
age of the SFg-N; mixtures saturateeo at a fairly low SFg content. This
behavior is very similar to the uniform field breakdown characteristics
of SFg-N, mixtures [10] which can be explained on the’ basis of the . I
streamer breakdown criterion [6] and will be discussed in detoil in
chapter VII. The onset‘voltagos for other gaps and rod cathodes Haviné
different diameters behaved similar to that ;f ‘the 1 mm' diameter rod
These levels increased with the field uniformity of- the gap achieved by
using larger diameters rod electrodes. The voltage levela at which the
discharge extinction tawk place were always somewhat lower than tﬁe

corresponding onset levels.

3.6. Prebreakdown Current Levels in SFg-Np Mixtures

The prebreakdown currents showed variations with the applied veltage,
. ~

gas pressure, mixture ratlo, gap length and the diameter of the rod elec—,
trodes. Figure 3.12 shows the variations in the steady component of the
prebfeakdown current wﬁon the gép voltage and nixture ratio are changed.
The measurements were carried out in 5 20 mm rod-plane gap using almm
diameter rod cathode at a total pressure of 300 kPa. Figure 3.13 shows
the prebreakdown current as a function of the gas pressure and the *
applied voltage for a 107 SFg~N; mixture.

When Tods other than 1 mm in diameter and gap separatiéns ‘other

than 20 mm were used, the variations in the prebreakdown current with gas
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Figure 3.12 - Prebreakdoﬁn current in a 20 mm rod-plane gap as a

function of the applied voltage and the mixture ratio.
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pressure, mixture ratio and the applied-voltage were similar to those

shown in figures3.l2 and 3 13. Although the prebreakdown currents for a

\

given electrode system and applied voltage were significantly different
for different mixtures, the magnitude of the currents prior to breakdown
did not change mhch with the mixture ratio. These currents exhibited

¢ 1Y
a peak value for a certain mixture ratio as shown in. figure 3.14. The

"+ gas mixture ratios for which maximum prebreakdown currents were observed

i . . _ i )
were a function of the gas pressure.

The steady component of the prebreakdown current I is plotted as a

function of the parameter V[V—Vo] for SFg and several mixtures in figure

3.15. Here V is the applied voltage and V, is:the corona onset.lg:el.

i
From the figure, one can express the voltage-current characteristics for

-

SFg and SFg-Np mixtures as

I=cvv-vy] | o (3.1)

where C is a constant which depends on the effective mobility of the

-charge-carriers and is therefore affected by the gap‘length,drod diameter,

gas pressure and the mixture ratio. This behavior of the prebreakdown .

current is typical for coronas in which field at the highly stressed

“electrode is limited by the space charge [9].' Values of the constant C

were obtained for various mixtures at different pressures. Variations

" in the value of C with the mixture ratio are given in figure 3.16 for a

20 mm gap using 1 mm diameter rod cathode at a total Eas pressure of

300 kPa.' Figure 3.17 shows similar variations with the gas pressure for

- -

"a mixture bhaving 10% SFg.

S¥nce the constant C is a measure of the effective mobilit§ of the

ot chagge carriers, the rapid decrease in the value of C with the addition

of the first few parts percent of SF; indicates that most‘qf the free
. N . el
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Figure 3.15 - Variation of the prebreakdown current with

the parameter V[V—Vo] for a rod-plane gap
filled with ‘SFg-N; mixtures.
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electrons are attached to the SFg gas molecules forming heavy negative

ions with much reduced mobility. However, any furtﬁef addition of SFg

——

- has a modest effect on the negative ion population and therefore the value

of C does not change appreciably when SFg content is increased from about
10 to 100%Z. As méntioned earlier,sincg the constant C'is a measure of
the effective mobility, it should be inversely proéprtionallto the gas
pressure. In other words, the mégnitude of the product of the gas '
pressure and the constant C should be independent of the gas pressur;.
From figure 3.18, it is cleaf that although, this produc; is Slightly

affected by the total gas pressure, it can be considered to be independ-

ent of the pressure.
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CHAPTER IV
BREAKDOWN STUDIES OF THE NEGATIVE ROD-PLANE GAPS

4.1. Breakdown Behavior of SFg and SFg-N; Mixtures

Bregkdﬁﬁﬁféaitages for a 20 mm negative rod 'plane gap using 1 mm
diameter rod electrode were measured for SFggﬁg—Ezﬁtures in the pressure

.range of 100 to 500 kPa; "Figure 4.1 showa the breakdown voltage as a
function of gas pressure for SFg, N, and 0.1% SFg-No mixture . For;
comparison the corona onset 1effls are also included in this figure.
The breaﬁdown voltage of SF¢ int;gfses almost linearly with pressure

in the range of 100 td 300 kPa. Héwaveé the effect of gas pressure on
the breakdown voltage is reduced as the gas pressure increases above

300 kPa. There is no pezk in the breakdown voltage-pressure character-
i;tics of SFg, N, or .0.1% SFg~Np mixture in the pressure range of 100

to 500 kPa. The difference between the onset and the breakdown voltages
for a particular gas pressure is ths highest for SFg and the lowest for
No. Eurthermore, the saturation of.;he breakdown voltage due to increas—
ing pressure is less pronounced in Ny_and 0.1% mixture as compared to
pure SFg.

It is interesting to note that in figure 4.1, the breakdown voltage
of N> 1s roughly 257 that of SFg. However, an addition of 0.1% of SF¢
‘increases this level to about 50% that of éure SFg. Besides the 0.1%
mixture, other mixtures containing 0.05%, 0.18% aﬁd 1.5% of SFg; were also
investigated. The breakdown voltage-pressure characteristics of these
and other mixtures studied were similar to that of pure SFg. Héwever, the

breakdown levels of different mixtures were affected by the SFg content

of the mixtures. The breakdown voltages of mixtures having low SFg

43
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Figure 4.1 - Breakdown voltage-pressure characteristics of
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content are plottedin figure 4.2 as a function of the SF¢ content. The
highest incréase iﬁ the breakdoén voltage is exhibited by mixtures ;1th
only minute traces of SFg and any further addition of SFg produces 1ess.
dramatic effects. figure 4.3 shows the breakdown voltages for mixtures

having SF¢ content between 1.5 to IOOZ. A mixture containing about 5%

SFg has a breakdown level which is about 657 that of pure SF;. However,

a further increase of the SFg component does not result in such a rapid

increase in the breakdown strength and the breakdown voltage of a SOZ
mixtures is about 80Y% that of pure SFg. Thus the beneficial influence
of adding SFg on the breakdown properties of N2 saturates at low SFg
contents. Since SFg has a very high attachment crOSS—sectionlat low
energiés of 0 to 0.4 eV, it appears that a modest amount of SFg added to
N2 could attach most of the low energy electrons resulting-in an appre-
clable increase in the ‘breakdown strength and any further addition of
ST has felatively littie effect on the dielectrie behavior of the
mixture [10]. This is clearly evident in figures 3.11, 3.12, 3.16, 4.1,
4.2 and 4.3,

For 1 mm rod, "in SFg,, Ny and their mixtures, breakdown occurred
in the presence of corona discharges. The difference between the corona
onset and the breakdown levels was much higher in SFg and its mixtures
than in pure N2. For example, in figure 4,1, the corona onset level of
the 0.1% mixture and N; are practically the same. However, the breakdown
voltages of the 0.1% mixture are about 507 higher than those of pure No,
The reason for this behavior is the fact that in mixtures containing SFg,
negative ions are formed readily. DéSpite tﬁe increase in the applied
voltage, the electric field in most of the interelectrode gap region is
stabilized by a negative ion space charge. This space charge is contin-

uvously generated as a result of corona discharges in the highest field

-
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region. On the contrary, in pure Nz;'negati#e ions are not formed. and
thereforé the field increases as the applied voltage is increased.
This results in increased ionization and therefore the breakdown

streamers can propagate and bridge the gap at relatively lower: appligd

. * voltages.

. v

Spark channels were also monitored in this stu&y. iﬁ the pressure
range investigated the spark paths were almost straight in the case of
pure N,. However, in both 8SFg and its mixtures with N,, the spark
channels were affected by the total gas pressure. Figure 4.4 shows the
general patte?n of the spark trajectories in pure SFg. The behavior in
SFg-Ny mixtures was similar to that of.pure SFg. A look at figures 4.1

dw{md 4.4 -indicates that thg spark paths are straight in the éressure
region where the bréakdown voltage increases linearly with the pressure.
Above this pressure, however, the sparks do not follow the Eyortest intexr-
electrode gﬁth available. It appears that the negative ion space chafée ;
in the interele de gap region inhibits the propagation of breakdown
’;:pQreamers along Zhis path. This effect increases with pressure, mosf
probably due to the increasing ébace charge~density resulting from ée-
duced diffﬁ;ionqat high pressures. Therefore, at high pressures, the
breakdown streamers are more curved. Sinée in N5, there is no negative
ion space charge to‘inhibit the streamer growth, the discharge paths

afe straight.

4.2. The Effect of Field Uniformity on the Breakdewn Behavior of SFg.

Measurements of the breakdown and corona onset voltages were carried

out in SFg insulated gaps using rod electrodes of various diameters. Fig.4.5

shows the breakdown vbltage as a function of gas pressure for a 20 mm gap

for different rod electrodes. Corona onset levels are shown using

-
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" Figure 4.4 - Spark trajectories in a 20 mm negative rod-plane gap
f1lled with SFG.‘Bod dia. = 1 mm.
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brfoken lilhes in the same figure. It is dnteresting to note that while’
c a onset voltages for differenf cathodes increase almost linearly
with pressure, the same is not true for the breakdown voltages. Al- '
thotigh these increase with gas pressure for the needle electrode

(figure 2.2} and _for 1 and 2 mm diameter electrodes, this is not the
case for the 3.16 and,the 6.3 mm dlameter cathodes, For the 3.16 mm

-

cathode, the breakdown voltage increases with pressure upto about

1
r

300 kPa. A further increase in the pressure results ih'an aétual drop

" in thg breakdown voltage. For the 6.3 mm cathode , the behavior is

even more interesting. 1In this cése, the breakdown voltage increases

with pressure upto about 300 kPa. From 300 to 350 kPa, the breakdown

vbltage decreases. Above this pressure, it remains roughly constant
over a small pressure reglon followed by an almost linear increase with (ﬂ/
pressure. The breakﬁowu and corona onset levels coincide in this latter

pressure range in whi%h the dischargé inception leads to the breakdown

f

of the test gap. In general, the breakdown behavior of a 20 mm gap uéing
12.6 mm rod was similar to that of 6.3 mm rod electrode . Also the

¢ritical pressure P,, the pressure above which the corona onset and break-

-

down levels are th; same, was lower for the 12.6 mm diameter rod. Thus

for rods having diameters of 6.3 mm and 12.6 mm, the breakdown is not,

always corona stabilized and thére is a pressure above which the discharge
directly leads to the breakdown. ?his'critical pressure isléffectgd by
‘tily diameter of the &atEgde and increases when dia&?&er of the cathode is
reduced. The peak in the breakdown voltage for the 3.16 mm rod in figure
4.5 suggests that the beﬂavior of gaps using smail diame;er electrodes is
similar to that observed using a 6.3 mm diameter rod electrode. However,
the eritical pressure for all tﬂese cases seem®®o be higher than 500 kPa
g . '

T



which was beyoﬁd the :experimental capabilities. )
4 . .
It is interesting to note that in figureké.S, the breakdown volt-
age decreases with increasing rod diameters in the pressure regions‘

where breakdown is corona stabilized. However, the behavior of corona

&

onset voltages is exactly opposite and the higher breakdown levels of
the gaps with spaller diameter -cathodes are accoméanied by'thé loﬁer
corona onsét levels. Furthermore, in the highly non-uniform field
gaps using smaller diameter rods, the prebreakdown current prior to the
breakdown 1s extremely high. The magnitude of this cu%reat was so high
in the case of the needle electrode that at pressures =2 300 kPa,:the
high voltagé genergtor could not supply enough prebreakdown current. Thé
low onset levels for extreﬁely non-uniform field éaps are not gurprising.
ﬁowever, the higher breakdown levels for such gaps need explanation.
This will be discussed at a iater stage (chapter VIII).

The discharge characteristics ;f SFg were also investigated using
the same fod cathodes and varying gap lengths. Tigure 4.6 shows the
effect of gapfiength on the discharge characteristics using a 12.6 mm

=

réd electrode. The breakdown voltage for the 40 mm gap is substantially

-

higher than the onset level due to more effective corona stabilization

in the more non-uniform’ field .paps. The increase in the onset voltage

is preater when the gap is chanpged from 20 to 30 mm than fhen it is
. N ;

increased from 30 to 40 mm. This behavior of tﬂe corona onseiivoltage

is very ?ommon in rod-plane gaps and can‘be explained on the basis of

the s&ream;r breakdown criterion [6]. It will be dealt with in more ‘
detail in chaﬂ%er VII. It is also interesting to note that the critical

pressure primarily dependé on the radius of the cathode rather than the

gap length for the non-uniform field gaps.

~
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4.3. The Effect of Field Configuration on the Breékdown Behavior of
SFg-N; Mixtures.

The behavior of the breakdown voltage as a function of the gas

-~

Pressure and the mixture ratio fof the needle electrode and the 2 mm
rod electrode were similar to that of the 1 mﬁ rod discussed in section
4.1. However, when electrodes of 6.3 and 12.6 mm diameter were uséd,

“
the breakdown voltage-pressure characteristics of SFg—Njp mixtures showed
a peak similar to that of pure SFg. Also there was a pressure region in-
. which breakdown occurred in the absence of any corona discharges.

Figure 4.7 shows the breakdown voltage-pressure characteristics for

A
. a 40 om gap using 12.6 mm diameter rod and 10% SFg-Ny mixture. The

breakdown behavior of the same gap when insulated with pure N» is also
included in the figure. In nitrogen, the breakdown occurred in the
absence of any significanE corona dischargs and the 6nset‘vol§age was
practically thg same as the breakdown voltage. As seen in figure 4.7, the
general- breakdown behavior of the 10% SFg-N, mixture is similar to that -
of pure SFg. However, the eritical pressure is Jifferent in the two caées.
This pres;ure varied'with the mixture ratio and the rod diameter. Figure
4.8 sho&s the variations in the critical pressure when thelmixture compo~
sition is varied for the two gépé shéﬁﬁ in the figure. 1In Soth cases, 1t
.is obvioué-that_the critical pressure is practically constant for mixtures
having SFg content'> 50%. However, for mixtures having SFg content below
50%, the critical pressure increases when the SF; component in the 'mix—
ture is reduced. .

Since the critical pressure of an SF;-NZ mixture depends on the per-

éentage of SFg, the breakdown voltage-mixture ratio characteristics are

affected by the total gas pressure. Figure 4.9 shows the effect of gas
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préssure and mixture ratio on the breakdown voltage of a 20 mm gap using
6.3 mm cathode. Similar to figure 4.2, the breakdown voltage of nitrogen
15 very.sensitive to the:addition of tﬁe first Eew parts percent of SFg.
- However, the extent of this effect is.influenced by the total gas pressure
as shown in Figure 4.9. For exgéple at a total pressure of 400 kPa, the
breakdawn voltage of a 20% mixture is practically the same as that of
the puge SFg, whereas at a totél pressure of 160 kPa, it is only about
55% that of pure SFg;. However, the onset voltage of 20% mixture is
roughly 707% that of pure SFg at both these pressures. The difference
in the breakdown voltage.hehavior is due to the fact that breakdowm in
SFg and SF¢-N; mixtures is corona stabilized in such non-uniform field
gaps. The effectivgness of this corona stabilization depends bn the
partial pressure of SFg and Fhe total pressure of the mixture. There-
fore the breakdown voltage depends on the mixture ratio as well as the
total gas pressure. Corona onset levels on the other hand depend primar--
1ly on the ionization and attachment properties of the gases. Therefore
the ratio of the corona onse£ voltage of a particular mixture to that of
pure SFg is not affected by the total gas pressure. |

A study of the spark trajectories of these gases provided further
information. Observations of the test gaps revealed that for SF; as well

S

as éFg—Nh mixtures, the spark‘paths were relatively straight at lower
pressures. This behavior continued in the pressure région in which the
breakdown voltagé incregased linearly with the pressure. However, when
the gas pressure further increased, the sparks exhibited a pronounced
curvature to the axis of the rod electrode similar to figure 4.4. This

curvature of the spark paths was quite appreciable in the pressure

region where the breakdown voltage decreases with increasing pressure.
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In this pressure regioen, even thé corona discharges were-inclined to the
rod axis as shown in figure 3.9. However, when the gas pressure was
further raised to levels where the breakdown occurred in the absence of
any c?r;na diseharges,.the spark channels were stréight. This beﬁavio;
1s consistent with the arguments made in section 4.2 that the negative
ion space charge inhibits the spark propagation and forces it around the
space charge. Since at pressufés : above P., there are no corona dis~

charges to introduce negative lon space charge in the interelectrode gap

region, the spark channels are straight again.



CHAPTER V

PREBREAKDOWN STUDIES OF THE POSITIVE ROD-PLANE GAPS

5.1. Introduction

Investigations on the prebreakdown behavior of positive rod-plane

gaps in SFg, Ny and SFg-Np mixtures were carried out using varlous dia-

meter rod anodes and gap lengths. Since the general behavior of the
corona discharges varied little with the anode and gap size, onlf the

results for ! mm diameter anode will be discussed in this chapter.
LS

These investigations were carried out for rod-plane gaps of 10 to 50 mm

length in thé pressure range of 100 to 500 kPa. '

.

