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WELCOME

.. G. Christophorou
Oak Ridge National Laboratory
Oak Ridge, Tennessce 37830, USA

Ladies and Gentlemen: Good morning and welcome to Knoxville.

It is a distinct honor and an immeasurable plcasure to have ycu at

this symposium.

In the energy era in which we are living, the nced for cnergy con-
servation and cnergy cost reduction is overwhelmingly pressing.  The
demand for clectric power in highly industrialized countries increases

at alarming rates and so do the multiple needs for high voltage insulation.

[t is the primary goal of this symposium to provide a forum for a
report on, a comprchensive discussion of, and an exchange of ideas about

current progress and problems relating to gascous diclectrics.

It is also the hope of the organizing committec that this symposium,
and perhaps futurce similar symposia, will provide an opportunity for a
coordination of present and future cfforts in both the basic and the

applied and cengincering aspects of gascous insulation.

Prior to turning over the floor to the Chairman of the first scssion,
I wish to express my gratitude to the sponsors of the symposium, the
members of the program committee, and the members of the local arrange-
ments committee. Special thanks are also due to many of you for your
advice and to the personnel of the Oak Ridge National Laboratory's

Laboratory Services Department for their assistance.

Thank you.



THE BASIC PHYSICS OF GASEOUS DIELECTRICS

Jo Dutton
Department of Physics, University College of Swansea, University of Wales,
U. Kl

ABSTRACT

The mechanism of high voltage breakdown in molecular
gases is discussed in terms of basic physical processes and the
properties of charged particle swarms.

The three main areas surveyed are related to (i) static
breakdown in uniform fields at voltages ulp to about 0. 5 MV in
relatively low electric fields ( <107y m”~ ) where, as a result
of experimental studies and theoretical simulations in recent
vears, the breakdown mechanism is now well understood for a
range of gases including N_, air, SF_ and N_O: (ii) the role
of space charges in hoth uniform and non-uniform fields, with
particular reference to experimental studics of the transition
from uniform to non-uniform fields in the impulse breakdown
of positive-sphere/earthed-plane systems and attempts to obtain
a physically based breakdown criterion for such systems: and
(iii) uniform-field breakdown in the same voltage range as in
(i) above but at higher fields, which presents a difficult problem
in surface physics which is discussed in the light of recent
results,

INTRODUCTION

The ultimate limit of the voltage attainable in systems for the generation
and distribution of high voltages is often set by the electrical breakdown of the
gaseous dielectric which forms part of the insulation of such a system. Since
there is strong interest, and considerable advantage, in operating systems at
ever higher voltages, there is powerful motivation for understanding the basic
physical processes which result in the transition, on a very short time scale,

from good insulator to good conductor which characterises this breakdown.



This transition results from the chain of atomic and molecular processes
initiated by one or more charged particles released in, and gaining energy from,
the electric field which must exist between the high voltage electrode and earth.
Thus, in principle, it should be possible to understand and make theoretical
predictions about breakdown phenomena given the electric field distribution, a
complete knowledge of the cross sections as a function of energy for all the
collision processes involved in a given gas, and information concerning the
processes of charged particle emission which results from the interaction of
particles and radiation with boundary surfaces including, in particular, the
electrodes. If this.information is available an energy balance can be struck
and an energy distribution function for the charged particles obtained, and the
consequences in terms of the development of a current in the dielectric deter-
mined. In practice, however, except under special conditions there are a
large number of individual processes occurring and there is often a lack of
detailed knowledge of many of the cross sections involved. In addition, the
procedure is a difficult one involving numerical integration of the equations and

has only recently become possible with the advent of high speed computers.
SWARM COEFFICIENTS AND STATIC BREAKDOWN

In these circumstances, it has proved extremely valuable to obtain
experimental values of the various averages for charged particle swarms
corresponding to the cross sections of the various collision processes. These
averages include the drift velocity W and diffusion coefficient D related to
the cross section for momentum transfer and the coefficients of excitation €,
primary ionization @, electron attachment a, detachment d and ion-
molecuie reaction c, related to the corresponding atomic collision cross
sections. Just as the total effective cross sections are dependent on energy
and the gas number density n, so the swarm coefficients are dependent on the
mean energy, which is determined by the parameter E/n (where E is the

electric field) and on n. Investigation of the dependence of the coefficients on
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Generalised Townsend Theory

The effect of including extra terms for the additional processes in the
continuity equations leads to morce involved expressions for the steady state
solution, For example, when attachment, detachment and ion conversion
from a negative ion species X which has a high detachment coefficient to a

more stable species Y are included, in addition to primary and secondary

L . . 4, O
sonization, the cquation becomes ™’
Aod 5"-,,(1
. 4 - )
1. LAe -Be +DJ (3)
Qo . | 1 2 2
o e | - e =-1I)- y e’ -0l
S A A
! 2 1 2

where *’-l and * arc the roots of the following equation

-

1
H - = - - -t f‘r - - - - h 2
{¢-a, -a,-c-L - [(a-a;-a,-c L)+4!(al +32)c+ala} +a2] 14)

LN

which involves the coefficients of attachment to the two ion species a and 3y
the detachment coefficient 2 from X~ and the ion conversion coefficient c.
The nature of this equation is such that very little detailed information about
the individual coefficients or the processes underlying them can be obtained
irom swarm imeasurements under these conditions. Fortunately, however,
the magnitude of the coefficients is such thatarn I,d curve at 2 constant value
of E/n has, over much of its range, an analytical form the same as that of
Equation (1) with o and w/a replaced by effective ionization coefficients
a'and {(wh )'. These effective cozfficients involve the coefficients of the
individual processes in a way which depends on a knowledge of the particular
processes occurring, bhut are useful even in the absence of such knowledge,
because they can be used to predict the static breakdown voltage using a

criterion of the same form as Equation (2).



Range of Validity

In order to test the range of validity of this generalized theory for break-
down in uniform fields, it is necessary to carry out swarm experiments over
the widest possible range of parameters., Such measurements require a stable
(fluctuations < 1 part in 104) high voltage supply, the potential difference from
which can be applied across an electrode system profiled to give a uniform
field and contained within an enclosure which can be evacuated and filled with
the required gas at high pressures. Using such a system, we have measured

13

the spatial growth of ionization currents (range 107 o 10-7A) at voltages up

to a maximum of about 0. S MV corresponding to values of ndS up to about
59,93 x 1023m -2. For all the cases we have investigated which include N2,

air, SF_, N_O (see Refs. 6,7, 8,9, respectively) and mixtures, the spatial

6 2
growth of ionization over a large range of d is analytically of the form given
by Equation (1) provided the individual value of n is chosen at each value of

7V m-l. The values of the coefficients obtained

E/n to ensure that E £ 10
under these conditions and the values of VS determined from them are shown in
Table 1. In all cases the values of VS predicted from the swarm coefficients
agree within the experimental error of about 1% with the measured values in our

10,11,12,13 ¢ elsewhere #1216, 17,18,19 (0 @ cimilar

own laboratory
experiments on the growth of pre-breakdown ionization within this range in
other laboratories (see Bibliography of Ref, 5) give results in agreement with
the general conclusion that the spatial growth of prebreakdown ionization and
the static breakdown voltage are in accord with the theory. This being so, it
is of interest to determine whether the swarm coefficients can also be used to
determine the temporal development of the spark when an impulse voltage

vV 3 VS is applied under these conditions.

IMPULSE H. V. BREAKDOWN IN UNIFORM FIELDS OF LESS THAN 107V m
A priori, this would be expected to be the case because there is no
reason to expect a change in the continuity equations (which together with the

boundary conditions give the steady-state solution given in Equation (1) as the



Table 1.

Values of the effective primary and secondary ionization ccefficient in nitrogen, air

and SFg, together with the corresponding values of ndg and Vg.

Gas E/n E a'/n 10hwe) | v, nd,
- 2 - -~ -
0 Pvm? | a’vmly | a0 m? «vy | 102 m2
85 69.7 1.73 0.32 509 59,93
88 72.4 2.5 0.57 343 39. 04
N 91 75.7 3.36 1.12 247 27.23
Na 94 79.6 4.39 1.48 184 19.53
97 80.3 5,82 1.56 146 15.07
100 82.3 9,7 1.19 123 12.23
100 54.0 2,12 0. 91 439 43.89
101.5 54.8 3.54 0. 48 285 28.07
Air 103 35, 6 5.48 0.28 197 19, 11
106 56, 4 9. 81 0. 064 129 12,17
109 58, 0 15.9 0.066 82 7,50
358 11.8 42.0 2.89 68.7 1.921
SF 358.7 11.84 62.0 2.71 47. 4 1.322
6 359, 4 11,86 76.0 3.83 38.0 1.056
360.6 11.9 107.0 1.77 29.0 0. 805




applied voltage increases above Vs.