5.2. The Anode Corona in Nitrogen )

The prebreakdown behavior of rod—plané gaps insulated with ﬁ&re Na
was studied. At atmospheric pressure, no corona streamer were observed
in the region of discharge threshold. Instead, the discharge was in the

-

form of a succession of electron avalanches which formed in the relatively ¢ E
localized region of the highest field strength at.thé anode tip. The pre- I
breakdown current waveform, though not absolutely steady, did not contain B
pulses of any specific character., The photomultiplier output, however, [
consisted of series of small pulses, with the separation between two con-—
secutive‘pulses being of the order of 10 usec. Visually corona appeared
as a very faint discharge at the anode tip. As the applied voltage was
increased, the magnitude and brightness of the discharge increased. This
was accompanied by an increase in the average prebreakdown current and
the repetition rate of the photomultiplieérpulses. This behavior con-

tinued with increasing applied voltages until at a certain voltage level,

weak prebreakdown streamers appeared. These streamers increased in

60
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number when the applied voltgge was'increased. Visual\dbsefvations
indicated that some éf the streamers crossed the gap without causing a
breakdown. With further increase in the applied voltage, aibreakdawn.
finally occurred. '

With dncreasing pressure, tﬁé nature of the prebreakdown activity
changed and prebreakdown current pulses were also recorded at the dis-
charge onset. These pulses were quite regﬁlar in amﬁlitude and time
'separation, their repetition rate being of the order of 103 pulses per
second. However; an increase in the applied voltage established a
pulseless current which had a general behavior as discussed earlier.
Prior to the breakdown, the corona st;asgffs\appe;red again\in addi-
tion to the localized glow already present. The repetition rate of
these pulses was of the order of 10° /sec. When the gas pressure wWas
further increased, the region in which the pulseless current existed
decreased gradually until at about 400 kPa, pulseless current was not
recorded from the discharge onset to the uléimate breakdown of the
test gap. The pulse repetition r&te increased from about 103/sec at
the discharge onset té about 105}sec near the breakdown level. The
pulses prior to breakdown were an order of magnitude smaller in ampli-
tude than those observed at the discharge onset level. However, both
the photomultiplier as well as the current puises near breakdown had a
steady component in addition to the pulsating portion. It appears that
this steady component was contributed by a localized glow discharge at

~
the anode tip.

Figure 5.1 shows the voltage levels for different corona modes
observed in nitrogen as preé%ure'is varied, Figure 5.2 sho;s the pre-

breakdown current and light output waveforms for different types of the

corona activity observed in nitrogen.. Figure 5.3 shows the visual
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Figure 5.1 - Corona onset voltage levels for various
corona modes in Nj.
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Figure 5.2 .-

- (a) Current,
{b) Current,

(¢) Current,

,
sttt

(a) . : ' (d)

(b) - (e)

(c) | €N

Prebreakdown current and photomultiplier outputtwavéforms
for various corona modes in Np. Gap = 20 mm. All the
oscillograms shown are inverted.

-

region A, 500 kPa, 32 kV, 0.5 usec/div, 20 mA/div.
region B, 300 kPa, 24 kV, 5 usec/diw, 20 pA/fdiv.
region C, 500 kPa, 40 kV, 0.5 usec/div, 4 mA/div.

(d) Light output, region A, 500 kPa, 32 kV, 0.5 usec/div , 200 mv/div.
{e) Light output, region B, 300 kPa, 24 kv, 5 psec/div., 1 mv/div.
_ (f) Light output, region C, 500 kPa, 40 kv, 0.5 usec/div., 10 mV/div.
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(a) L : C® ‘
Pressure = 100 kPa Pressure = 100 kPa
Voltage' = 15 kV Voltage = 24.5 kV
Exposure-= 10 msec : Exposure = 10 msec

v

(c) . a - (d) ) .

d N
Pressure = 100 kPa - ‘ ~ Pressure = 200 kPa
Voltage = 27 kV - ' Voltage = 43 kV
Exposure = 10 msec . _ Exposure = 10 msec

Figure 5.3 - Visual appearance of corona discharges in a 40 mm positive
rod-plane gap filled with N,. Diameter of the rod

‘E&qusode‘is 1 mm. Figure (b), (c) and (d) show the pre-~
. breakdown streamers while (a) shows a localized glow
= ‘discharge. : ‘
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appeafgnc"’e of the anode 'coron.a- in stage B and C for a 40 mm gap and 1 mm -

diameter rod anode. It _is interesting to note that some of the streamers

in‘region C c;ossed the gap with out causiné a breakdown. Also at high;r K
- pressures the dischafée was consentrated in a narrow c¢hannel as compéred

to that at low pressures..

. N . - ‘ N -
‘\\\ : It is important to{ﬁ;;e that the magnitudes of both the“prebreakdown

r—

current and light outpué in the glow corena in the case of a positive

. rod-plane gap were comparatively much lower than those, for the ﬁeggtive

3 '

rod-plane gaps. The reason for this behavior is that with a negative

~

-rod, the high.field is concentrated zbout the cathode. 'Hence-the necess-—

-

ary secondary processes such as photoionization in the gas, photoelectric

o -
»

éffects at-the_cathode ot the éecondary electrons liberated fy the posi-

‘ 7 tive ‘ion bomharfdme'n_t take place i_.n the high flield region and, therefore

> Ieéult inimote effecti;e ion multiplication. In the case of the pesi-
tive rod-plane gapé, the main source of electrons available for maintain-~
ing a steady discharge 1s due to the photoeiectric effecf at the distant
plate: ‘The low fields at the plate electrode.yield practicaliy no elec-
trons by positive ion bombardment. Furthermoxe, ph?toelectric emission

- f?om the plate is very weak. Hence,‘i;-this case the secondary ieniza-
tion éoefficient is gmall and thérefore the prebreakdown currents are
.low. Also the photomultiplier output is so small Fhat it is possible to
differentiate between two successive avalanches, However, for the nega-
tive rod-plane gapslin nitrogen, the positive ioﬁs are accelerated in thé

. high field region tawafds the rod electrode an§ hit the surface witf}r
‘energiles 10 to 100 times higher than the energies aigociated with a posi-

\

tive rod-plane gap corona {9]. Therefore the secondary ionization

¢oefficien£ takes on relatively large values, yielding high current and

N &
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ligh® outputs in Ehe‘negative rod-plane gaps when camﬁared to the posi-
tive rod-plane gaps under otherwise identical conditions.

5.3, The Anode Corona in SFg and SFg-N, Mixtures ‘

At low pressﬁres such as 100 kPa and for SFg-N, mixtures with
SF¢ content below 1%, the discharge onset was usually in the form oé
pulseless currents. As the applied voltage was increased from zero,
steady corona currents appeared at a certain threshold voltage level.
Although there was some ripple in the prebfeak@own furrent wavefovm, it
did not contain pulses of any specific nature. However, with increase
in the applied voltage, streamer}Pulses were always observed in addition

to the pulseless currents. At higher .gas pressures, streamer corona was

mgre common. In sudﬁlcases, the prebreakdown current usually had a large

pulse followed by a series of small pulses as shown in figure 5.4(a).

.

Whereas the large pulses had oniy one peak, the small pulses had one,

two or even three peaks. In geperél the second peak was some;hat smaller

than the first one, but in some cases pulses having second peaks larger -

than the first ones were also observed. The ampiitude of the large pulsé
- '

was substantially lower in mixtures than observed in pure nitrogen. .When

the applied voltage was‘increased, the large pulse disappeared and small

pulses became more common. Usually these pulses were very regular in

amplitude and time separation. Further increase in the applied voltage

resulted in arn increase in the average prebreakdown current and the fre-

quency of these pulses. However,the current retained the same basic charac-

ter as is evident from figure 5.4(b). The amplitude of the large puylse
at the discharge onses.was much higher than the average prebreakdown
currer® recorded athigher voltage levels. Figdre 5.4(e) shgws the magni-

tude and waveshape of the large pulse observed at the discharge onset

i e i el A b e




Figure 5.4 - Prebreakdown current and

(a)
(b)
(c)
(d)
(e)
(f)

(e)
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(d}

(£)

for rod-plane gaps filled 4y 1% SFg-N, mixture.

Diameter of the
grams shown are

Current, 30 kV, 370 kPa,
Current, 45 kV, 370 kPa,
Current, 31 kV, 400 kPa,
Current, 41 kV, 400 kPa,
Current, 70 kV, 435 kPa,
Light output, 70 kv, 435

rod anode is 1 mm. All the oscillo-
inverted,

20 mm gap, 0.4 mA/div, 20 psec/div.
20 mm gap, 0.1 mA/div, 1 psec/div.
20 mm gap, 0.4 mA/div,0.5 usec/div.
20 mm gap, 40 yA/div,0.5 usec/div.
45 mm gap, 40 pA/div,0.5 usec/div.
kPa, 45mm gap, 2 mV/div, 0.5 psec/div,

photomultiplier output waveforms
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whereas figure 5.4(d) shows the small pulses recorded at a high;r
vo}téée levél: Both the prebreakdown current and pﬁotomultiplier out-

vput oscillograms had a steady component in addition to the pulses
especially when the applied voltage approached the breakdown 1evel._
Figure 5.4(e) a;d (f) show a series of prebreakdown current and light
output pﬁlses at a voltage slightly below the breakdown level. The
time period between two such sﬁccessive~series of pulses was of the
order of 8 usec.

When the prebreakdownlcurrent and the photomultiplier output
contained pulses, the’visual observations of the test-gaps showed the
existence of a bright channel as is shown in figure 5.5(a). This channel
was very narfow and bright as compared to that observed in nitrqgen and
aiready sbown in figure 5.3. This channel moved irregularly aqd in most
cases was inclined to the axis of the rod electrode. The size and ineli-
nation of this channel wefe affected by the applied voltage, gas pressure

. hd
3nd the mixture ratio. It was considerably extended into the gap fdru
mixtures having SFg content less than 0.1% and at pressures below 150 kPa.
In some cases two channels existed together simultaneously as shoﬁﬁ in
figure 5.5(b). Simiiar to the éase of pure nitrogen, some of the streamers
almost crossed the gap without caué?%g a breakdown as shown in figure
5.5(a). This was more cgmmen at 100 EPa and fof mixtures havinglng con-
tent less than 0.1%. Tigures 5.5(c) and (d)} show the corona and break-
down streamers for a 0.l% mixture. It is'ohvious thaﬁ-even at breakdown
voltage levels, most of the corona streamers extend upto the middle of
the test gap in contrast to No and lower SFg content mixtures as shown in
figures 5.3 and 5.5. .When the SFq co;tent was‘increase& to about 1% the

size and brightness of the streamer channels reduced considerably. In

such cases, the discharge activity was usually confined to the vicinity

B T s bbb n e ed el b e
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(a) . (b)
V=23 kv. ' V = 23 kv
P = 100 kPa P = 100 kPa
8Fg = 0.05% . ‘ SFg = 0.05%
Exposure = 10 mgec. . Exposure = 10 msec.

»
(c) ' (d)
V= 25 kv ) V=25 kv
P = 100 kPa P = 100 kPa
. . .
SFg = 0.1% SFg = 0.1%
Exposure = 10 msec. Exposure = 10 msec.
Figure 5.5 - Visual appearance of breakdown and prébreakdown streamers in a

20 mm rod-plane gap using 1 mm diameter rod anode.



. : , ‘ 70.
.of the anode. With the increase in the applied voltage, the discharge did
not extend much into the gap even upto the breakdown voltage level.

For pure SFg, and Sf}—Nz mixtures with SFg content above 1%,'pulse-
less currents could not be obsefved at any of the pressures investigated.
The corona inception current iIn such czses was in the form of single
isolated pulses as shown iﬂ figufg 5.6(a). Such pulses océurred at ran-

~dom with intervals betyeen successive pulses-apparently independent of
the voltage levels. fhese intervals were of the order of several
secénds. The average time between such pulses increased with increasing
gas pressure, SFg content and the field uniformity.

A£ voltages higher than the'singie pulsé inception levels, similar
to the negative rod-plane gaps, a discharge consigting of several pulses
in rapid succession was occasionally observed. This type of discharge
activity was eariier observed by Hazeli[ll] in pure SFg and was termed
"momentary discharpe". At the inception levél of this type of disch§Fge,
the pulses appeared at random in%ervals, as 1n the case of the single
pulse corona activity. The intervals between the momentary discharges
ranged from milliseconds tomseconds and decreased ;ith increasing appiied
voltages. The momemtary discharges exhibited several types of waveforms
depending on the gas pressure, mixture-ratio, field configuration and
the applied voltage. Figures 5.6(b-h) show some of the prebreakdown
current waveforms observed. Photomultiplier outpuﬁ oscillograms were
similar to those of thevprebreakdown current.

' \\Ihg\fepetition rate of the momentary discharges generally inc%eased
with the applied voltage. A furthef increase in the gap voltage fésulted
in the establishment of a continuous discharge. Whereas the average

corona current resulting from the momentary discharge activity was

genérally well below IAuA throughout the voltage range of this activity,
= :
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P = 400 kPa, V = 92 kv
SFg = 95%, Gap = 40 mm
20 vA/div, 10 usec/div.

/

(a)’

P = 235 kPa, V = 53 kv
SFg = 70%, Gap = 40 mm
20 pA/div, 5 usec/div.

(&)

P = 360 gPa, V = 82 kV
SFg = 95%, Gap = 40 mm
20 pA/div, 10 psec/div,

P = 375 kPa, V = 78 kV
SFg = 100%Z, Gap = 40 mm
20 vA/div, 5 yusec/div.

; 1 . " E . ‘. :
O -\.-u'\\\g\,\m\\,- .

(d)

P = 400 kPa, V = 93 kV
SFg = 95%, Gap = 40 mm, ©
20 pA/div, 10 psec/div

C(e) -

Figure 5.6 - continuted.
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(g)

(h)

(1)

Figure 5.6 - continued.
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P = 440 kPa, V= 57.4 kV
SFg = 70Z, Gap = 20 mm
20 uA/div, 5 usec/div.

P = 340 kPa, V = 76.3 kv
SFg = 1002, Gap = 40 mm
20 pAfdiv, 5 usec/div.

P = 340 kPa, V= 76.3 kV
SFg= 100%Z, Gap = 40 mm
20 pA/div, 5 psec/div.

P = 200 kPa
SFg = 10%
Gap = 40 mm
100 pA/div
0.5 pusec/div.
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Light Output
P = 100 kPa
SFg = 50%
Gap = 40 mm
20 mV/div

0.5 usec/div

Current

P = 200 kPa, V = 55 kV
SFg = 1%, Gap = 20 mm,
100 pA/div, 0.5 usec/div.

Light Output

P 200 kPa,

V = 55 kv,

SFG = 1%,

Gap = 20 mm

50 mV/div, 0.5 usec/div.

Figure 5.6 - Prebreakdown current and light output oscillograms of
y filled with

corona discharges in rod-gldne gaps
SFg-N; mixtures. Diameter \of the rod

anode

is 1 mm,

\
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the transition to a continuous discharge caused the microammeter to
deflect suddenly and indicate a continuous cﬁrrent flow in the circuit.
A transition from a continuous discharge to a momentary discharge
occurred only wheﬁ the applied voltage was reduced to a level somewhat
lower than that at which the reverse transition occurred.

At the onset of a continuous discharge, both the prebreakdown curr-
ent and thg photomultiplier output were made up of pulses. These pulses
were quite irregular in the amplifude and the time separation. When the
applied voltage was increased, the frequency of current an@ light pulses
as well as the d.c. level of th%/prebreakdown current increased; Figure
5.6(1) shows the preﬁreakdown c;rrent Vaveforw at two different voltage
levels‘wbereasffigure 5.6(j) shows the light output pulses at two values
of thé gap voltage. Prior to the breakdown of the test gap, both the pre-—
breakdown current. as well as the photomultiplier output had a steady Eom—
ponent in addition.to the pulses. Whereas the prebreakdown current had
a large steady component for all the mixtures investigated, the same
was not the case for the photomultiplier output. It had a large steady
component ohly for thg mixtures having low SFg content. TFigures 5.6(k)
and (£) shoﬁ the prebreakdown current and the light output oscillograms
for a 1% éFG-Nz mixture at a voltage level close to breakdown.

For a particular mixture, the general discharge pattern remained the
same with increasing gas pressure until a pressure was reached above which
continuous discharge could not materialize é;d breakdown occurred. At
and slightly above this pressure, only momentary discharges occurred
prior to the breakdown. When the gas pressure was further increased, a
critical pressure P. was reached above which no discharge activity was
observed prior to the breakdown. The critical pressure P. and the

pressure Py above which no coptinuous discharges occurred were affected™
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by the size of the anode and the gas‘mixture ratio and will be discussed
in o.hapcé_rs VI and VIII, ' ' -

Visual ogservations of the test Baps showed a bluish filament at the
spherical tip of the anode at the onset of a continuous discharge. The
root of the filament was-brightér than the stem and the filament moved
irregularly over the anode surface. As the applied voltage was increased,
both_the lepgth of the filament and the rate of its motion on the.anode
‘surface increased. Further increase in the applied voltage resulted in
multiple filaments which were more diffused in appearance than the single
filament gnd moved more fapidly over the entire anode tip. The number of
filaments, their*iength aqd their displacement from the rod tip increased s
with the increasing gap voltage. Theidischarge spread more on the anode
'.surface than growing into the gap. At still higher voltage levels, the-
discharge filaments became so numerous and diffused that the discha;geAat
the electrode.surface appeared as a continuous gloew. However, at tﬁe“
outer edge of thé discharge, the individual filamggts were still‘recog—
nizable. The glow-like appearance was more comm;n for anodes with sma;}er‘
diameters at low pressures and in mixtures having low SFg content. .
With increasing applied volgége, the glow-like discharge extended into
the gép as well as laterglly on the anode. Depending on the gas press-
ure, mixture ratio, applied voltage ang the rod diameter, the discharge
activity could also be detectedoon the c¢ylindrical portion of the rod
anode. Figure 5.7 shows the photographs of these discharges is various
mixtures for a 1 mﬁldiameter ancde.