Thus the current as a function of x and t in the simplest case, of
primary ionization, together with secondary ionization at the cathode only, in
a plane parallel electrode system can be obtained by solution of the continuity

equations

éle t)le
—C-w fa_ - =2
e e

at ax &)
5
oy o
rrali Wp !ulp v }

{in which [e’ 1, We and W_are the electron and ion currents and drift velocities,
respectively,at plane x and time t) subject to the boundary conditions which are
determined by the processes at the clectrodes, in particular the scecondary
ionization processes at the cathode. For the early stages of the development

of a small initial current when there is insufficient charge to distort the applicd
field, these equations arc amenable to exact analytical solution [20 - 25].

These analytical solutions are useful when considering the early growth at
relatively low pressures and over-voltages, In these conditions the space
charge distortion is ncgligible, and the temporal growth of {onization exponential
with a growth constant 2 for many electron transit times, which represents a
laxrge fraction of the time taken for the glow discharge to developzﬁ. At the
relatively high pressures being considered here, however, the space charges
build up much more rapidly often becoming significant during the transit time

of an clectron acxoss the gap. During the phases of the growth where space
charge becomes significant analytical solutions are no longer possible and to
determine the remporal development of the current it is necessary (a) tobe
able to calculate the field due to the space charge and (b) to solve the contlinuity
equations in conditions when the coefficients are not constant but vary continuously

as the applied field is modified by the space-charge field.



The one dimensional form of the Poisson equation is found®” to give
values for the space charge field which are significantly in error. Thus, the
first approach to the problem:',8 was to develop a method for solving the equations
numerically on the assumption that the discharge was of cylindrical cross section
with charge density constant across a radivs. This enabled the space charge
ficld along the axis to be calculated, by the application of the inverse square law
te the charges and their images in the electrc-es, and the numerical integration
of the one dimensional continuity equations using the so-called method of character-
istics. In this method, the integration is carried out along the characteristic
curves which follow the motion of the electrons and the ions. In the low pressure
casc at relatively low over-voltages the development is such that the positive
ion space charge has by far the bigger influence on the growth, but in the much
more rapid development at high pressures it is essential to take into account

the effects of both positive ion and electron space charges.

This method leads to a solution of the equations which gives electron
density, ion density and electric field as functions of position and time. From
these the light output as a function of time may also be obtained and streak
photographs of the developing discharge simulated. A simulated streak photo-
graph obtained in this way for nitrogen is shown in Fig. 1. This bears a
striking visual resemblance to the experimentally observed streak photograggkao
showing the progression of luminous fronts usually referred to as the anode and
cathode-directed streamers. Moreover, more detailed comparison between
simulation and experimental photographs shows that there is good quantitative
agreement between the times of identifiable features such as the arriva: times

of the streamers at the electrodes.

Additional processes can readily be incorporated into the equations and
later computations by other groups, using similar methods have shown (i) that
in air the inclusion of electron attachment and detachment greatly influences

3l
the growth ™ in agreement with experimental observations32 and (ii) that the
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iiig. 1. Computer smul,n(z(l s‘trc'lk phomgraph?fs)r inj}ukdown in
nitrogen tern - 2,97 x 107 m " and Ii/n = 1,76 x 1) Vm~., The
anode and cathode-directed streamers can be clearly seen,
L The anode is at the top of the picture and is separated by a distance
of 3 cm from the cathode at the hottom; time progresses from left to
right on a scale from abont 70 to 145 ns after the application of the voltage ;.

assumption of photo-ionization rather than photo-clectric effect at the cathode
as the dominant scecondary ionization process changes the growth to o very
smiail extent, except in the cose of wide discharges ar high over-voltages™

3

. . . .34
Subscquent development of the original analysis ™ has enabled the

35 Co
prediction of currvents in good agreement with experiment from a few initial

clectrons well into the region of the glow discharge, provided the experimental
variations ol the radius are taken into account.  This change of radius of the
developing discharge has also been shown% to have an important bearing on the
discontinuity in the experimentally observed curves of formative time lag vs.

over-voltage which is also in agreement with the theoretical predictions of the
simulation.
37 . .