At higher -gas-pressures, the discharge did not extend into the gap
with the inc;;asing gap voltage and spread laterally over the anode sur-
£§ce similar to the nggative' rod-plane gaps. Occasional long reddish

A . . 1l
discharge filaments were also observed, emanating primarily from the edge

i

~
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(a) ' (b} 3

V= 108‘kv v = 152 kV ) Lo ‘3
P = 100 kPa . . P = 200 kPa “u
SFg = 30% SFg = 30% ' K

Exposure =

(

V=80 W’
P 100 kP
SFG = 1%

Exposure =

nn

Figure 5.7 - Visual appearance of corona discharges in a 40 mm rod-plane

10 ygec. Exposure = 10 msec,

-
A
i
1
o '
) 3
c) S ’ (d)
: V = 108 kv { '
a P = 100 kPa
SkFg = 10% G
10 msec. Exposure = 10 msec. '

gap filled with SFg-N, mixtures., Diameter of the rod
« a@node 1is-1 mm, : ’ T
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of the discharge region ont the spherical tip of the anode. This behavior

continued-ubto the breakdown voltage. In general, the.discharge was
. o

brighter and extended more intb the gap when the SFg content.in-the mix-

tures was low.

continuous discharges appeared. The difference between the two levels

5.4. The Corona Onset Voltage Levels - . -
. * As discussed in the previous section, the c¢orona inception in -

SFB-NZ—mixéﬁres was in the form of random pulses which led to momentary

. 4
.and then continuous discharge when the applied voltage was raised. The

L s
onset levels for the single pulse coroma were lower than those at which
. <

was affected b§ tpe gas’pressure, mixture ratio gad the field configur;—
Eion. In general, thé difference ﬂetween the f%o inception ieféls in~
creased with increasiﬁg gas pressure, gap length, rod diaééter artd the
5Fg content. Figure 5.8 shows the two inceptién levels at different -
pressures for 10 and 95% SFg-Nj mixtures. Since the single pulse incep-
tion levels are the lowest voltage levels at whiéh‘a;y discharge 1s " .
detedged, only these are discussed in detail in this sgc&ion. ‘

The corﬁna inception voltages varied wifhlthe gas pressure, mixture !
H v
ratlo, gap iength and diameter of the fpd électrode. These levels were 10-157%
highér thaﬁ those foéhthe negative rod-plane gaps. ather than this
difference in the absolute values.of the cordﬁa onset qoltages, other
behavior of the onset volgages was similar to that of the negatiye'rod—

rd

piane gaps: Figure 5.9 and 5.10 show the variation in the onset voltages

with gas-pressﬁre and mixture ratio for 20 and 40 mm positive rod-plane

to that of the negative rod-plane gap and showr in figure 3.11. The

gaps using 1 mm diameter ancdde. The behavidr of corona onset voltages.as
a function of the mixture ratio shown in figures 5.9 and 5.10 is similar
N . : .

behavior of ®he corona onsét voltage as a function of the mixture ratloe

.
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Figure 5.8 - Corona inception levels for a 40 mm rod-plane
gap using 1 mm diameter rod electrode.
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ISR s TS T L't pads i syl et gt vy L SRS IRPERT B S AT TGP RC . S S e

40 mm gap
120 - .
1. mm dia. rod
_ 100 P~
500kPa .
= g0 | ./
2 -
S ”,,/f
2 ke S 300 _a—
ey a
7 a—

40 |- ///

20— Q

Percentage of SF6
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and the gas pressure for-anodes having differéﬁt diameters was similar

to that of 1 mm diameter rod and therefore will not be discussed here,

5.5. The Prebreakdown Current Levels in SFg-N, Mixtures

Similar to the negative rod-plane gaps, the prebreakdown currents
showed variations with the applied voltage, gas pressure, mixture ra;io
and the field configuration. Figure 5.11 shows the steady component of
the prebreakdown current as a functipn of the applied voltage and the
mixture ratio. These measurements were carried out in a 20 mm gap using
1 mm diameter anode at a total pressure of 200 kPa. For a particular
voltage and mixture ratio, the prebreakdown current decreased when the
gas ﬁressure was increased and was lower than that observed for the
negative rod-plane gaps. The variations in the prebreakdown current
with gas pressure, mixture ratio and the appiied voltage were simil;r
for various electrode systems studied.

The magnitude of the corona current pfior to breakdown varied with
the gas pressure, mixture ratlo, éap length and the diameter of the rod
anode. In general, these currents were up to 507 lower tﬁan those
observed in the case of the negative pblnrity. The corona currents
prior to breakdown exhibited a peak for a mixture ratio which was affected
by the total gas pressure as shown in figure 5.12. Filgure 5.13 shows the
effect of gas pressure and gap length on magnitudes of corona currents
prior to breakdown for 1% and 95% SFg-Np mixtures,

The voltage-current characteristics for the positive rod-plane gaps
in SFg-N, mixtures can also be expressed as

I =cvlv - v,] 5.1

where V, is the minimum discharge onset voltage. The value of the con-

gtant C was affected by the gap length, gas pressure, mixture ratio and
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the diameteér of the anéde. The value of the cqnsbant C for positive
rod-plane gaps was very close to that obtained for the negative rod-
plane gaps under ideﬁtical test conditions; Figure 5.14 shows the
varigtions in the value of the constant C with the mixture ratio for a
20 mm gap using 1 mm anode at a tptai gas pressure of 200 kPa. Similar
to the negative polarity, the cufye in figure 5.14 indicates thét when
the first few parts percent of SFg are added to nitrogen, most of tﬁe
free electrons are attached to SFg moleculeé forming heavy negative
ions and thereby reducing the value of the constant C. Any further
addition ofLSFB has relatively little effect on the negative ilon popu-

lation and hence the value of the constant C.
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CHAPTER VI
BREAKDOWN STUDIES OF THE POSITIVE ROD-PLANE GAPS

6.1. Introduction

The breakdown in SFg and SFg-N; mixtures is found cé be corona *
_ptabilized over a certain pressure.region. Above this pressure, the
éischarge onsget u;ually leags to breakdown witﬁput any corona discharges.
According to Hazel [11], the rate of rise of the.applied voltage d;es
not Bignificantly'aff;ct the breakdown voltage levels for SFg in the
corona stabilized pressure reglon. However, the rate of rise has a
significant influence on the test results in the pressure regiyn where
ateady corona discharges‘do not precede the breakdown. In such éasea,
the breakdown levels are the lowest and have less scatter when the rate
of rise of the applied voltage is of the order of 1 kV/min. In view of
these fi;dings, thq'applied voltage Qns raised upto about 70% of the
expected breakdown value at a rate of 1 kV/sec ﬁnd thercafter at a rate
of -1 kV/min upto : breakdown. |

6.2. The Breakdownhﬁehavior of SFg

The breakdown voltages of compressed SFg for positive rod-plane gaps
have bheen reported in the literature [11-15]. The general character of
the breakdown unde; such conditions 18 the exlstance of a ﬁressurc range
over which the breakdown voltage 1is substantinlly higher than the corona
threshold and a breakdown in this region occurs in the prescnce of a
steady corona. Above this pressure, the discharge onset directly leads
to sparkover. In order to gain a better understanding of breakdown under
such conditions, digcharge voltages of rod-plane gaps in pure SFg were

Investigated.
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Figure 6.1 shows the breakdown voltage as a function of the gas
ﬁteesure for a 20 mm gap using 1 mm diameter rod anode. For comparison,
the discharge onset voltages for single pulse and steady corona actiﬁity
are also included. The general behavior of the breakdown voltage as a
function of the gas pressure can best be explained by dividing the

préssure into five regions as shown at the top of the figure. The

‘characteristics of the regions A, B, D and E were investigated previously

by Hazel [11] and agree well with the present invcstigntioﬁs.

The breakdown voltage in region A is much higher than the onset
level and iﬁ;;easea almost lincarlg with pressure. In region B, the
breakdown voltage 18 a non-linear function of the gas pressure and
decreases with increasing pressure after attainiﬁg a maximum value at a
certain pressure, .The'diffcreﬁcc between the corona onset and breakdown
voltage levels is quite appreciable in this region. In region C, the

breakdown voltage-pressure curve has a discontinuity. The width of this

-

region is about 15 kPa for the gap under discussion. In this repgion, as

the applied voltage is incrcased gradually, a breakdown occurs at about

74 kV. When the applied voltage is increased beyond this level, a break-

down does not occur until the applied letagelis raised to about 120 kV.
A breakdown would not occur at any other value of applied voltages in
between these two levels. Whereas no steady prebreakdown current is
detected before the spark occurs at the lower voltage level, a prebreak-
down current of several microamperes is measured before the spark occurs
at the upper voltage level. Usually there Is a small scatter in the
breakdown voltage values for each level. TFurthermore, when the voltage
18 reduced gradﬁally from the upper level, no breakdown is recorded at
voltages corresponding to the lower voltage level. In such cases, the

steady corona disappecars at a level which is significantly lower than
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the lawer breakdown voltage level. In region D, there is no steady cor-
ona diacharge prior to the breakdown. although aingle pulse or momentary
corona dischargea might occur before the breskdown. The difference be-
tween the breakdown and the corona onsget voltages is very small in thia
region and decreases with increasing gas pressure, until it r?duces to
zero at critical pressure; P.. In reglon E, there is no prebreakdowm
activity of any type prior to the breakdowm of the test gap.

The discontinuity observed iu.the.breakdown voltage-pressure char-—
acteristics of Figure 6.1 was earlier hinted by Hazel and Ruffel [13]
but was not explored in detail. Cookéon and Wootton [16] also observed
that a 25 mm rod-rod gap insulated with 200 kPa of SFg had t;o Gd Hz
breakdown levels at 70 and 100 kV. However, like others [12, 15], they
measured the brehkdown;yqltages at discrete pressures with significént
increments aﬁd d4d not observe the discontinuity for other gaps that they
studied. Consequently they described this observation as an "unusual
characteristic".. Similarly Works and Dakin [14] apparently encountered
.the gane phenomenon when they reported that in some cases their break-
down studies of the positive rod-plane gaps appeared to indicnte two
distinct breakdown voltage levels at az single gas pressure fnlling in the
negative slope reglon of the breakdown voltage-pressure characteristics
of SFg.

In order t6 understand the effect of the field non-uniformity on th;
breakdown behavior of SFg in general and the discontinuity in particular,
breakdown voltagesjof 20 and 40 mm rod-plane gaps using 1, 1.5, 2, 3.16,
6.3 and 12.6 mm diameter rod an;des were investigated. As an extremely
small diameter anode, the needle anode shown in figure 2.2 was also used

in some measurements. Figures 6.2 and 6.3 show the results of these

measurements. Single pulse corona onset voltage levels for these gaps
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are also included in these figures. A‘ggfz;figon of figures 6.2 and
‘6.3 with 6.1 indicates that in general the breakdown behavior of all

the gaps 1s similar to that of the 1 mm diameter ancde. The pressure

P4 at which the discontinuity occurs and the critical pressure P, are
higher for gaps having smaller diameter anodes. 'For the needlie elec- —
trode, these pressures definitely seem to exceed 500 kPa, thé highest"
pressure inQestigatgd in oﬁr studies. In the pressure range over which
the breakdown is corona stabilized, the difference between the corona
level and the breakdown voltage level is the highest for the

needle] electrode and the lowest for the 12.6mm diameter rod anode.
Therefore at low pressures, the breakdown voltage is the highest for the
needle electrode and is the lowést for the 12.6 mm rod anode for the

same gap length. The corcona omset voltages on the other hand behave in

the opposite fashion and are the lowest for the needle electrode and the

highest for the 12.§_mm diameter rtod anode. This behavior of the posi-
tive rod-plane gaps is very similar to that of negative rod-plane gaps
shown in figure 4.5, Furthermore, the difference between the two break-
down voltage levels corresponding to the discontinuity pressure Py is
higher for the smaller diameter anodes and the discontinuity is mofe
distinct for smaller anodes. Also the discontinuity pressure Py as

well as the critical pressure P_ are primarily affected by the diameter
of the rod electrode and more or less are independent of electrode
separation.

6.3. The Breaﬁdpwn Behavior of SFg-N; Mixtures

The breakdown and corona onset measurements show that SFg-Njp
mixtures behave similar to pure SFg. The breakdown of mixtures contain-
ing as low as 0.1% SF, exhibits behavior shown in figures 6.1 - 6.3,

Figure 6.4 shows the breakdown voltage-pressure characteristics for a
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20 mm positive rod-plane gap insulated witﬁ a 507 mixture. Figure 6.5
shows similar éharacteristica for a 45 mm gap insulaged with a 1% SFg-
No m;xture. fhe breakdown levels and the discontinuity pressure in
SFg-N, mixtures are different from those observed in pure SFg as shoﬁn
in figures 6.1 - 6.5, Besides, the critical pressure P, at which the
breakdown and the corona onget voltages coincide is higher in mixtures

. -~
than in pure SFg. The  critical and the discontinuity pressures

...depend on the mixture ratlo and are higher in all the ‘mixtures than those

in pure SFg; Figure 6.6 shows the changes in the discontinuity pressure
with mixture ratio for a 20 mm gap and 1 mm anode, Furthefmore, the
pressure at which the maximum breakdown voltage was recorded was roughly
the same in SFg and in mixtures having SFg content ﬁigher than about 10%.
For mixtures with SF; content below 10%, this pressure was higher than
thgt observed in pures SFg and increased.with decreasing SFg content.

In general, the breakdown in SFg~N, mixtures is corona stabilized over a
wider pressure range as compared to pure SFg.

Figure 6.7 presents the breakdown voltages for a 20 mm gap using 1 mm
rod anode as a function of mixture ratio for different pressures. For
pressures of 100 and 200 kPa, the behavior of the breakdown voltage is
similar to that observed for negative rod-plane gaps. In such cases, the
addition of about 5% STFg almost doubles thenﬁreakdown voltage of nitrogen.
Any further addition of SFg causes an increase in the breakdown voltage but
at a relatively lower rate. Furthermore, the breakdown voltage of STg
is higher than that for all the mixtures and pure nitrogen: For pressures

~of 300 and 400 kPa, the breakdown behavior is not similar to the prece;d—
ing lower pressures of 100 and 200 kPa. 1In these cases, some of the

mixtures have higher breakdown strength than that of pure S5Fg. For

example, in figure 6.7, the mixtures having 5 to 85% SFg have breakdown
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strength higher than that of pure SFg at a total gas preasure of 400 kPa.
At this pressuré, the breakdown.voltage'of a 6OZ mixtﬁre ig roughly 1.5
times that of pure SFg f;r otherwise similar experimental conditions.
This is due to the fact that in mixtures, the breakdown 1is corona
stabilized over .a wider pressure range and the stabilizatlon processes are
more eﬁfective in some preséure regions.

The breakdown voltage of mixtures having SFg content less than 30%
was even lower than that of pure SFg at 500 kPa as shown in figure 6.8.
This drop in the breakdown voltage is, however, ﬁot reflected in the
corona ongset measurements. The onset voltages of all the mixtures are
always higher than E?gt of pure nitrogen as shown in figures 5.9 and 5.10.
The breakdown in nitrogen in highly non-uniform field gaps occurs in the
presence of corona discharges. Both the corona onset as well as the
breakdown voltagegof nitrogen increase almost linearly with pressure in
the pressure range investigated as shown In figure 6.5. In mixtures, on
the other hands, the breakdown is corcma stabilized only at low pressures.

N

The breakdown voltage of mixtures is therefore pressure dependent iIn a
non-linear fashion. At low pressure, the space charges generated due to
the corona discharges help to increase the breakdown voltage ;f mixtures
substantially over that of pure nitrogen. However, as the gas pressure
is increased, the ability to increase breakdown voltage 1s reduced. The
difference between the breakdown vdltage of the mixtures and of pure Np
is ktherefore reduced. As the gas pressure 1is further:incregsed, the

r
discharge onset directly leads to a breakdown. In such cases, the onset

and the breakdown voltage levels of the mixture coincide. This 1s not
the case for pure nitrogen as shown in figure 6.5. The breakdown

voltages of the mixtures containing small SFg contents are therefore

i
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lower than that of pure nitrogen at ;;;;T;;Eh\pressures. Similar
behavior has also been observed[7; 17] under the applications of-
positive impulse voltages. Cookson and Wootton [18] have also reparted -
that the 60 Hz breakdown voltage of SFg-Np mixtureé with SFg content
below 20% is lower thanthat of pure nitrﬁgen at a total pressure of

780 kPa for a 75 mm parallel plaﬁe gap in the presence of 6.4 mm long
and . 0.4 mm in diameter copper particles:

The breakdown characteristics pf st-Nz mixtures weresimilar for
the other gaps investigated. Figure 6.9 shﬁws the breakdown voltage as
a function of the mixture ratio for a 40 mm rod-plane gap using 1 mm
rod anode. The characteristics are similar in every réspect to those
of a 20 mm gap as already discussed (figure 6.7 and 6.8).

6.4. The Spark Trajectory Studies

In addition to the breakdeown voltage measurements, a study of the
spark trajectories of SFg, Né and SFg~N; mixturés was carried out. Such
a study has provided useful information in the past [11,13,19]. For
various gaps investigated, the spark paths were mostly straight and were
relatively unaffected by the gas pressure in the case of pure nitrogen.
The trajectories in SFg and SFg-Np mixtures were similar to each other
and were affected by the tétal gas pressure. For SFg and all its mix-
tures, the spafk paths are relatively strajght in the pressure region A
defined in figure 6.1, In this region, the breakdown voltage increases
almost linearly with pressure. In region B, where the breakdown voltage
{s a non-linear function of the gas pressure, the spark trajectories
exhibit a pronounced curvature. In region C, the bremkdown sparks
corresponding to the upper breakdown level have a pronounced- curvature.

The trajectories were relatively straight when the breakdown occurred
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at the lower voltage level., In fegiOn D and E, the spark paths were
generally straight, Figune:ﬁ.lo shows the spark chennele for a 50%,
SFg-Ny mixtures at different gas pressures for a 20 mm gap and.l mm
rod anode. The breakdown voltage-~pressure charaoterietica for this

8ap have already been discussed in figure 6.4, It is interesting to
note the spark paths corresponding to the discontinuity pressure of

420 kPa for the two different breakdown voltage levels. The picture

- for the upper breakdown voltage of 89.1 kV represents three consecutive
sparks under similar test conditions.

6.5. Discussion

The prebreakdown studies of positive rod—plane gaps presented in -
the previous chapter confirm the earlier [11 13] findings that the
corona discharge in SFg insulated gaps 1s a streamer phenomenon from the
inception to the breakdown level. The present inVeqtigations show that
SFg-N» mixtures having SF5 content higher than 1% exhibit a prebreakdown
and breakdown behavior which is very similar to that of pure SFg. In
mixtures, the “corona activity is a streamer phenomenon and the breakdown
voltage-pressure characteristics show all the features observed in pure
STg as discussed in the previous secctiong,

In Figure 6.1, the breakdown voltage levels are much higher than -
the corona onset levels in regions A and B. As corona streamers advance
in the gap in succession, they emit photons which can excite or ionize
the gas molecules. The positive ions generated in the streamers drift
towards the cathode. The electrons produced in the high field region
are quickly drawn into the anode. Howeverlhthe electrons generated in
the low field reglon due to photoionization of the gas molecules will
attach'to the SFg molé/fies forming negation ions, These negative ionsg

“can suffer field induced detachments if the rafio Efp 2 0.9 kV/kPa em[20].
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F1gure 6.10 - Spark trajectories for a 20 mm positive rod-plane gap
filled with a 50 % SFg-N, mixture. Diameter of

™ the rod electrode is 1 mm. S,

IO - . .
P T it sl e o e b 12 o 37 et 2tk ot

ST

T N L s




. T ) ' 105.

The maximﬁm field gtrenéth for a 20 ﬁm gap using 1 mm diameter rod is
bout 22.5 times: the average field in the gap [21]. Using the corona
;nset leveis given in figurel5.9, it is seen that the maximum field in
the épace charge free g&p is always 2 1.50 kV/kPa‘cm. For example, for
a 50Z SFg-N2 mixture, the ifield at the anode tip is/;oughly 2.20 kV/kPa
cm corresponding to the onset level given in figure 5.9. Thus these
negative ions can‘suffer ﬁétachment once they apprgach éhe high field
reglion near the anode. If the rate of fbfmation of the negative jons
equals that at which they'are being removed on reaching the anode or by
field induced detéchment, then a stable negative ion space charge results
which enhances the field n;ar the angge. This negative ion space charge
and the positive lon space charge drifting towards the cathode creatés a
low field barrier outside the enhancement zone. Thus while the space
charge enhances the propagation of stteamers in the close proximity to
the anode, it inhibits their prgpagation far;her in the gap.

The study of the spark trajectories indicates that the breakdown
sparks In region A are straight. Thus £n this region, whenever a
streamer, confined by the d¢pace charge is able to penetrate the
low field bar;ier, a breakdown occurs. With increasing gas pressure,
£he lateral diffusion-of the space chafge is reduced and in region B, G7
thé low field paths which pass around this space charge region offer less
resistance to the propagation of the streamers than the space charge
barrier. Thus in this region, the breakdown is initiated by the streamers
circumventing the space charge region. This would account foé the
decreaseadn the breakdoum voltagﬁhyhen the gas pressure is increased in

!

this region. The curvature of the spark trajectories in this region and

the observations [22] that, the curvature of the breakdown sparks is

L)
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changed if the space charge is shifted from near the anode tip by a
transverse flow of the gas further support this hypothesis,-“

"As the gas pressure is increased, the lateral diffusion of the
electrong;ih the streamer tip is reduced. The photon absorption
coefficient of the gas increasés with iﬁcreaging pressure and thus aA
greater'pegéentagé of the photons produced by the streamers 1s
absorbed sufficiently.élose to the streamerhﬁip to initiate secondary
avalanches. This causes an increase in the space charge accumulation at
the streamer tip which enhances the local field and thus the ability of
the streamers te propagate. ' The space charge is localizgd to a higher
degree at higher pressures as a result of the reduced diffusion of
the electrons. This increases the electrgn—ion collision rate and in
consequence increasestheegate of photon generatiop and hence the
avalanche production at the streamer tip. Fu%fhermo;e, since the mean
free paths of the ionizing photons are reduced at higher gas préssure,
the probability of forﬁation of a steady negative ion space charge to
enhance the field near the anoae tip decreases at high gas pressures.‘
Thus the low field barrier becomes less effective and the ability of the
streamers to propagate in the gap is enhanced. Therefore, in regions‘D
and E no steady corona materializes and the breakdown takes place in—'
stead. This is coﬁsistent with the observation that the diffe;ence be-
tween the onseét and the breakdown voltages decreases with increas;ng

pressure in region D and ultimately reduces to zero in region'E;

Region C is a transitional région between the corona stabilized and

non stabilized breakdown. It is interesting to note that while condi-

tions are favorable for corona streamers to propagate and bridge the gap

at lower voltage levels, a breakdown and 6n1y a small increase in the

electric field is enoﬁgh to attain conditioné necessary for a steady
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corona to materialize. Once this is achieved, the corona stabilization
mechanism becomes effective and the gap breaks only if the voltage is
raised subﬁtantially. In such cases, 1f the applied voltage is reduced

gradually, a breakdown does not occur at a voltage corresponding to the

lower breakdown voltage level. This is because éteady corona is present

agd the space chargé due to this steady corona discharge inhibits the
streamer.propagation into the gaﬁ to produce é breakdowﬁ.

The width of the pressure region in which breékdown i corona
stabilized in SFg.is related to the range of photons which are capable
of causing photoionization or photo-detachments, processes whicg are
necessary to maintain the sustained -coro;na discharges near the anode.
The' increase in the width of the .stabilization region in SFg-N, mix-
tures shown in fiéure 6.6 suggests that the mean free path of such
photons is increased in the mixtures. This is consistent with the

‘ measurements of Blair et al [23]. Furthermore, since more light is &
emitted in SFg-N, mixtures during the corona discharges, it appears that
the range of the photon§ capable of causing photoionization or photo-
detachments in the mixtures is larger than for the photons. of high
energy required ip pure SFg. Consequently the photoionization &r photo-
detachment in the low field regions is more effective in S5Fg-N, mixtures
than that in pure 8Fg. Therefore, the effective radius of the ioq cloud
is larger in the mixtures than that in SFg resulting in a more effective
corona stabilization process in SFg-N, mixtures., Our measurements indi-
cate that the breakdown voltage of 85% SFg-Np mixture for a 20 mm gap 1s
practically the same as that of pure SFg over most of the pressure range
while it is greater than that of pure SFg in some press;re regions. For
gaps larger than 20 mm, this gap has a higher breakdown voltage than

that of pure SFg over most of the pressure range.
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CHAPTER VII
' THEORETICAI, ANALYSIS OF THE DISCHARGE CHARACTERISTICS

7.1, Breakdown Mechanisms in SFg

Under noirmal coqditions a gas.ia almost a perfect insulator. How-
ever, some free electroﬁs and ions are always present due to ionization
processes. Undef the influence of an applied eléctric field, the free
electrons may gain sufficient energy to lonize a neutral gas molecule
on col}ision. The number of electrons thus produced in the path of a
single electron travelling a unit distance in the direction of the
épplied electric field is known as the Townsend first ionization
coefficient a. Séveral types of lonization processes in SFg have been
suggested [24]. The following reaction reéuires the lowest electron
energy of 15.9 eV to ionize a gas molecule upﬁn impact[25];

SFg + ¢ = (SF5)" + 2e == SFs* + T + 26 (7.1)

In SFg, negative ions are formed when either a low energy electron
attaches itself to a neutral gas molecule resulting in a "direct attach-
ment", or when it attaches to one of the constituents of the molecule
after digsociation resulting in a Mdissociative attachment"., Previous
studies have indicated that SFg and SF5 are the predominant negative ions
resulting from electron collisions, exceeding other possible negative fons
such as F, F, SF,, SF3, and SFy at least by a factor of one hundred [26-
28]. The formation of the majority of SFs fons is initiated by the

reaction [26, 28];

- K
SFg + e =+ (SFg) "1 . (7.2)
— %
where (SFg) 1 is a metastable fon with a lifetime of the order of 10usec.

|
This reaction is a resonance capture process with a maximum cross-section
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LT IR Ry RO RS PP IR L WL W )




i

109.

of 10715 c¢m2 at an electron energy of 0.05 eV. There are several poss-—

ible reactions sﬁbséquent to (7.2). Some of them are

(sF5) "1 sF¢ + e ) - (1.3)
(s¥) "' + (Fg), — (SFR) + (sFg), 7.4
(SFE)*1 + (SFe)o ~+ (SFg)_ + (SFE)v _ : (7.5)

Reaction (7.3) is called "autodetachment'. Reactions (7.4) and (7.5)
involve a collision with a neutral gas molecule and the resulting nega-

A}

tive ion is termed as a "collision stabilized iom". Subscfipts o and v
. .

refer to zero ordetr and excilted vibrational states respectively. Reac-
tion k7.5) is the more probable of the last two reactions. |
The formation of the majority of SF; ions follows: a somewhat

similar process. Initially a metastable ion is formed by the reaction

SFg + e —» (SFE)*Z (7.6)

The lifetime of (SI-‘E)*2 is exceedingly short and as such, the following

subsequent reaction almost Invariably occurs.
- %2 -
(8¥¢) —> SFg + F (7.7)

The attachment processes in SFy are described by the electron attachment
coefficient n, which is the number of attachments produced in\the path
of an electron travelling a unit distance under the influence of‘the
applied electric field. Both these coefficients, o and n, are strongly
dependent on the applied electric field f1l.

There are a number of possible inelastic collisions which do not
increase the ion population but play a significant role in the ;verall
determination of the discharge properties of the gas. Equally signifi—
cant are the dissociation reactions which produce both a positive and

a negative ion such as

4 P
SFg + e =+ SFg + F + e (7.8)
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The increaae dN in the .number of electrons along the -path dx in the
direction of the applied electric field due to the combined ionization
. and attachment processes 1s given by:

dN = N{g=-n)dx . (7.9)

where N is the initial number of electrons. For a *> n, equation (7:5)
ieads to an exponential growth of the electron population, eventually
resulting in the breakdown of the insulation. ' -

Two types of breakdoyn mechanisms are generally used to describe
the breakdown processes in gases. Acéording to the "Townsend Mechan-
ism'", a succession of electron avalanches initiated at the cathode
causes a breakdown of the gas.. Under non-uniform field conéitioﬁs, the

number of electrons N at the anode compared to the initial electrons Ny at

the cathode can be written as' [1]

d
1 +.]. exp[fg (a-n)dx] adx
0

. )
N (7.10)

© 1 - tj.d e#ﬁ[fz (a-n)dx] adx
o

where the secondary ionization coefficient y 1s the number of secendary

electrons for each primafy electron produced as a result of ionizing

processes such as electron emission from the cathode by positive ion

bombardment or photoelectric ‘emission from the cathode .

Thus  the Townsend criterion for breakdown in noﬁ:uniform field

gaps is derived from equation (7.10) as
d « '
Yf exp[f; (a-n)dx] adx = 1 (7.11)
-0

Equation (7.11) can be modified for application to uniform field gaps as

ﬁ [expla-n)d - 1] = 1 (7.12)

The Townsend breakdown criterion of equation (7.11) or (7.12) is of
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111..
little use to the high ﬁoltaée héélgn engineer because the secondary
ioniz;tion coefficient’ y 1s a very sensifive function of the electrode
aurfacé condition;and the degree of gas purity.1Measufementa of y have
so far been made only at pressures below 3.4 kPa [1] and these values
are not valid fqr pressures of technical importance. It is therefore
difficult to apply the Townsend criterion in a meaningful way to
engin;ering problemé. Furthermore, the Townsend mechanism is unable to
explain the breakdown under steep veltage surges in some cases.

In the streamer mechanism it 1s assumed that the growth ofha single
electron avalanche becomes unstable before reaching the anode. -Thia ‘i
results in the formation of fast moving streamers from the avalaﬂche
head. These streaﬁers-form & highly conducting channel across the gap,
which ultimately cayses the collapse of the applied voltage. Th; basic
mechaniém behind the f?rmation of these streamers 1s assumed to be the
photoionigation in the gas. Though a satisfactory quantitative theory
for the streamer formation ﬁas not been formulatéa, Meek [29] developed

the foliowing criterion for streamer formation in non-uniform field gaps;
0.5

(w-m) eX‘pU‘g (a-n)dx] = K, B, B:_] - +(7.13)

In this equation, x denotes the avalanche length at the moment when

streamers are formed. (u-n)x is the apparent Townsend first lonization

coefficient at the avalanche head, p is the gas.density and K, isla con-
stant. A similar equation was proposed independently by Raether [30]who
suggested that a critical number, 108, of charge carriers is necesaary to
transform an avalanche into a syfeamer. Meek's equation was modified

by Pedersen [31-321 to obtain the following well known streamer criterion;

x ' -
f ¢ (e-n)dx = K (7.14)

0
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where x, 1s the critical avalanche length which is the distance hetween
the highly streased electrode and the point in the electrode gap where
awn, and K is a constant. The limitiqg;;ase of the streamer criterion

is obtained by setting K = 0 in equation (7.14g which gives

Y

Xe '
f  (a-n)dx = 0 - _ (7.15)

o
Thus the limiting value of the breakdown strength in SFg is obtained by
setting

a=n . (7.16)
which is satisfied at a threshold value of the field intensity. This
value of the field intensity is referred to as the “critical" or the
"limiting" field intensity in.(E/p)lim.Itsvulue‘for SFg at normal atmos-
pheric pressure is 89.5 kv/'em. Since, for &« < n an electron
avalanche should not grow in an electronegat;ve gas, a = n sets the
threshoid,condition for the prowth of electron avalanches. In a prac-
tical case an eclectron avalanche will grow when o is slightly greater

than n.

7.2. Streamer Breakdown Criterion for SFg

The streamer breakdown criterion of equation (7.14) can be used to
determine the lowest possible voltéée which can cause a breakdown in SFg.
‘Both the jonization and the attachment coefficients a and n are affected
by the applied electric field. According to the measurements reported
‘in the Iliterature [33-37] the values of %-and g-can be approximated

in the vicinity of the region where %-= g-by the following relationships:

%= 23(E/p) - 12.34  (kPa cm)™~l (7.17)

%: 4(}5/;;)91.35 (kPa em)”! (7.18)
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Thus the following expression can be used for the effective ifonization

coefficient E;

- Egﬂ.- BL(E/P) - (B/P)14n] (kPa cm)™} (7.19)

olel

where B = 27 kV~! and (E/p)lim is B877.5 V(kPa cm)~! for pure SFg. Here
E[kV/cm] denotes the applied electric field and p[kPal, the SFg preasure

referred to at a temperature of 20°C.

. Using equation (7.19), the streamer breakdown criterion of equation

o
(7.14) can be expressed as

o x | .
a[f “E@)dx - p e x, s (B/p)yy,] = K (7.20)
o — )

Thus in order to evaluate the left hand side of equation (7.20), a
detailed knowledge of the electric field distribution in the gap is

required..

In a uniform field gap E(x) is constant throughout the gap and x,
is equal to the gap length d. The breakdown voltage V4 in a uniform -
field gap, as obtained from equation (7.20), is therefore given by

v =E-d=-§-+[-§-

L ] p [ ] d " (7.21)
d P ]1im

For uniform or nearly uniform field gaps, the streamer formation directly
grows to a breakdown. However, in non—uniform field gaps, it is not
always the case. In such gaps, the streamers develop into a steady
‘corona discharge at low pressures. As discussed in the previous chapters,
the breakdown voltage is substantially higher than the corona inception
level due to tbe stabilization effects of the corona generated space
charges. -Innsuch cases, therefore, the criterion for streamer formation

corresponds to the corona inception.
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'In a non-uniform field é;b, the critical avalanche lengtﬁ x, 18
generally a‘very small fraction of the total gap length d. Therefore
the electric field in thé fegion of 1ntereat; 1.e., in the vicinipy of
the highly stressed électro&e along its axis of symmétry,'can be_approx—
imated by [38]. '
P
© E(x) = [ SR (7.22)

1+E

where Ep,. is the maximum field in the gap, i.e., the field at the tip of

the highly stressed electrode and

1 1 1 1 _ '

where R; and R, are the radii of Eurvature of the highly stressed elec-
trode in two directions mutually orthogonal to each other.

The critical avalanche length x_ can be determined from equation

; E(x.) .
(7.22). Since P%J = pc » the value of L3 is therefore given by;
1im .
Emax |
x =R -1 (7.24)

[ (E -
P 1im

Substitution of equations (7.22) and (7.24) into equation (7.20) yields;

| BR [\/Emax - ‘/(pﬁ-)nm . p]2= K | (7.25)

Therefore, the maximum electric field strength at breakdown is given by

+

E . o
“max (_) (1+ — (7.26)
P ? /1in ‘pr '

where the constant €y is calculated from

i e et e ol

¥ NP RS T

P




115,

4 o K 4 . '
Cy = \/g NGO ' (.21

av

Using the field utilization factor u =

average field E;, and the maximum field Ep,y, the discharge voltage for
a non-uniform field gap inéulatgd with SFg can be expressed as

Vd = Eav e d= Emax s ued (7.28)

Using Ep,, &8s glven in equation (7.26), equation (7.28) can be written as

E . Cl \l;.-
"d"(‘) cuepede [1+—o (7.29)
P /1im VPR ,
Thus equations (7.21) and (7.29) give the minimum discharge inception
vbltages‘for uniform and non-uniform field gaps Insulated with compressed
sfg [38]. These expredsions are for electrodes with smooth surfaces.
.The influence of electrode surface roughness can be introduced in the

calculations as suggested by Pederson [39-40] and will be discussed later.

7.3. Streamer Breakdown Criterion for SFg-N; Mixtures

Equation (7.14) can be useﬁ to formulate a breakdown criterion for
SFg-N, gas mixtures 1f the effective ionization coefficient is knoén for
the mixtures. However, to our knowledge such measurements have not been
reported in the 1£terature. On the other hand, the values of the ioniza-
tion coefficient for pure nitrogen have been reported in'the lfferature

and are approximated by the expression [40-41]

a B

— = A - = 7.30
p T A ex ( (&/p) ) (7.30)
" where A = 66 (kPa cm)~! and B = 2.15 kV (kPa cm)~1.

The possibility of calculating the ionization and attachment

coefficients of gas mixtures has been discussed in several reports [42-44]
t

i.e., the ratio of the PR
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from the respective values of these coefficients for pure gases. Ermel
[42] assumed that the lonization coefficient for a two component gas
- [ .

mixture, a,, can be represented by

<

P . . ) -
where y = -p—z- is the partial pressure ratic of the two constituents .
1

1 = 1 )
gases, while (%) = £,(E/p) and (%) = f5(E/p) are the ionization
~ 4! iR -

-coefficlents for the individual gases when mixed. If there are any gas

1 1
interaction_s,‘ (%) and (%) will differ from the pure gas-~values
- 1 2 .

(%) and (%) and equation (7.31) will not be valid. In such cases
: 1. 2 .