In morce recent work , the necessity to make assumptions about the
changc in radius is removed by extending the method to two dimensions.  This
work, togcther with some of the details of the earlier methods and results, is

, . 38 . . .
described in another paper  to be given at this Conference and thus will not
be discussed further here except to note that it does not significantly alter the

conclusions of the earlier work using the onc-dimensional solution,



oo canct e o e '

desclopmoent o diao oo L et e g
obscerved developrocnt v o i e e e ! e . N J
!
. . . , /
for on the hasis of 1he <o 0 b callicinm bragg ~ =y T SO o A A
: . . /
the spatial orowtho af gamzation o0 % VoL ;
- j
/
/
I ifirs recton o Snoe o doe ol The ~ o Cac o ie e it A N U LS
Of the Clectron eirr=~100 PIragee ~~c= ! 1o o atia fo o ungisde - ol 0 o argrg .
hreakdown potentiad ol o o~ et ots clectrica! hot e eyl R
II
voltares to he predictads I <bonbd he noted, Yo o, T T LAY
offective tontzation coctticiont= tobiers cary b oo v b e g
'"‘i
LT AT A R N PR Y R U

of methods and are acmlable 1or o fara

the caloulation of 7 ) the actial coctfiicrent< of 1o amdropfaad prrvne oo
<

needed for the predictions of temporal crowthy g the <o cannnt be aeonare b

il tach-

mcasured by existime mmethods in cases whore clectron artacha ent o

ment ocenr, he alternance approach of asing swaer coelfficiont< caleabnged
o cases Tor e ek

from: data on cross scections i< limited 1o those relatioety

all the vequired cross sections are sufficienty el Snow ook o fonetion of

cnereve CThar dhas procedure is now techatesy feasihle even i ogis rtnre s,
B LU _
however, was recentty shown by rthe caleulation”  of 0 art velateiely s b os

for the zas lascer mixture CO N, He, the values obtained being sabscgquently
’ 40

confirmed by independent measurement

Ho Vo BREAKDOWN IN NON-UNTFORX FIFLDS ANDIN UNTFORM FIET DS

GREATFR THAN (0 v im

A large amount of experimental and theoretical rescarch has been
carried out on breakdown phenomena undey these conditions, and a good deal
of insight gained into the various phases of the discharge such as, for exampic,
the corona, leader and leader-corona phascs of nositive rod-carthed planc

systems, which have been obscrved in laboratory gaps of lengths from Im in

the early work of Allibone and NMeck  to 13 5m in the recemt extensive
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measurements on long gaps by the Les Renarditres Group 7. 11 s never-

theless true to say that the snderstanding o tevms of hasic processes s not
neariy as well established in cithor of these regions as in the reglon proviously
discussed.  This is partly hecanse in hoth these cases the pheaomens them -
seives are morve variable, and in the non-uniform casce this s compounded
by the difficulties of carryving out cxperiments in completely controlled
atmosphoeres hecanse of the larpe volumes vogui red and by the fact that the
theorctical capability of dealing with the twe dimcasional development of space
charge, which ts requived cven for axialiy syasnctric breakdown, is only now
heing develaped,  The vast amount of work dose in these aveas bas been
43
subjeet of & nuber of ercellom reviews including those of Conkson coverviag
z

. . , 43 . 435 .
Iigely undfarns foblds and those of Allibone aod Waters  which are the most

recont in non-uniformn foeld broakdown,

I these clroumstances, vather than attempiing o mach aldbroviated
veview o scenes o e bettey bn this phpeer 1o concent vile atiention on s
curient oxperimoents o ouy nhoratory designed to define aad o antempt to

prs

solve some of the basic phyaics problems whibch remain o these regions,
Non-Uniform Pioiis

From the gaint of viow of developdny o crvitevion for hreakdoen bn aon-
uniform Teldys in wermn of basic collision processes, the sajor differvence
hoetweens Iow uaifors Heldys constde rod provioosty and aon-uniforns fiekdy i
the velative bnportance of spoce charge.  As b been shown above, by Jow
watform ftelds o criterion fov ‘-f?_i aot tnvid vitg space Caarge but anly the fonization
coutficients is adeguate over o wide raage of parameters,  Space chavges only
breorse sipobficent whoen conditinos o ostablished in widch the current can

incresse with tiose, and then asualily acr is the latey stages of the growih so ay