.the ionization coefficients can be obtaimed only by actual measurements.
] -

A similar argument applies for the attachment coefficient. If gas inter-

actions are neglected, the effective ionization coefficient for a two

comppnent gas mixture is assumed to be approximated by

= —

+.
P y

_ .
o-‘;‘- S (1+y) (7.32)

el =
o R

- Assuming that equation g) 32) 1is valid for SFg-N, mixtures, their effec-
- . tive jonization coefficients can be calculated using equations (7.19),

(7.30) and (7.32). The values of these coefficients are thus-given by

qm . ! o B
=" z B[ (E/p) - (E/R)lim] + (1 - Z)A exp Em) (7.33)

p(SFg)
Here, p 1s:the total gas pressure and Z = —-—p-—— is the partial pressure

) - a - 1 T\ 1 A - ® T
~ - S - a :
e [(p )1 + Y.-(.p ) 2]/ (1+ Y:) (7.31)
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ratio .of SFg. TFigure 7.1 contains the values of‘~ﬁ§ as functions of

- (E/p) for several SFg-N, mixtures. As can be seen, for mixtﬁres having

- T
- . L

Q :
Z 3 5%, —%-is almost a linear function of (E/p) in the region of inter-

- \

. ’ o |
est, that is, where G = N Although —%-ia not a linear function of

(E/p) in this region for mixtures having 1Z ¢ Z ¢ 5%, 1t can_be*assumed_ s

. . s § .
to be approximately linear in the narrow range of 0 < f%ws 4 (kPatcm)'l, -
resulting in a negligible error in the calculations. Therefore for '

SFg~Np mixtures with 12 & Z € 100%, the effective ionization coefficient

can -be expressed as [6]

§_ .
— = 8, [E/p) - (E/P)lim] ; ‘ (7.34)

b

where 'Bm = £,(Z) and (E/p);im = f,(Z) are constants for. a particular
mi%ture ratio. The valﬁes of Bm and (E/p)iim are given in Taﬂle 7.1.
From this table it is clear that-even for mixtures with 5% SFg(Z = 0.05),
?m is cbnsidérably higher thaP that in common gases 9uch'as ai;{ nitrogen,
ect. Therefore the assu@%fiaﬁs made in deriving equ;tionsC7.2l) and (7.29)
are valid fo; SFg-Ny mixéé;es. .Thus it is proposed that the dischg;ge-
inception voltages for SFG:Nz mixtures can be expressed as
R ) ’ .
Va=g T @&/, *ped . (7.35)

m

in uniform field gaps and

C
_ 1 : m
Vd = (E/p)lim suepedeas ‘1 + (7.36) -
EY
in non-uniform field gaps. Here : : : -
4 e K_ i . .
Cm = fy (2) = - — . ' B - £7.37)

) 1
B, * (E/P?iim
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Figure 7.1 -~ Effective ionization coefficients for
SFg-N, mixtures.
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TABLE 7.1

| 1
Vaglations of 8 , (/p) 1im 20d Cp with

SFg Content for SFg~Nj; Mixtures -

zZ= ?(S"Fs_) 4 B‘b kv~1 [—E—:]l V(kPa cm)~!{ C (kPa t:tn)52
P = P)iim ' = -

100 - 27 877.5 1.33
* 95 26.44 866.6 1.35
90 | 25.87 855.4 . 1.37
85 25.29 843.6 1.40
80 " Y 24.69 831.4 | 1.43
75 24.08 818.8 - 1.46
70 23.47 804.9 1.49
65 22.79 790.9 1.52
60 22.10 . {  775.4 . 1.55
55 21.40 759.5 1.59
50 - 20.60 | P~ 742.4 , l.64
45 19.80 7240 1.68
40 19.08 704.2 ; <’/// 1.73
35 17.95 682.8 ~ 1.80
30 16.86 658.9 - 1.87
25 15.63 632.3 1.96
20 14.20 |  602.1 ‘ 2.10
15 12.5 566.4 Kz.zg

10 10.5 521.0 2.56
5 8.0 439.2 3.10
1 5.0 350.0 3.70

119,
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The value of the constant K, can be found from the expression [40]

@ (ES) o d= Km :’ (7.38)

-

Fﬁhere E; is the measured value of the 'Pafchen curve' breakdown field
strength. From experimental data, it is found that K(SFg) = 10.5 = 3
[45-46]. A similar analy%is for pure nitrogen utilizing values of 5
obtained from equation (7.30 ) and the uniform field breakdown voltages
reported by CIGRE [47] shows that the value of K for nitrogen.lies be-
tween 5 and 8. Therefo;g, it is safe to assume that K, s K(SFg). Using
this aésumption in equation (7.37), the resulting values of the constant
Cp are given in Table 7.1. Thus equations (7.35) and (7.36), along with
the values of comnstants B, C, and (E/p)iim as given in Table 7.1, can be
uséd to calculate tﬁe minimum discharge inceptioﬁ voltages for uniform
and non-uniform field gaps insulated wifh SFg-N, gas mixtures having SFS
contents between 1% and 100%Z by pressure. -

Figure 7.2 shows the variations in (Ekp)iim when the gas mixture.
ratio is changed. The value of (E/p)iim for a 0.1% mixture is roupghly
260 V(kPa em)”!. Figure 7.2 shows that the addition of the first 5% of
SFg increases this value to 440 V(kPa cm)”!. However, further increase
of SFg from 5 to 50% increases the limiting value of the field strength
to about 740 V(kPa cm)”1, A still further increase of the 5Fg content
from 50 Eo 100% increases this value to only 877.5 V[cm kPal™!. Thus
the addition of the first few parts pe;éent of SFg increases the value of
(E/p};im considerably and any further increase of SFg content in the mix-

y

1im® but not with a similar

ture, though causes an increase in (E/p)
effectiveness, producing in this manner a "saturation tendency" in the

1
(E/p) 4y — mixture ratio characteristics. When (E/p) is less than

1
(E/p)lim’ @ is less than n in electronegative gases and their mixtures,
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and the e}ectfgn avalgnches'cannot'grow. Thus a=n sets the threshold
CoﬂdiﬁioﬁAfbf-Ehé'growth.bf eiectron avalanches and (E/p) = (E/p)iim
gives the limiting value of the field strength which can cause a break-
dovn in the uniform field gaps [1]. Theref;re the breakdoﬁn and coréna
‘onset voltages of SFg-Np mi#tu?eé in' uniform and non-uniform field gaps
respectively as functions of the.mixture ratio should display =a behaQior
similar to that of figure 772. It is interesting to note the similari-
ties between figure 7.2 and figures 3.11, 5.9 and 5.10 which were
experimentally obtained for SFg-N, gas mixtures.

7.4. The Electrode Surface Roughness Effects in SFg-Np Mixtures

‘The electrode surface roughness can cause a considerable reduction of
the threshold for breakdown in SFg insulated devices. The surface rough-
ness causes localized microscopic regions in the gas near the electrodes
with field strength much higher than the macroscopic average field.
Depending on the gas pressure, such reéioﬁs of enhanced field strength
can result in a larpge reduction of the breakdown strength [1].

For perfectly smooth electrodes, the macroscopic breakdown field

strength [%] in a uniform field gap will be approximately equal to
o]

[

[Eﬂ . However, the macroscopic breakdown field strength in a uniform
1im .

field pap with surface defects will be lower than the limiting field

strength according to [39,40];

Y

E = £ E 0<£‘<1_ . (7.39)
P o P 1im

where £ is the roughness factor which depends in a very complicated way
upon the microscopic structure of the surface and a direct calculation of
£ is almost impossible. However, the basic quantities controlling £ can

be derived from a simple model consisting of a smooth plane with a hemis-
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- pherical protrusion of radius R. Using the streamer breakdown criterion
and taking into account the perturbed field élong the axis of symmetry of ’
the protrusion, Pedersen [39] has shown that the protrusion will have no

effect on the breakdown field strength of SFg if

(7.40)
E}
B[p]lim¢(ej
in which

3 o
$(E) = 1 - 3 {% £(1-£)2 C(7.41)

The maximum value of the product PR which can be tolerated in SFg without
loosing the dielectric strength due to the electrode surface roughness(‘pR)SF6
can be obtained from equation (7.40) by setting £ = 1. Therefore (pR)SFs

is given by
K

(pR)SFG = ;{ET—h‘ ) ’ ‘ (7.42)
PJ1im ‘

The value of QjR)SFB is approximately 4 kPa mm. TFrom above, we propose
that the maximum value of the product pR which may be tolerated in SFg-Np
mixtures can be expressed as

K

®PR)_,E ﬁl——
m

Pllim

(7.43)

From equation (7.42) and (7.43), one can obtain the ratio of the maximum
permissible product of gas pressure and protrusion height in SFg-N; mix-

tures and that of pure SFg. This can be expressed as

B

<pR)mix - P lim

(pR) SFG [_E_:]l (7.44)
Pliim * Sm

Equation (7.44) is obtained assuming K = K(SFg). Using equation (7.44)
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and the values of By and (E/p)ii; as given in Table 7.1, one can calculate

mix® The expression giwven in equationﬂ(?.&&) is plotted in figure

(PR)
7.3 as a function of the percentage qf.SFG. It is seen that a higher
value of the produéf PR compared ‘to that of pure SFg can be tolerated in
SFg-N> mixtures without los%Pg the breakdown strgpgth.

For values of product greater than those obtained ffom equations

(7.42) and (7.43), the breakdown fielﬁ strength 1s determined as

follows:
' S K - - K :
(Psrs = BEIpI,,, #08) ° BGR/R) ;. SLCE/P)_] (7.43)
for pure SFg and
R n = o 7.46
(PR) 4y = . F%l 5 (0) ] Fql A Fﬂ (7.46)
o WPl - AP i [p o:]

for ‘SFg-N, mixtures.
Figure 7.4 shows the variations in the values of surface roughness
factor £ as a function of the variable "RATIO" which is defined as;
1 ) 1
(pR)SFG (pR)mix

RATIO = — = - ' 7.47
(pR) SFG (pR)mix ( )

Figure 7.5 shows the maximum value of the breakdown strength as a function
of the product pR for SFg and SFg-Ns mixtures containing 20 and 50% SFg.
It is interesting to notelfhat the breakdown field strength of a 50%
mixture is almost 854 that of pure SFG_for perfectly smooth electrodes.
However, for a hemispherical protrusion of height 100 um at a pressure of
500 kPa, the breakdowh field strength of a 50% mixtures 1s about 94%

that of pure S5Fg. .In SFg insulated cables, this maximum surface roughness
is usually about 150 um [48]. Therefore in such systéms at pressures of

technical importance, the breakdown strength of 50% mixture is expected
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—

to be almost as high as that of pure SFg. Thus the breakdowm voltages
of SFB-NZ mixtures are expected to be less sensitive to the electrode

surface impexfections.

7.5. Comparison of Calculated and Measured Discharge Inception Voltages

(a) Plane-plane gaps

Uniform field breakdown voltage méaaurements for SFg~N, mixtures
have been reported in the literature by Pace et al [10], Ermel [42] and
Wieland [43]. Using equation (7.35) we calculated the discharge incep~

1
tion voltages with parameters Bm and {5]11 as given in Table 7.1. A
. m

good agreement was found between these and the measured values reported
In the literature. The calculated values are shown in figure 7.6 as a
function of'the gas mixture ratio for different values of the product pd.
The breakdowq voltage levels measured by Wieland [43] are.also included
for comparison. |
(b) Sphere gaps

Sphere~sphere and sphere-plane gaps are usually used to stuéy the
effect of small field non-uniformities on the breakdown voltage charac~
teristics of compressed gases and and gas mixtures. Table 7.2 contains
the field utilization factor u for sphere—sphére and sphere-plane gaps
for different valueé-of the parameter %-, where D is the sphere diameter.
These factors were calculated by Fiegel et al [49] and Russel [50]
respectively. Using a 51-mm diameter sphere and a 130 mm diameter plane
electrode, we measuredAphe breakdown voltages of a 10 mm SFg~Ns insulated
gap. Direct voltages of positive polarity were applied to the sphere
electrode in these meésuremenf%. The measured and calculated values
agree quite favorably as shqsn in Figure 7.7.

Howard [12] has measured the 50 Hz breakdown voltages for a sphere-
sphere electrode system using 50 mm diameter sphere electrodes and gaps

of upto 5 mm. Calculated valdeé Gsing equation (7.36) di€fer only slightly
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TABLE 7.2 T

Field Utilization Factors For Sphere-Plane and
4 R
. Sphere~fiphere Gaps [42,50]. . o

\\ Field Utilization Function u

%N\\ Sphere-Plane { Sphere~Sphere )
0.1 0.876 0.932

0.2 0.777 0;877

| .

0.3 0.691 0.818

0.4 0.620 0.761

0.5 0.556 0.705 1 I
0.6 .0.512 0.660

0.8 0.431 0.582

1.0 0.373 0.517

I T TP
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from his measurements as -shown in figure 7.8.
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(c) Cylindrical electrede systems

The fieid utilization factor u for a coaxial cylindrical elec;rode
system having iﬁner and outer elgctrodes of radii Ry and R, respecéively
is given by | - -

i ' Ro : -
veew Bl (7.48)
o 1 i

L.

The discharge inception voltages were calculated for SFg-N, mixtﬁres at
\

a total pressure of 102 kPa for three coaxial systems having Ry equal to

'

4, 7.5 and 14 mm. R, = 20 mm was used in all these calculations. These

values are given in Figuré-7.9. For coﬁparison, the static field break-

-

. ’ 5

down voltages for both polarities as measured by Christophorou et al [51] .
have aléo been included.

{d} Rod-plane gaps

Rodrblane gaps are usually used to stﬁdy the prebreakdown and
“ ‘

breakdown characteristics in highly non-uniform field gaps. For SF¢ and
SFg-No mixtures at low pressureé, the corona inception occugs first and
T . . -, - .

the breakdown voltage is Psually higher than the coronalinceptibn level,

~

At hiéher pressures}vdependi;g on the diameter of the rod éiect;ode, the
polarity of the applied voltage and the percentage of SFg in the mixtuze,

the discharge onset can directly lead to a breskdown and therefore the

breakdown and corona onset voltages coilncide as discussed-earlier,‘ The

ét;eamgr critefion of equation (7.36) should the;efore‘predict the mini-

-

‘mum of the corona inception or the breakdogp voltages for a particular

pressure. . ' L\_“ ,

. The field factors F = %-have bean calculdated by Azex ét al [21]\for

emigpherically’ capped rod-plane gaps using the finite element od.

o,
For~gaps haviﬁg’O.B 3'% < 40, where R is the radius of the electrode,
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they showed that )

+ 1.1377 C(7.49)

4] 0.9716
R

F = iﬁ, 0.6162 [—
Using the field factors given f& equation (7.49) and the streamer
criterion of equétion (7.36), the discharge incepgion voltages were caléu-
'lated for rod;plane gaps. In sucﬁ gaps, the corona onset_level is strongly
. affected by the polarify of the applied voltage and 1s usually the lowest
when the rod electrode'is the cathode as discussed in chapter III and V.
Usually the corona inception is in the form of single isolated pulses.
As the applied voltage is increased, ste;dy corona becomes dominant. The
onset levels for the steady corona are higher than those at which éingle
pulse activity is observed. In figure 7.10, the measured values of the
inception levels for single pulse coronala;tivity are given when a nega-
.tive direct voltage is applied to a 1 mm rod electrode. TFigure ;.11 shows
the results of similar measurements.using 12.6 me diameter rod cathode.
.In this case, there was no'corona prior to the breakdown of the test gap
and therefore the measured valuec are the breakdown voltagé‘levels.
Figure 7.12 through 7.17 contain the minimum voltage at which the dis-
éharge actiéity was observed for SFg and SFg-N; mixtures containing 10
and 307% SFg. These measurements were made using 10 énd 40 mm long rod-
plane gaps over the pressure rénge of 100 to 500 kPa. Hemispherically
capped ro& electrodes having diameters of 1, 2, 3.16 and 6.3 and 12.6 mm
" were used for these measurements. For the 12.6 and 6.3 mm diameter rods,
no corona activity.was observed prior to breakdown Iin these mixtures over
a certain pressure range. The measured vﬁlues givén are the minimum .
levels at which either corona or breakdown was observed when the applied

voltage was being raised or lowered gradually. Fgr-comparison, calculated

values are alsc included in these figures. As can be seen, the calculated
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values are in good agreement with the experimental medsurements for these

mixtures over most of the pressure range. However, for pure SFg at

higher pressures, the measured values are sometimes lower than calculated.

Although the electrodes were polished and cleaned thoroughly prior to

these measurements, the electrode surface changes during the measurements.

It is expected that the surface roughness can become of the order of 10

microns due to sparking. Therefof%, the roughness effects can reduce nhe(}
breakdown strength at higher pressures as discussed in the previous sec- .
tion. Thus the differ%?ce_between the measured and the Falculated values

<

- . Y N
at higher pressures in the case of pure SFg, is due, a% least in part, to
the eledtrode surface conditions.

]
i

When ‘alternating voltages are applied to the rqd—plane gaps-corona
inception usually oceurs during the negatiVe half of the voltage cycle.
Although no measurements have been reported for 60 Hz onset voltages of
SFg-N» mixtures, it is expected that the inception_levels for alternating
applied voltages wiil.be close to those measured using negafive direct’
applied voltages. Thus it can be sald with reasonable certainty that the
criterion proposed here can be used to calculate the discharge inception
voltages for £aps heving varying degrees of field uniformities with a

great degree of accuracy.
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* CHAPTER VIIL N
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DISCUSSION OF THE EXPERIMENTAL RESULTS

- 8.1. Introduction

a . -

=~

One of the prime ‘-objecrives offthis.worﬁ is to gain inqight ioto
.the processes which characterize the behavior of SFg-N; gas mixtures .
: ecbjected to non-uniform electric fields. There are a variety of elastic
gnd inelastic collision reactions which can in part determine the per-

& . formance of SFG and N, under electrical stresses. The presence of a non-
uniformelecfric field renders an analytical study difficult, as the
energy distribution of electrons and ions changes from‘point to point

* in the gap. Furthermore,‘the presence of positive and 2jFative spate
charges in the gap makes it difricult.to determine the Erue electrical
stress at aof‘point in the gap. Although nd chemical reactioo is
expected between SFg and Na, the problem of dealing with mﬁrtures is more
complicated than individual gases. Therefore, it is extremely difficult
to formulate a comprehensive explanation of the observed discharge phen-
omena in a non-uniform fleld jap in terms of the significant collision
interactions which take place in highly stressed,high preSSure,st-Nz gas
mixtures.. This is mainly due ﬁo ;he fact that very little or no inforoa—
tion is available. in the literature about most‘of these reections. In-
vestigations in the study of the fundamental physical interactions have

been carried out only under uniform fields and at low pressures iu pure

gases.,

Due to a large number of parameters governing the processes in mixtures,

a comprehensive quantitative analysis of the observed discharge pheénomena

in SF¢-N, mixtures 1is extremely difficult. This applies especially to

145



the.exﬁerimentgl observations.regarding the prebreakﬂown.éorona currents
and- the corona stabilized breakdown kevels. Therefore, the following
discussion 1s‘dev3ted to ahqualiéative‘éxplanation of the character—
istics of the coro;a distharges in éFé-Nz mixtures. ~Much of this dis-—
;pqgsioh is in reference to the corona studies in air and consequently

a sﬁﬁmaty of' the perfiﬁéﬁt charactéristics of these discharges is first
présénted.';gurthermore, the breakdown characteristics of positive and
negative rod-plane gaps are discussed in detail. Some new_experi@ental
data on non—unifoﬂg/field breakdowm iﬁ ?Fs—He mixtdres are included for
cemparison. Finally, a semi-empirical criteri;n regarding corona free

breakdown in SFg is discussed and, modified for applications to SFg-Nj

- mixtures.

8.2. Prebreakdown Studies

" o

Since Townsend first initiatea?an intensive investigation of
electrical discharges in gases,‘mqéh of the studies carried out are

devoted to tﬁg analysis of the various formg of corona in aix because
o .

of its impprtance as high voltage insulation.- The strongly electronega-

tive gases and their mixtures which have found a wideapread use only in

recent years, have received little attention so far. It has been suggested

that there is little difference between corona discharges in air and other

a
s

electronegative gases such as SFg [52]. The ;esults of the present inves-—

~ tigations have proven the contrary.

\ . . S
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8.2.1. Cathode corona in air C <

.

The véfigus forms of the static field ;orona in rod-plane gaps of _
hig£ field non-uniformity ;n air‘at'atmospheric pressure will-be summar-<,
ized in this_sectiogf When the voltage aér;ss a rod-plane gap ié gradually’
increased;.a-saturatiqn curr;nt of thg order of 10~1%A is measured. No ioni-
zation takeé place in this region. With a further increase in the voltage,an
abrupt Furrent incééase sigﬁalslthe development . of ionization producing
regulartgurrent pulses. These pulses, first réported in 1937 by O'Day
er]iwereTstudied in detail by Trichel [9].in 1938 and are hence Rnown as
Trichel ﬁulsesﬁ Raising thé applied voltage further does not result in

a changelof the corona mode for a consider;ble voltage range. Trichel
'pulses are extremély regular in their amplitude and repetition rate. The
repetition rate ‘of ;uch ﬁulses increases and their amplitude decreases
grédually és the applied\voltage is increased. However, the shape of the
curfen& pulse remains basically unaltgred;x The average prebreakdown

current I varies with thé_appiied voltage as [52];

I=c-v)™ SR (8.1)
.o : A .
where Vo is the onset level of the regular Trichel pulse corona dnd C
and m are constants.” The constants C and m as welP as the voltage Vo
are functions of the rod radius and t%e gap length, and C also depends on

the pressure.
The visual character of a single Trichel pulse is difficult to

record photographically because it is extremely faint. However, there
Y - )

are four distinct regions of the discharge in analogy to the glow dis-

charge at low pressurgs. These regions are CrooW s darkspace, the negative
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glow, the Faraday dark space S!f thé positive.column. The, brightest part
of this corona ;ode.is the positive column which ‘extends only'é few .
millimeters inté the gap . The Trighei;pulse continuously shifts its
position on the cathode surface. This makes the visual appearance more "
like a luminous cone. ﬁn large cathbdes.severai such cones may develop
simultaneously, forming‘regular'patterns.. |

When the applied voltage is increased beyond the ‘critical frequency'
of about 105wsec'1,a sudden transition from the Trichel pulse mode to a
Fteady corona take place. No large change in the average prebreakdown
current accompanies this' transition. In appearance this co;ona ﬁode‘is
extremely stable, as the name implies. Like the Tiichel pulse, the dis-
charge region in this mode cah be subdivided into a bright spherlcal
negative glow and a less bright positlve column separated by a thin dark
regional(Farady dark space). The glow mode of the corona differs from
the Trichel pulse mode only in that it is continuous ééther than inter-
mittent. The physxcal structure of the ionizatieon process is, however,

the same for both modes. The glow mode may exist simultaneously with

the Trichel corona, but at different locations of a large cathode.

'
-

When the applied voltage is increased, the glow discharge continues
to persist until a breakdown occurs. In 1ong’éaps another type of corona
called "negativg streamers” or "feathers" is observed prior to Sreakdown.
It appears only at very non-uniform field configurations and thus be
observed only at large electrode spacings at very high voltages. In
short gaps this corona @o&e is unstable and at once leads to a breakdown.
During this mode, feather-shaped discharges develop from the negaﬁiﬁe |
glow portion of the‘co;qna. The poéitive column shrinks to form the
feather stem that extends ;owérds the anode with very little or no
branching. The current associated with this mode is made up of a steady

- R

N
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component with superimposed regular pulses, rfhe rise time of these
puisés is 6f the ofder of 0.5 uéec which is extremely long when com- -
bared with the rise time of a few nanoseconds for all other pulsating
corona modes.. This long rise time is due ;o the relatively slow build
up of the feather-like discharge advancing ;lowly through a gap filled
with negative ion space charge. The discharge tip is subjected to diff-
usion and ﬁeilection by the negative ions. This results in the appear-
ance of a mﬁlt;tude of these feather-1like discharges, and therefore.this

type of corona {s sometimes called the "brush discharge".

8.2.2. Cathode corona in SFg and SFg-N» mixtures

The results of the ﬁrésent inveséigations of cﬁfona discharges in
SFg and SFg~Np mixtures described in chapter IIT indicate substantial
dftferences betwe;n the coroﬂa in air and that in SFE or SFg-No mix-
tures. These differences exist both in the visual appearance and in the
'prebreakdown current assocjated with theée discharges. -

In air, the prebreakdown current at the onset of corona discharge
is usually composed of individual pulses which are regular in amplitude,
time seﬁaration and waveshape. 1In SFg and SFg-Ns gaé mixtures, however,
the prebreakﬂown current pulses atlthe digcharge onset vary at random
in amplitude as well as time separation. This is probably due to the
non—availability_gﬁ the initiatory electfons in the strongly electro-
negative SFg and its mixtures. In air, Trichel pulse corona exists over
a considerable voltage range and leads to the glow corona wheﬁ tﬂé fre-
quency of the Trichel pulses approaches to 10© sgc‘l.In SFg and SFg-N,
mixtures having SFg content above about 3%, the:single pulse corona
leads to a series of pulses in rapid succession (momentary discharge).
This type of cﬁrona current is not observed in air. However, the most

obvious difference appears at the onset of a steady prebreakdown current.
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In alr, the onset of such a steady current éﬁincides with the inception

<

of a glow discharge, whereas in SFg and SFg-N; mixtures, it coincildes

.

with the appearance of a very narroﬁ:well defined filamentary discharge
which is considerably different froﬁ-the glow discharge in air. The
discharge in air is usually concentrated at one point on the cathode
which can wander around as a resuit of the cleaning action of the cathode
surface due to positive ion bombardment; For large cathodes, the concen-—
tr;ted discharée can appear on more than one point simultaneously depend-—
ing upon the applied voltage, the rod diametef and the gas pressure etc.
However, thé visual appearance of these discharges remains practically
the same from the onset of the Trichel pulse corona to the ultimate
breakdown of thé test gap unless negative streamers can materialize.

The visual appearancé‘of‘corona in air is very similar to that of air-N»
mixturés. Figure 8.1(a-e) shows the changes in the character of the
cathode corona when the applied voltage across a 40 mm gap filled with
Ns containing less thaﬁ 0.1% of air is gradually increased. Except at
the onset region where irregular Trichel.pusles were observed (Figure
8.1(a)), the corona character remains basically the.same when the gap
voltaée is increased as shown in figure 8.1(b-e). The appearance of this
corona is very different from the corona observed in a 1.5% SFB?NZ.gas
mixture for otherwise identical test conditionf as shown in figure S.i(f).
As discussed in chapter III, the visual appearance of the cathode corona
in SFg is similar to that in the SFg-Np mixtures. .The corona of figure
8.1(f) is composed of numerous well defined bright channels of varying
length along different portioms of the catﬁode surface. Each filament

appears to be a small streamer. In gaps filled with SFg—N» mixtures,

these streamers exist-from the very inception of the discharge upto the

‘3-" e S et i b s




- 151.

(a) I | | |

40 ky ' = 50 kv

v

= =638kv
P =100 kPa = 100 kPa = 100 kPa
exposure = 10 msec exposure 10 msec

’ exposure = 10 msec

(e) (£)

" (d)
v = 65.8 kv v =171 kv . v = 87.5 kv
P = 100 kPa P = 100 kPa * P =100 kPa
exposure = 10 msec exposure = 10 msec e

xposure = 10 msec

Figure 8.1 - Static field cathode corona in a 40 mm gap for 12.6 mm
diameter rod electrode

(a) - (e) = corona in N, containing Tess than 0.1% of air
(f) Corona in an SF¢ N m1xture containing 1.5% of SF,
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breakdown. Since the corona onset levels measured experimentally agree
reasonably well with the calculated values for the streamer formation),

there is little doubt that the bright filamentary_discharge channels
observed in SFg and SFg-N; mixtures are individual corona streﬁmerg.
Though the visual'appearance of the corona discharges in long rod-plane C '
'gaps usiqg smaller rod radii had a diffused glow-like appearaﬁce | |
especially at low gas pressures and for mixtures having low SFg con-
tent, both the appearance and tbe associated corona current in these
cases is still different from that observed in air. The glow in air is
concentrated at’ a poinf on the electrode and is conical in shape
similar to those shown in figure B.I(bde).. In SFg-N» mixtures, it has a
spherical shape as shown in figure 3.7(e-d). The corona current associ-
ated with a glow discharge in air is steady in magnitude while that ob-
served in SFg-N; mixtures having SFg > 20% always contained pulses of
co;siderable ﬁagnitude superimpoéedion the steady levels. In guch mix-
tures under no conditions absolute steady éurrents were recorded. How-
ever, for mixtures having SFg content between 1 and 20%, glow like steady -
currents could be observed for time periods ranging from microseconds to
milliseconds which were always folloﬁed by pulses superimposed on the
steady level. ~0nly for mixtures having SFg content below 0.1%, it was
possible to observe‘pure glow-like currents over certain VOltage ranges.
éhus in SFg-Np mixtures having 1 to 100% SFg glow corona,.like the one
observed in air, does not materialize. ‘

The Trichel corona pulses in air are regular in time sepa;ation
which is related to the negative ion clearing time in the gap. In éif;
a Trichel pulse does not materialize until the negative ion space charée

left by the previous pulse drifts away Ieaving.the gap free of space

charge. This is not the case in SFg. As seen in figure 3.5(c), in a
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momentary disch;rgq, a series of current pulsges are.observéd in rapid
sﬁcceésiou before the current drops to zero. Mobility measurem;nfs of
sFg [26,27,53], tﬁe pfedéﬁinant negative fons in SFg discharges, yield
a typical value of about 0.45 cm? (volt.sec)™ at a gas pressure of

100 kPa. In a field having %—values of the order of Pi i.e.,

P]lim
0.8775 W (tm kPa)™!, a negative ion would ‘drift a mean distance of

about 0.4 mm in one microsecond. Thus a total time of about 50 usec is .

required to clear a 20 mm gap. This is roughly the decay time of the
last current pulse shown in figure 3.5(c). However, between the first
and the last current pulses of figure 3.5(¢c), the average duration of
each small pulse is roughlywlo to 15 microseconds. This situation is
similar t6 the current pulses shown in figure 3.5(e). Thus the oscillo-
grams of iégure 3.5 (c and e) suggest that it is not essential for an
SFg filled gap to be totally free from the nggative ion space charge
‘created by the previocus corona pulse béfore the subeequent coroma dis-
charge can materialize. Hence the discharge can occur even if part of
the gap contains negative ion space charge. This hypothesis is further
supported by the oscillograms shown ip figure 3.5(f and g) where both
the prebreakdown current and the photomultiplier output show a maximum
repetition rate of the order of 1 pulse per microsecond at the onset of
a steady discharge which certainly does not allow for a substantial
clearing of the negative ions produced during the pfevious discharge.
Figures 3.5(c) to (e) also indicate that the first pulse in a momentary
discharge has relatively higﬁér amplitude compared to the followingl
pulses. Further 3.5(e) shows that when the time separation between.two
consecutive pulseé is close to SO'ﬁsec, a pulse magnitude of the order
of the initial big pulse is observed. Thus éhe'big pulses are observed

when the gap is, in all probability, almost clear of the space charges,
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while the small pqises are observed ,-when-the gap is partially filled
negative iomns. “ '

In a momentary discharge.there are usually a large numﬂer of small
pulses before the discharge completely chokes off. It appears that the
discharée is completeiy choked off when the low field region is entirely
filled with neggtive ion space charge which reduces the field in the
néighborhood of the cathode to a level below the threshold necessary for
the streamer formation.

~ An increase in the applied voltage beyond the inception level of
the mo;enta;y discharges should in theory decrease the probability of
éhe discharge ext;nctioq, This appeaés to the case since an increase in
applied voltage usually results in longer durations for the momentary
discharges and in redu;ed time separatibn between two successive dis-
charges. This behavior contiqyes until at a certain voltage level, for
reasons not fully understood, a continuous discharge appears. However,
it is interesting to note that the average value of the prebreakdown
current during a continuous discharge, if corrected for the highef .
applied voltages, is similar to that for the momentary discharge activity
when averaged over the time periods for which such discharges exist.
Furthermore, the current and the light output ;aveforms for the momentary
and sustainéd discharges are very similar except that .the lattter does
not suffer a éé extinction. However, the transition from a momemtary
to sustained d;ZELarge is abrupt with respect to a change in the applied
voltage. The transformation is marked with a very large increase in the
average corona currents. A reversal to a momentary discharge results
only when the gap voltage is reduced. Therefore, at tye inception level,

there is a discontinuous change in the probability of discharge extinction.

Thus, in spite of the similarities, it appears that the two types of dis-
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charge phenomena are not entirely similar.

\5 It is likely that a transformation from a momentary to a sustained

discharge occurs when the former attains a sufficient repetition rate to
generate enough amounts of foreign products (due to chemical reactions
caused by high energy electrons and photons) to alter the gas prqperties.
Changes in the chemical composition will alter the photon 3pectrum_§nd
their absorption properties and, to a lesser dégree, cause changes in the
ionization an& attachment coefficients [9]. Experimentally it wﬁs ob-
served.that the transition from a moméntary to a sustained discharge was
marked by a sudden incraase in the momentary discharge repetition rate
and an accompanying rise in the direct current level. This suggests a
run-away process in which each discharge contributes to accumulation of
the foreign producgs in the gas. This promotes further dischgrges; and
as the accumulation increases, so does the repetition rate until the dis-
charge becomes sustained. This discharge, once established, generate
sufficient chemical by-products to maintain itself at voltages below the
onsgf‘level-and tﬁus the offset voltages are lower than the onset values.

An inspéction of the sufface coﬁditions of the electrodes subjeéted
to extensiv; breakdown and corona discharges showed that the discharges
in $Fg and SFg-N, mixtures resulted in the discoloration of the anode
surface. This discoloration gppeared to be ssme form of insulating
laver which was very evident on the plane anode. This layer probably
resulted from the chemical reactions between the constituent radicals of
SFg generated in the discharges, and the anode. )

In general, the prebreakdown behavior of SFg-N; mixtures is very
similar to that of pure SFB. This is due to ;he fact that even the

mixtures containing as low as 5% of §Fg in N, are strongly electro-

negative and have an effective jonization coefficient which. behaves

-
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similaf to pﬁié SFg as discussed in the previous chapter. Tﬁus corona -
dischgrgés in all such-ﬁixtures résemble more ér less the discharges in
pure SFg. The most obvious difference was that the discharges in SF¢-N,
mixtures were bright ﬁnd not as bluish as those obsprved in pure SFg.

It also appeared that aé though the iengfh and numbér of corona streamers
was larger in SFg-N; mixtures than in pure SFg for a given field confié— )
uration. This 1s due to the-fact that, (a) the effective ionization
coefficient for a given value of E/p is higher in the mixtures than in

'pure SFg, (ﬁ) the critical avalanche length, X,, necessary to transform
an avalanche into a streamer is larger iqﬂSFG—Nz mixtures.than in pure
SFg, and (c) the abéérption coefficients bf SFg are higher than those of

the mixtures.
Using equation (7.24) and (7.26), it is possible to ex;fess X, as:
0.5
X o = | - (8.2)
c 1 . e
p B (E/p)yyy

Table 8.1 contains the value of the critical avalanche 1eng£ﬁ for a 40 mn
rod-plane gap using 12.6 mm diameter rdd electrode when filled with SFg—N,
mixtures at a total pressure of 100 kPa. An examination of Table 8.1
indicéées that for conditions cor?esponding to the discharge threshold,
the region of ionization activity, i.e., where o > n, and consequently

the length of the corona streamers is more in SFg-N, mixtures than in
pure SFS.. Furthermoré, this l?ngth increases as the SFg content in the
mixture is reduced. Also thg range of corona streamers is related to

the mean free paths of the ionizing photons. The s;reamers advance ﬁéfe
into the gap if the mean free path of the ionizing photons is large [9].

The measurements reported by Blair et al [23] indicate that the mean frge

paths of photons ig‘SFG—Nz mixtures increase when the SFg content in the

ot
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TABLE 8.1
Critical Avalanches Length X, for SFg-N, Mixtures .

Gap_Length = 40 mm, Rod Dia. = 12.6 mm

SFg (2) Xe (mm)

100 0.53
75 0.58
50 Y e
30 | 0.75
20 , 0.84
10 - 1.02
5 o 1.25

1 - 1.75
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mixtures is reduced. Thus the region of discharge activity will increase

when SFG component in the mdxtures is reduced. -

With increase in the_gas pressure for .a given mixture, the length .
‘and number of corona streamers reduce . This reduction in the 1ength ja
is, at least in part,udue to the relatively smaller values of the crit-.
ical avalanche -length X, at high gas presaures which is inversely pro-
portional to the square root of the pressure. Also wheh the gas pressure
is increased, the density of positive and negative ion space charges |
increases because of the reduced ion drift and diffusion velocities. The
mean free paths of the photons are also reduced. This results in an :
uneven distribution of the space charges in the gap wifﬁ‘arstrong_space
charge barrier along the axis of symmetry of the rod electrode. Conse-
quently the streamers have a tendency to form away from the tip and
propaéate in the gap circumventing the space charge barrier as shown in

figure 3.9. The inclination of the streamers increases in general with

8as pressure. As discussed in chapter VI, the probability of the cathade

directed streamers increases with pressure. The same is true for the
anode directed streamers. Thus depending on the field configurstion and
the dielectric medium, there exists a pressure above which anode directed

streamers can propagate all the way to the cathode and initiate a spark
i

at the discharge onsets Therefore, in the negative rod-plane gaps, corona’

discharges do not materialize above such pressures and a breakdown takes

place 1nstead Since the photoemission and absorption characteristics

of SFB:Nz mixtures are expected-to change with the gas mixture ratio, the

critical.pressure is also expected to vary with the mixture ratio.
Another interesting feature of the coronas in SFg-N, mixtures is

highlighted by studying the‘difference between the visual appearance of

corona in pure N; and in SFg-N, mixtures containing minute traces of SFg
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Ld

as‘inpurit}. In pure Nz, the photons haye long mean free paths as shown

’

xin figure 3. 10 where they are seen illuminating the plane electrode as

well as the chamber walls. This s very different from that of a mix-

ture containing 0.05% of §F5 as showr in figure 3. 10. It appears that the

“.,addition of a small amount of SFS as impurity té nitrogen substantially

'

modifies its absorption characteristics. Similar behavior has also been
obsexved in our study of the negative impulse coronas in nitrogen and.
SFg~Nomixtures containing less than 1% of sFg [71.