16 enhance the prowth of current o the spark, (o non-unifern feldy, on the

ather hand, spoce charges play s crucial role is dotemsising the breakdown

voltage, boeoonse the corrent in the gop in the pre-breakdown phase preduces

significam spoace chirge which bas s fohibiting offect.
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I order o develop a eriterion for breakdown in non-uniform fields on
the basis of fundamental collision processes and their interaction, it is thus
necessary to establish the distribution of this space charge,  Thus we have
recently started a serics of measurements in collaboration with Dr, R, T, Waters’
group at the University of Wales Institute of Science & Technology, to investigate
the distribution of space chasges in positive sphere-carthed piane systems, The
system was designed 1o enable us 1o study the transition from uniform -field to
aun-uniifcia field breakdown of ai - for a range of clectrode separations from
1 to 0, 7m and of sphere diameters from 75 to 250mm, using lightning impulses
willy @ rise time of L os and a decay time of 888, The clectrode system was
enclosed in an carthed wive moesh evlinder of 3m diameter, so that the applied
Nield was well defined and the whole systeny was shrouded in o polythene tent
through which filtcred air was flowed to give some degree of control of the
sapnvous cnvironment,  (Fuether experiments are planned in o larvge metal
iemization clamber to investigate the effects of humiditv. ) The first experimems
with his system established cleariy the expected transition in the 300 probability
b Bdesen vollige (\:’5”) vy, distance for a given sphere {ii;e.m(.-!cr from a slope
of ahout 5 x W &h‘—u' " -} for uniform fickds to abour 0, 35 x 107V m.l in non-uniform
ficlds,  Sabscorpent expe riments were concentrated on corona ceveats in the non-
untform ficld vegion which did not lead o breakdown, with & view 1o determining
the way in which the space charge resulting from the corona was distvibuted,
Those measurements involved the ase of o rotating vance fluxn ‘.-tc,-r‘m mounted in
the contre of the plane clectrade, and stmaltancous photomultiplicr observations
al varinus positions i the gap,. o the Susmeter, a sectored dise of 15 em
amweter rotated abowe g similarly sectored stator, and the integrated signals
fram both discs were recordud by o digital recorder (sampling rate 20Mi12) to
caabie the induced and conduction currems at the cathode to be measured,
Heaee the fiekd of the cathode and the aet charvge arviving theve can be determined:

1

Frign Bwse momsuroments i was c:i!mhhshm,ld’ that for the cathode to play an
active role in the covoma phase 6 o for charge to be transferred to it) requires

. . SO U . :
A fheld B oof sbhont 4, 7 % HUV Y m 10 boe established there, “Thus at any given
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value of pd, a voliage \/t is required before there is a transfer of charge at the
cathode and this gives a characteristic curve Vt, d lying below the VSO’ d
characteristic. A typical signal from the stator in the case in which the cathode

does not play an active part in the corona phase is shown in Fig., 2; the

amplitude of the oscillation is a measure of the induced field at the cathode,

and the displacement of the minimum of the cscillations from the axis at a

time ’I‘i after the initiai pulse is a measure of the charge conducted. Thus, in
this case the induced field remains practically constant as the ion space-charge
approaches the cathode and then decreases as the ions begin to reach it at the
time Ti' Such measurements give the total charge injected by the corona and

the arrival time of this injected charge at the cathode, while simultaneous
photo-multiplier observations give the extent of the corona. These results are
found to be consistent with an earlier suggestion48 from fluxmeter measurements
that to a first approximation the charge injected by the corona can be regarded as

located in a plane at some distance from the cathode. With this assumption and

MMM“UHHHHMHH

e "lﬁl‘””,dui“thHJW

Fig. 2. Signal from the lower static electrode (see text) of a fluxmeter
situated in the middle of the plane electrode of a positive sphere-earthed
plane system subjected to a lightning impulse of 210kV peak voltage.
Sphere diameter: 7.5 cm; Gap length: 45 cm; Cas: air at relative
humidity about 10 gm .

[ The time scale is 2ms per cm J.
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using calculated values of the corona inception field42 and the applied field at the
49 . . . L .
cathode °, together with experimentally established values of Et’ it is possible

to predict the V__, d characteristic. This characteristic has the same form as

50
that experimentally observed and currently the two-dimensional computer simul-

ation is being developed to calculate a more accurate distribution of space charge
to see whether, in this way, a criterion for non-uniform field breakdown based
entirely on basic processes and their interaction in the applied field as mcdified

by space charge can be obtained.
. . 7 -1
Uniform Fields > 10 Vm

It has been known for a considerable time that as the pressure, and hence
the field at a given value of pds, increases a region is reached in which the
character of uniform-field breakdown becomes quite different from that described

earlier. The characteristics of this region are that (a) the breakdown potential,

even under well controlled conditions, ceases to be a well-defined value predictable