8.2.3. Anode coronma in air

The summary of anode corona in air discusses the discharges in a rod-
plane gap in air at atmospheric pressure [9,52,54]. Under these condi-
tions, the discharge at the anode surface goes through three distinct
modes of; onset pulses, glow discharge (Hermstein s glow), and prebreak-
down streamers respectively with incressing gap voltages.

As the gap voltage is gradually increased, the sudden appearance of
current pulses marks the formation of streamer or burst puise discharge.
The pulses occur at random and internittently and their initial frequency
depends on the intensity of some ionizing agent acting as a catalyst.

The frequency of the streamer pulses, and hence the average prebreakdown
current, shows‘s considerable increaseydth the applied voltage. The onset
current pulses contain either streamer or burst pnlses or mixtures of the
two. A streamer discharge essentially leads to the formation of ionized
éas channel normal to the electrode surface. The current resulting from
such a discharge appears as a single pulse with a rise time of the order
cf 20 to 40 nanosecondsand a decay time,to half its peak value of the
order of 100 nanoseconds. A burst pulse results from a weak streamer

and a burst pulse ionization has a tendency to spread radially over the

anode surface. Due to these reasons burst pulses are also known as
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"corrupt streamers". The bursg?ﬁgg;;,current generally éppears'as a

g ~
~

seduen e of puises with smaller amplitudes and slower rise fimes than

those for\streamer pulses. A sequence of such pulses can exist for

e ~

durations af the order df 100 psec. According to Loeb [9], it is the

' mean_free path of }onizing'photons relative to the ionizing iéngth,WhiCh
4?node surface to the point where a = n,
which determines whether a 3treamer or burst pulse will occur. If the

is the minimum distance from the

x

mean free path is much 1arger'than the ionizing length, a burst pulse

will occur, otherwise.streamer pulses will appear.

.- Both ;he‘streémer-and burst pulses occur at random and are . irregular
in amplitude. The reasons for theilr random and irregular occurrence

lies in the diétortion’of the electrostétic field caused by:the positive

and negative ions present in the gap after a streamer has develsped.

These space charges ﬂistoré thE‘oriQEAal field so that a new streamer
cannot develop bgfore'they'ﬁave cleared the gap. . Since their density
_and distribution depend on the intensity of the pi‘ecee st_féamer,
'the time requifeﬁ to clear the gap will be-higﬁlx fluctuating. Sd@eﬁimes

) ) s . .
a streamer starts to propagate into an area that has not .been completely
',1_:; ) . %@ v

cleared of the space charpes g‘&i will thus get "choked" resulting in a
current pulse with a slow rise time and small magnitude. This has been

referred to as burst pulse. The repetition rate of streamer pulses in
. . . .'_ ‘\
the onset region is a function of the applied.voltage as well as geometry
- - [ ' ' A N .
of the anode. Maximum repetition rates of the order of several klz have

been observed.
When a negafive ion space charge of sufficient density accumulates

s ! ’ . v ) - =‘- H

around the dnode, a transition from the intermittent-streamers’%fﬁﬁn%

mode to a steady glow occurs. The conditiqns are ﬁot féﬁorabie for *the
establishment of a glow discharge in'thé absence of a negative ion.space
o

-
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cﬁhtge of sufficient density and negative ions will hecome neutralized

at the anode. -This clears the way for a new streamer to develop. In

~ the case of sufficient negatiye ion space charge density, the locally

enhanced field is high enough to lead to a Townsend type of self-sustain-

ing discharge with photoionization of the gas molecules as the main source

of secondary electrons. Consequently a thin sheet of ioniégﬁ\gas\gﬁgsts

between the negative jon space charge and the anode. This type of di;:\\\\\\\\“‘\\\\\\

charge is stable because the ionizing ;adiation,frdm the discharge creates
electrons that form negative ions. These ions drift towards the anode
and compensate for tﬁe ioss in the density of negative ions due to diffu-
sion and recomﬁinétions. In the case of_large anodes, a glowrcorona may
exist with streamers simultaneoﬁgly developing at other locations. The
dischérge current from a glow corona has a direct current component with

N .

derives its name from its visual appearance which is.a closely adhering .
\

a sQii:\fipﬁle of frequency of the order of 1 MHz. The glow discharge

soft glow ovef'the anode surface. =

. The élow corona guppresses the devlopment of streamer type discharges.
étreamers re&pﬁear only‘after the applied voltage is increased consider-
ably beyond tﬁé onset 1eve156ece55ary for a glow dischafgé. The charactef-
istics of these streaﬁers are very similar to those of the onset streamers.

However, because these streamers ultimately initiate a complete breakdown
< * \ ) - ] .
of the gap, ‘they are termed as "prebreakdown streamers”. The frequency

-

af these streamers varies from = 103 sec”! near their onset to about

10 “sec”! before breakdown. These streamers are one of the most conspic-

uous modes of static field anode qorona in air because they are relatively

bright and long, and becawse they cause an appreciable amount of acoustic

]

noiée and radio interference.
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8.2.4. The anode corona in SFg and éFg:ﬁE\ndxthes

~ l T

The earlier studies [11,13] about the anode corona in §fg“and\the

Present investigations regarding- static field corona discharges in SFs

and SFG-NZ mixtures indicate that there are several differences between

the anode corona in air and that in SFg and SFg-N; mixtures. The most,
.obgégus difference exists at the onset region of a steady corona current. -

-In air, the onset of a steady corona curtrent coincides with the inception

of Hermstein type glow discharge. However, in SFg and SFE—Nzﬂndxtures,

it coincides with the appearance of a narrow,‘well defined filament

-zoot. The visual nanifestations of the discharge in SFS

and SFg-N, mixtures and the pre] down current resulting from such a

discharge indicates that a sustained discharge in id_SFg-N, mixtures

~

is a sequence'bf streamer pulses. The filementar} discharge iﬁ SFg an
SFg-Ng mixteres exhibits ﬁo.diffused tip and,the discharge column }s very
narrow. The appearance of this filament is quite diffe;ent from tﬁe-
brush-like discharge observed in air in the onset pulse region. The
-brush discharge exhibits a diffuse tip-in the low field region which is
the result of a Hﬁanching of the streamers that constitute the discharge.
The‘appearance of the filamentary discharges in SFg-is primarily due to

smaligmean free paths of the phatoionizing radiation which primarily

affe't%xthe discharge in two ways: the spread-of ionization éver the

anode surface in the form of burst pulses is reduced, and the ﬁranching

P § . : . . .
of the streamer type ionization growth is curtailed. The dlscharge i

?

cdnstricted\in a narrow channel. As suggested by Weissler and Mohr T55],
the channel of positive ions created by a streamer is rapidly neutralized
by electron—positive ion recombinatlons and electron attachments producing

negative -ions. Because of the latter, a neutral but still highly ionized
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' gas channel remains. . Therefore the aubsequeut streamers prefer to follow

the existing channel and thiﬂ gives the discharge a higﬁly confined

appearance. Due to the highiy localized nature of this discharge, a local

“““‘temperatnreeziﬁg_ﬂﬂﬂ_fgff_chemical changes in the gas may stabilize the ~— -~ —
discharge [56]. . | h
Since the repetition rate of momentary discharges i1s virtually the
same as the repetition rate of pulses constituting a sustained discharge,
it is therefore. likely that a momentary discharge is a sequence of streamer L
pulses which suffer self-extinction. The repetition rate ofipulses in a
momentary discharge is of the order of one pulse per microsecond If one

]
assumes a mobility of the positive ions similar to that ‘of the negative

N,
<f\\ions in an SFg discharge, the pdsitive ions will drift over a mean dis-
tance of about 0.04 cm/usec in a-field having an.E/p = 0.8775 kV(cm kPa) !

as discussed previously. Thus the pulse repetition rate of the momentary

\

‘dlschnrges does not allow for a substantial clearing of'the positive ions
produced;;H;;;\;;E;IEEE‘sEr mer. This space charge reduces the voltage ' -
' gradientélat the anocde surfeji‘;;dHZSEEEEEEHflyrinhibits subsequent .
streamer discharges. However, many of these ions ar;\;;;;E;;EEE;B?‘r=~;E5ﬁ_ﬂHEE\“\
recombining with the electrons produced in the streamers. Also since
SFS is highly electronegative, a lukge number of the negative lons is
formed in SFg and SFS—Nz mixtures. These negative ions neutralize the
positive jion space charge to a large‘degree especially in rhe low field
. regions. Thus through several mechanisms, the inhibiting effect of the
space charge_created'by streamer ionization is reduced rapidl} allowing
g such a high repetition rate. Pulses following the initial pulse of a
momentary discharge are eomewhat smaller than the initial oulse as shown
in figure 5.6(b,d,e,f and g) indicating.an incomplete neutralization of

the streamer space charge.

.



The sequence of pu ollowing the initial pulse of a mmmentat}‘x\\

- 3

discharge-displays an almost successive increase in magnitude as shown L |
- "in figure 5.6(b,c and £). Thus it appears that.the field at the anode ]

surface is enhanced with the passage of each pulse. Only the formation

of a negative ion space charge sheath can account for such an enhance-—

-

-.ment. This sheath is created by the attachment processes between SFg

molecules éﬁaﬁtheHelegtrons produced in the low field regions by streamer

—

ionization. Photoionization in this-iow-field region can also be an

important factor. The negative ions thus produced\\\“the low field

—

regions drift towards the anode. Their mutual repulsion as well as -
atraction towards the positive ions drifting in the direction of the
cathode tend to spread the advance of thg negative ions laterally over
“\\ the anode surface. Most of these electrons either recombine with the
\\\pq§itive ions or suffer field induced detachment before reathing the
anode as_discussed earlier in thapter VI. Thus, a dynamic separation

exists betgeén\the negative ion space charge and the anode surface. In
o A

e

this region, the eiéctt?static field for'a given applied voltage is

~
-~
S

greater than that obtained'wﬁeq\there is no negative ion space-charge
sheath. Furthermore, the negative lon space charge reducet the field

‘\\\“‘Ws\\\ . betweep this space charge and. the cathode. “The growth phase of the

- \ ;
mémentary : harges indicates that the field enhancemeﬁt is maintained .
over a distance sufficien streamer development. The reduced\yo}tr

age gradient between the negati}g ion spag

arge and the cathode inhiblt?ii;fn

\‘\..\ -
) |
its the propagation of such streamers into the gap and the \\:ﬁ
a limit on the maximum current pulse which a streamer can induce. Hence T

the pulse amplitudes do not increase indefinitely and level off at some ‘ {
¢

maximum value as is evident in figure 5.6(c).
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The current oscillograms of figure 5.6 do not Buggest an ohvious

reason for the self-extinction of the momentary discharges. It is
_possible that a movement of the negative ion sheath towards the anode
causes a reduction in the field enhancement zone near the anode surface
which prevents further stregmers. Since the probability of field in-
duped detachment of SFg negative ions chanées rather slowly with a“widé
: . variation in the value of E/p, it is quite likely that statistical vari—-
\\\7 ations in the field enﬁancement distance occur due to fluctuations in
the field induced detachment processes.

\\\Similar to the negative polarity, the transition form a-momentéry

'discharge‘tqgf'sustained discharge in positive rod-plane gaps is very

abrupt with respect to a change in the gap voltage. This is marked by a K

large increase in the a age prebreakdown current. The return to a

momentary discharge occurs when™the gap voltage is reduced below the

onset leveI“oﬁxg\sustained discharge. - seems that the reasons for the
-“‘-_

transformation form a ﬁmﬂéﬁtary,discharge to a sustained discharge are

S——

similar to those discussed earlier for the cathode corona in 5Fg and
SFg~N, mixtures, N
| When the applied voltage is increased beyond th; inception level of
‘a steady discharge, the discharge extends very little into the-gap. In
such cases, the spread of the Vvisible discharge with increasing gap volt-
ages 1s observed. for the most part to be tangential rather than normai
to tl’i'ej electrode surface. This indicates that the low field barrier to
\:he discharge growth is present at all voltages upto-the B£e;kdown. This

low field barrier becomes stronger especlally along the axis of -the rod

anode as the gas pressure is increased. This is primarily due to a

'/

:chgg: ----------- mreducedhlaignal diffusion at high-gaspressures. Thus at such pressures,

Tl
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the corona streamers as well as the breakdown streamers are tangential
to the rod anode as discussed earlier in chapters V and VI.

The discharge in SF5~N2 mixtures haying SFg contents above a few
parts percent is similar to that of pure SFg. The discharge channels
are bright and narrow and the corona activity is more or less confined
to the vicinity of the anode. This is primarily due to the following
two reasons: (i) The ionization and attachment coefficients of mixtures
are very similar to those of SFg and are much different from the more
common gases as discussed in the previous chapter. (ii) The mean free
paths of the ionizing photons in SFg-N» mixtures, though larger than
those in pure SFg, are considerably smaller than those in N> [23). The
reduced length of these paths result in smaller streamer lengths and
reduced branchings.

Due to the relatively long mean free paths of the ionizing photons,
the streamers in pure nitrogen are very large in length and show excess-—
ive branching as seen in figure 5.3. The addition of minute traces of
SF¢ renuces the branching ann the streamer length considerably as shown -
in figure 5.5. fThus it appears that the mean free paths of the ionizing
photons in an SFg-No mixture containing less than 1% of. §Fg are consid-
erably lower then those observed in pure nitrogen, This is consietent
with our earlier observations about the corona discharges in such mix-

]
x

turesrunder the applications of impulse and negative direct voltages.

b

. 4

8.3. Breakdown Srudies | -
B
It can be stated without any doubt-that the presence of sustained '

corona discharges in both the positive as well as the negative rod-plane

gaps considerably enhances the breakdown strength of systems insulated

‘with SFg and SFg~No mixtures. The pressure over which\this enhancement
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occurs is often referred to as the "corona stahilized breakdown region".

=

The high pressure limit of this Treglon at which the breakdown and the
corona onset voltages coincide is known as the criticaitpresaure P;.

The results of the present investigatiqps cleariy indicatevthat the
Ereakdown of both the negative and posftive rod-plane gaps is corona
stabilized in the low pressure region. At high piessures; however, the
breakdown occurs in the.absence of any corona discharges. The width of
the corona stabilized breakdown region is much smaller for the positive )

P

rod-plane gaps as compared to the negative ones. Consequently, the crit—
ical pressure for the negative rod-plane gaps is higher than that
observed for the positive ones as shown in figuées 8.2 and 8.3. From
these figures, it is clear that thé critical pressure for the negative
rod-plane gaps is almost twice that of the positive rod-plane gaps.
Furthermore, the breakdown voltage for negative gaps is higher than that
for the positive gaps in the low pressure end of the corona stabilized
region. However, the reverse is the case at the higher pressures where

-

the breakdown 1s not corona stabilized.

L
[

In the corona stabilized breakdown region at low presgures, the
breakdown voltages increase linearly Qith pressure for both polarities
of the applied voltage. The absolute width of the pressure region, where
the breakdown voltage-pressure curve is iinear, is much wider for the
negative gaps as shown in figures 8.2 and 8.3. TIn these'regions, the
spa;ks follow stra{ght'géths for both the polarities of the apélied
voltages. As the gas pressures are increased, the breakdown vdltages
attain maximum values followed by reductions in magnitudés with increas-
ing gas pressures, as shown in the figures 8.2 and 8.3. For both the

positive and negative rod-plane gaps, the breakdown sparks show pro-
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v
nounced curvature to the axis of the rod electrodes, When the gas press- _ P

ure are further increased, breakdowns no longer take place in the presence
of continuous corona discharges, although single or momentary corona dis- ‘ L
charges might occur before breakdown. In these pressure regions, the
breakdown‘voltages remaln almost unchanged with in;reasing pressures and

the spark trajectories are étraight. Above the critical pressures, the

first avalanche grows to a breakdown in both cases and the spark paths

are straight. Though a di;co;tinuity similar to that observed in the

& I

breakdown voltage-pressure characteristics for a positive ro&—plane gap

was not observed-for the negative gaps, the possibility of such a dis-

continuity cannot be ruled out. It is quite likely tﬁ;:J;¥tremely non-

uniform field gaps with smalle; d&gmeter'cathodes havg’discéntinuities

in the breakdown voltage-pressure curves*esfecially/ét high values of

the gas pressures not investigated in our studies. -

The threshold voltage f?r the single pulse corona is higher for :,?
the posltlve rod-plane gaps as shown in figures 8.2 and 8.3. Further-
.more, the magnitudes,of the average prebreakdown currents for a‘given
. applied voltage and gas pressg;; aie larger in the negative rod-plane
gaps when compéred with those observed for the positive gaps. This is

=

probably due to the fact that the secondary ionization processes such

as photoionization of the gas, photoemission from the cathode, and

electron emission from the cathode due to positive ion bombardment are

e L e

more effective when the rod cathode is in the high field region such as
~

in the negative rod-plane gaps. Furthermore, when the highly stressed

. —
Nfa ek

SEia

electrode is the cathode, the chances of field emitted electrons, iﬁitigu

ting corona discharges are present especially at high-values of the gas

E.
3
3
A

A

pressures. These reasons and the fact that it is easier for the positive
than the negative streamers to propagate and bridge the gap make the cor-

ona stabilization processes more effective, especially at low pressures,for
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- the negative rod-plane gaps. Consequently the corona s;abiiized break-
down region is wider in the case of the negative rod-plane gaps compared
to that.of the positive gaps.. .
At low pressures,.the breakdown voltages of SFy and SFG-NZ'mixtures
is higher for the negative rod-plane gaps. This is due to the fact‘that
it is more difficult for the negati@é streamers to advance in a divergent
field as compared to the positive streamers. In the case of negative
rod-plane gaps, an avalanchg starts from the highly stressed catho&e énd

1

the electrons diverge outward from a high fieldltd a lower field reéion.
Thus any electrons created by-photoicnization will move ahead of the i
stre§mér head fo create new avalﬁnches and thus move into a rapidly
declining field region. Furthermore, when the streamer propégates in
the presence-of corona_discparges, the low field région is filled with
slowly drifting negative ions. This makes the streamer propagation
farther into the gap extremely difficult unless the external fields are
high enough to ensure.the effective fields at the streager- tip > 0.8775
kV{(cm kPa)_1 in the case of pure SFg. On the other hand, for a positive
rod-plane gap the electrons created ahead of the avalanche by photo-
ionization travel towards‘the high field fegions thereby creating more
positive ion space charge at the avalanche head. In this fashion, the
positive jon space charge is advanced ‘towards the cathode maintaining
the field at its tip and creating more electrons ahead of itself to con-—
tinue the advanée. This not only results in a lower valpg of the break-
down voltage for a positive rod-plane gap but also results in a much
lower yalue for the cfitical pressure in such gapéi

The reduce& gap voltages required for tﬁe propagation of the nega-

tive streamers causing a breakdown at extremely high pressures, figure

8.2 and 8.3, requires further investigations. HoweVer, it appears that
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" at such high pressures the diffusion ;f‘electrons end -ions is redubed o
considerably. Furthermore, the mean f.ree paths for electrons and the
ionizing photdns are Feduced considerably. fhuh the,néw ayalanchesrﬁfd?..:

duced by photoionization effectively origigate at’ the streamer tip. This ;
helps in increasing Lhe positive ion space charge density and hence main— ! -

tains the field at the streamer tip as it advances into the gap regions

where the applied field is otherwise declining rapi&ly. Thus at these

high pressures, the abiiity of the positive and the negatiﬁe streamers
to propagate farther into the gap and resulting in a breakdown is more
or less tﬁe same. Howevg;, as discussed earlier, the ionization activi-
ty starts at-a relatively lower voltage level when tﬁe highly stressgd

electrode is the cathode, the breakdown voltage at such pressures is

-

therefore lower for the negative rod-plane- gaps.

The width of the corona stabilization regibns in non-uniform field
gaps is probably related te the mean free ﬁaths of the'phétdns which can
cause photo-ionizations or photo-detachments [16]. These‘processes are
~ very important to maintain the steady corona dischargés which in tugn .

enhance the breakdown strengths of such gaps. Ip the pré@iq&ﬁ\;haptérs
we have seen that, in geqeral, the width of corona stabilization regions
are more for SFg-Np mixtures than that for pure SFg. From the informa-
tion reported in the literature [23], it appears that the mean free paths
of the ionizing radiations vary with the mixture ratios and are higher in
SFg—N; mixtures than in pure SFg. The present investigations of SFs—ﬁz
mixtures show-that the critical pressure Pc’ Fhe diseqntinuity pressure
Py an& the pressure P where ‘corona stabilization effects a;e maximum for
a given field configuration are all affected to a certain extent when the

. i
mixture ratio is changed. The variations in P, and P4 with mixture

ratios are shown in figures 4.8 and 6.6 respectively for negative and
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positive rod-plane gaps. The pressure Pp remaing almost unchanged for

SFg-N, mixtures having SFg content above a few parts percent. In order

-~

td_fﬁlly comprehend and appreciate the. effect of photoionization on the"

discharge behavior of mixtures; mixtures of SFg and hel;um were investi-’

gated. The ﬁreakdown'behavior of such mixtures-waé %ound to diféer érom
that of SFg-N; mixtures. Although, the breakdown #oltégg—pressuré char-~
acteristics for both mixtures wefe‘simila;; the pressures Py Pg and P4
behaved diffeféntly with change iﬁ mixture rafiosffor~SF6—He ;ixtures.
As shown in figure 8.4 and 8.5, though the pressure Py has different
values for different mixtures, the partial pressure of SFg corresponding
to the pressure P is almost the same for a given eleétréde gap. The
pressures P, and Py beﬁgwe simiiar to P as shown in these figures. In
figure 8.6, curve 1 shows the fariations in the pressure P, with the
mixture ratio for a 40 mm negative rod-plane gap using 6.3 mm rod eiéc—
trode and filled with.SFs—He mixtures. However, the partial pressure

of SFg corresponding to the critical pressure P, for each mixture ratio
is aimost the same as shown in curve 2 of figure 8.6. Thus the corona
free breakdown for a gi*en SFg-He mixture for the inve§tigated-electrode
éeometry occurs at a pressu{e P such ;hat the partial pressure of SFg
of the pixture is roughly 300 kPa. - Figure 8.7;-curve 1, éhow the dis—
continuity pressure P3 as a function of the mixture ratio for a 20 mm
gap using 1 and 3.16qmm diameter rod anodes. Here aghin,'thg partial
pressure of SFg for each gap corresponding to the discontinuity pressure

is more or less indepéndent of the gas mixture ratio as shown in the

r .
figure. Thus it is obvious that wheq He is added to SFg, the pressures

Py, Pg and P. are all increased such that at their new values, the par-

tial pressures of SFg are relatively unchanged from their respective
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'vélﬁes in pure SFg. This is ﬁtobably due to the transparent natufe of
He to the photonsnﬁﬁich play é& imporﬁant role Iin the stabilfzation ’
_Process, Thus when the mixture ?atiﬁs are changed, the ranges and mean
free paths of these photons.are affected only by the SFg molecules pre-
sent in the mixture. Consequently the partial pressure of 8Fg for ‘the
maxiqum stabllization is almost independent of the ﬁdxture ratio. The
same argument éupports the behavior of SFg-He mixtures with respect to
the pressures P. and Py- Wootton and Cookson [57] have reported that
the  partial pressure of SFg corresponding to the pressure Py is unaffec—
ted by the mixture ratio when voltages of power frequency are applied
across parallel plane gaps iﬂ'the presence of 6.4 mm long and 0.45 mm
diameter particles, The present investigations and those reported in
the literature [57] indicate that SFg mixtures with other gases such as
N3, CO; and air do not show a behavior similar to that observed in SFG-He
mixtures because these gases do not have the required transparency to
photons._ ’

The breakdown voltages of the negative and the positive rod-plane
gaps filled with SFg at low pressure of about 100 kPa increase with de-
creasing rod radii as shown in figures 4.5, 6.2 and 6.3. Azer and Comsa
[21] ﬁave similarly reported that the 60 Hz breakdown voltages for rod-
plane gaps insulated with SFg decreases with increasing rod diameter for
small rod sizes. Similarly Cookson and Farish [58] observed that the"
60 Hz breakdown voltage levels of SFg insulated coaxial electrode systems
containing spherical particles decrease with increasing particle size.
Thus, it is obvious that non-uniform field gaps using small electroées
have a higher breakdown strength, especially at low pressures in pure

SFg. As seen from equation 8.3, the critical avalanche length at the

onset of a streamer type discharge is proportional to the square root of
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the rod radius. Thus at the discharge onset the length of the low field

region, where a is less than n, will be more in an electrode system using CJ

a smaller diameter anode or cathode. Similarly, at any other value of

the applied voltagé, the field region with a < n will‘be larger in length

for electrodes of smaller diameters. Also sincg at low pressures the
corona discharges are present prior to‘EPe breakdown, this low field
reglon is filled with slowly drifting negative or positive"idns space
charges for negative and positive gaps respectively. Conéequently, thé
region with a less than. n, acts as a barrier to the streamer propagation.
Since the length of this barrier is affected by the rod diameter and is
higher for smaller diameter rods, the corona stabilized breakdown volt-
ages for such gaps are higher than those using rods with bigger sizes.
This 1s, however, true only fbrlextremely non-uniform field-gaps. If
‘the rod diameter is increased to such a value that the breakdown 1s cor-
ona free, the breakdown veltage increases with rod diameter thereby

Ettaining a maximum value for the plane-plane gap.

8.4. Corona Free Breakdown in SFg

The results of the present investigations and those reported in the
literature [llnlS]‘indicate that a breakdown in highly non-unfform field
gaps Insulated with SFg can occur in the absence of corona discharges at

high gas pressure because the probability of streamer propagation is

increased at such pressures. If the pressure is sufficiently high,

the first streamer formed in the gas can bridge the gap and initiate a

spark. In SFg and SFg-N;, mixtures, the corona free breakdown occurs at

~

much lower pressure when the highly stressed electrode is the anode.

Also since the critical prassure‘Pc under the applications of alternating

applied voltages is more or less equal to its value obtained for positive

e A L 2 7 S S A K e SR LSRN
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~ rod-plane gaps, the criterion fbr corona free breakdown in SFg discussed
in this section applies to éltérnpting_applied voltages as well.

The ability of a cathode directed streamer to propagate in the gas

depends on the rate of growth of the position ifon space cﬁargeaat the
streamer tip. T#is space chargé is created by the secondary avalanches
approaching the streamer tip. These &valanches are initiated by the
electrons produced in the. iénizing volume, that 'is, the volume
surrounding the. streamer tiﬁ where the totﬁl electric field strength Ey
due to the applied voltage and streamer space charge is streamer directed,

E ) .
and -ﬁ-z 0.8775 kV/cm kPa. The number of secondary avalanches reaching

the streamer tip is therefore proportional to the number of electrons
produced in the ionizing volume, Electrons produced outside the ionizing
volume suffer attachments producing negative ions and thus do not contrib-

’ .
ute to the streamer propagation.

For a given set of field conditions, the number of electrons produced
in the ionizing volume is proportional to the photon absorption coeffic-—
”ient ﬁ of the gas and the rate of photon production within the streamer
tip. The photon absorption coefficient u is proportioﬂal to the gas pres-
sure p. Assuming that the photons arelcreated at a point source and the
ionizing volume 1s a sphere of radius r with its center at the point
source, the probability Pi of a photoQ be;ng absorbed in the ionizing

volume is given by

Pi = (l—e_ur) = [l—y1 e—pr] (8.3)

where y; is a constant. Therefore, a linear increase in the pressure is
accompanied by an exponential increase in the probability that a photon

will create a free electron within the ionizing volume.



181.

Thus tﬁe growth of the positive ion space charge at the streamer
tip is a function of the total field strength E¢ in the ﬁicinity of the
tip. For a cathode directed streamer to propagage In a éiréction in
which the field intepéity 1s decregsing, the space éhﬁrge field must
increase at a rate which can cémpegsate for the rate of decrease of the

‘appliéd field. The rate of incregge of the space charge field is propor-
‘tional to the rate of charge accumulation at the streamer tip, which in
turn ié proporgzonal to the rate of photaionization and photo detach-
ments in the ionizing volume.

From the above, it is evident that the probability of a corona free
breakdown in SFg is a function'gf the rate of change of voltage gradients
at the anode and the gas pressure. On the basis of this statement,.
Hazel [11] proposes the following hypothesis: A streamer initiated
breakdown in SF6 will occur in the absence of any corona, when the gas

pressure is such that

dE | - -0.01p
ix e < W (8.4)
x=0
where %% ‘ is the maximum fate of change of anode surface gradient in
x=0

kV/em? at the streamer onset voltage. p 1s the gas pressure in kPa and
W is a constant. On the basis of his measuremghts of the critical press-
ure, Hazel [11] proposed a value of W = 200.

Using equation (7.22) and the streamer breakdown criterion of

d
equation (7.26), one can express EE- as;

x=0
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-dE ) E i
— [R— (2) - [—} L= p - 1l 4+ —— (8 . 5)
dx Pligm R -

x=0 TR
With equations (8.4) and (8.5), one tan write the semi-empirical

criterion for the corona free breakdown in compressed SFg [11] as

. Cl '
Pq . %.. pe |14 ——| e 0-922 _ 140 (8.6)
PJ1im Y PR ' \

An inspection of equation (8.6) indicates that the occurrence of a cor-
ona free breakdown depends only on the parameters p and R. The locus of

P, R - combination which satisfy equation (8.6) is plotted in figure 8.8.

The corona free breakdown criterion of equation (8.6) can be interpreted.

with reference to figure 8.3 as follows: Preﬂreakdown currents can be
observed in SFg insulated systems posséséing ap, R~ copbination lying
to the left whiie_corona free breakdown occurs with a p, R-- combination
lying’to the right of the curve.

Figure 8.8 shows the maximum pressures at which single pulse cor-
ona and sustained corona discharges were observed experimentally using
different rod geometries. Thus the caléulations based on equation (8.6)
yield a réésonably accurate prediction of the critical pressure Pc.'

8.5. Corona Free Breakdown in SFg-N, Mixtures

From the results presented so far, it is obvious that the critdical
pressures P, for SFg-N, mixtures are different from those observed in
pure SFg. The values of P, generally increase when the SFg component in
the mixture is reduced. As seen in figure 6.5, it appears that the
;ritiqal pressure P, in pure N; Is extremely high coﬁpared to that

observed in pure SFg. Since the discharge behavior of SFg—N, mixtures

is very similar.to that of pure SFg as discussed in the previous chapters,

-

it is proposed that the corona free breakdown criterion of equatiom (8.6)

R
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can be modified to obtain a similar criterion for SFg-N, mixtures.
Accordingly it is prﬁposed that the corona free breakdown in SFg-N,
mixtures occur when
:) R S
P R™P

)

lim

e

(8.7

p(SFg} e - (g)1
1s the partial pressure ratio of SFg and Eﬂ and C

lim
are functions of Z as shown in Table 7.1. Figure 8.9 shows the calcu-

where Z =
m

lated and measured values of the critical pressure P. for SFg-N,

mixtures in a 20 mm gap using 1 mm diameter rod anode. Thus from

figure 8.9, it appears that equation (8.7) gives a reasonable predic-—
tion of the corona free breakdown pressures for SFg-N; mixtures, 'In
figure 8.10, the locus of ps R combination satisfying equation (8.7) is
plotted for pure SFg and SFg-N» mixtures containing 50 and 20% SFg. It
is obvious that, in general, the critical pressure P, is higher for

mixtures having smaller SFg contents,

8.6. Concluding Remarks

Based on the experimental and analytical studies described in this
work, the following conclusions can be drawn.

The static field anode and cathode corena discharges in SFg-N, mix-
tures are very similar to those observed in pure SFg. Such discharges
pass through three distinct modes of single pulse discharge: momentary
discharge and sustained discharge activity with increasingﬁépplied volt-
ages. The corona discharges in pure N, are substantialiy different from
those observed'in SFg~-N, mixtures containing small traces of SFg. More-
over the corona discharges in SFg=N; mixture are significantly differenﬁ
“from those in airﬁf At higher values of gas pressures or in more uniform

field gaps, a complete breakdown may preclude the development of any type

-
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of cofona éiacharges; The critical pressure whigh is Ehe pressure above
which corona discharges do not precede the breakdown depends on'thé
polari&y of the applied Goltage,&iameter of the rod electrode and gas mix-
ture ratio. For a-given electrode—gap afrangement and the mixture ratio,
P, is higher for the negative than that for positive rod-plane gaps.

Also P, has higlier values for gaps filled with SFg—N, mixtures than those
filled with pure SFg for both polarities of the applied voltages.

The continuous corona discharges in SFg and SFS—NZ mixtures estab—
lish low field barriers to the propagation of breakdown streamers in posi-
tive and negative rod-plane gaps. Consequently, the breakdown voltages
of non-uniform field gaps are much higher than the onset ﬁe_;}b
ability of these low field barriers to increase the breakdown voltage ™
above the corona threshold ievel i1s affected by the polarity of the
applied voltage, electrode-gap configuration, gas préssure and mixture
ratio. 1In positive rod-plane gaps, the transition form the corona 5%
stabilized breakdown to one which oceurs without any steady prebre;kdown
discharges 1s very abrupt. This results in a discontinuity'in the
breakdown voltage—pessﬁré curve of such gaps. The pressure ag whigh this
discontinuiéy occurs is higher in SFg-Np ﬁixtures than in pure SFg. 1In

negative rod-plane gaps, this transition does not appear to be as abrupt
as in the positive gaps and occurs at higher values of gas pressures.

In general, the corona stabilization processes operate over a wider
pressure range for the negatiée than the positive gaps. Also both the
fheoretical as well as experimental studies incigéte that for positive

~rod-plane gaps, the corona stabillization processes are operative over a

wider pressure range in SFg-N, mixtures as compared to pure SFg.
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-almost doubled when 0.02% of SFg i1s added. In genéral, the breakdown "
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The breakdown vbltagea~of negative rod-plane gapas filled with Np

are very sensitive to the presence of SFg as impurity. The bregkdo

o

voltagé of pure Np for a 20 mm rod-plane gap using 1 mm rod cathode is
voltage of negative gaps is the highest for pure SFg. - -
For positive gaps, the breakdown voltage of SFg and SFg~N, mixtures

is strongly affected by the total gas pressure. At low pressures such

‘as 100 kPa, the breakdown voltage-mixture ratio curves aré similar for

both the positive and tﬁe negative rod-plane gaps and the breakdown volt-
ages of SFg are higher than those of SFg-Njp mixtures. At higher values -
of gas pressures such as 500 kPa, the breakdown voltages of mixtures con-
taining less than 30% SFg are even lower than those of pure N;. At mod-
erate gas pressures such as 300 kPa to 400 kPa, the breakdown voltages of ¢
certain mixtures can be upto about 70% higher than thoﬁf of - pure SFg.

However, the corona onset voltages of SFg—N; mixtures for both positive

and negative rod-plane gaps behave similarly with respect to changes in

thé gas pressure. The pnsét voltageg are lower for the negative gaps

and for such gaps onset voltage—mixﬁure ratio characteristics are similar

to the uniform field breakdown voltage-mixture ratio curves.

Tﬁé analyti;;i“studies show that the streamer breakdown criterion
presented in this work can be used to estimate the discharge inception
voltages of SFg-N»o mixﬁ;res with reasonable degree of accuracy for gaps
having varying degrees of field non-uniformities. Furthermore, these
studies indicate that compared to pure SFg, SFg~N; mixtures are less
sensitive to the electrode surface defects.

From the point of view of application of SFg-Np mixtures in gas

insulated devices, the present studies indicate that the discharge
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behavior of 50% SFg-N; mixtures is{xé{;_‘iggilar to that of pure SFg.

The uniform field breakdown strength-o such a mixture 1is exﬁected to be
about 85-95% that of pure SFg depending on the electrode surface~condi-
tions. In non-uniform field.gaps; such a mixture will haﬁe a higher |
breakdown stfength than ﬁure SFg for pressures of technical interest.
Also it can be operated at pressures considerably higher than 600 kPa
vhich is the upper limit for SF4 insulated devices. Moreover, similar
to pure 8Fg, such mixtures are non-flammable, non-toxic and carbon free
but are relatively less expensive. Furthermore, compared to pure SFG,.
the thermal characteristics of 50-50, SFg-No mixtures are not signifi-
cantly degraded [59]. Thus it appears that SFg-N; mixtures can be used
instead of pure SFG in compressed gas transmission lines resulting in

considerable savings in the overall cost of such systems.
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