on the basis of Equation (1), (b) there are marked departures from Paschen's law
and (c) the sparking potential shows a strong dependence on the cathode material
and state, the dependence being large enough to be observed despite the large
range of values obtained with a given electrode. In order to investigate this
region in as controlled an environment as possible, we have recently carried
out a series of experimentsso’ ot on nitrogen, using an ionization chamber which
could he initially evacuated to about lO-Storr and into which nitrogen (filtered to
remove particles above 1um in size, and dried over PZOS) could be subsequently
admitted at pressures up to about 15 atmospheres. The electrodes were profiled
to give a uniform field over the central region; the materials and surface finishes
used were (a) aluminium polished with ¥-alumina (b) titanium, as-machined
giving a surface of ~ 0.6 ;m centre line average (CLA) as measured using a
Talysurf, or medium polished with 600 carborundum ( ~ 0,1ym CLA) or
polished with diamond paste ( ~0.1um CLA), and (c) scainless steel medium
polished ( ~ 0, 1lum CLA). A series of measurements of the breakdown voltage

24 -2
at a constant value of ndS =1.69x 10 'm ~ enabled the transition from low to

ot et
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high fields to be studied. For all the surfaces,VS in the low field region was
162 ! 1kV as shown in Table 2, but at approximately the values of the pressure
P, given in the table for each surface, the static breakdown potential began to
decrease and to show a scatter, the majority of the values at any given pressure
lying within a band about 30kV wide but with single values occasionally lying
even lower than the bottom of this band. Some of these very low values were
followed by a decrease in the mean position of the band which then gradually
recovered. The breakdown voltage for p > p, was charalc:;erised by Vxl?n the
mean of highest 25%, at the pressure p. The values of Vm (i. e, Vm at

p = 12 atmospheres) given in the table indicate that some of the curves of

Vm’ p cross each other so that the relative insulation strength with a given
electrode at high pressure is not necessarily dependent on the pressure at which

the transition to high field behaviour occurs.

The surface state of the electrodes was investigated before and after
sparking using a talysurf and photo-graphic observation, and measurements of
field emission were made for each electrode, The results are summarised in
Table 2 and it can be seen that there is iittle correlation between surface
topography, steady state field-emission and breakdown strength with a given
electrode at a given pressure, except for the stainless steel electrodes. These
surprisingly gave particularly low values of Vm and much higher field emission
than any other surface. Further polishing showed that this probably resulted
from the use of stainless steel which had not been vacuum cast and contained
small porosities within the material itself. The lack of correlation between
surface topography and breakdown was further indicated by the fact that the
number of craters observed were about the same as the number of sparks and

that when a deliberate surface scratch was introduced, breakdown did not occur
there.

Measurements were also made of the spatial growth of pre-breakdown
ionization and these showed that a in the high pressure region was identical

with that at low pressures and that there was no marked enhancement of /g .
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Table 2. Results of a study of the transition from breakdown at low uniform
. . . ) . 24 -2
fields to that at high uniform fields in Ngp at ndg = 1.69x 10" m .

Electrode Pt Vr;z Surface after I F Vs
surface sparking

(atm) (kV) (A) kV)

. -12
Polished Al 4 120 Craters 25 um deep | ~10 163
and splash marks

Medium polished 4 81 Craters 2 - 5 um ~10-10 162
Stainless Steel deep and meta! dust
As-machined 4.5 108} 162
titanium %
Medium polished 6.5 103 Craters 2 ~ 5 um ;5‘]()-]2 162
titanium deep
Diamond polished 6.5 117% 162
titanium {

Breakdown occurred at random along an I, d curve sometimes when a point in
the middle of a given curve (which had shown that the steady-state /o at that
distance was negligible) was being re-measured. It follows that the breakdown
in the high pressure region is random, transient and localised. This is in °
agreement with the temporal studies of Ml’ﬂler52 which showed that breakdown
was initiated in these conditions by short bursts of about 103 electrons over a

period of less than 3ns, although the nature of the sites from which the emission

occurred was not established.

The above results show that it has not been possible to identify any
readily measurable parameters of a surface or its pre-breakdown behaviour in
the steady state which can be used to select electrodes likely to give the best

insulation strength in a high-field insulating gap.
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inoanothey paper  at this Conference. Another exaniple is some recent work

undertaken on N0 in vur laboratory.  ‘This arose from the initial question as

to whether there were anv common gases having the same fundamental property
which makes S.’-‘h a good insulator, viz: a high attachment ¢ross section at low
energy. A scarch of the literature suggested that N O, which has an attachment
cross scction - Hl-!?cmz at about 2¢V should be 2 good insulating medium,
although no previoss studies of ionization growth or hreakdown had been made

in N O uself,  Qur subsceruent mcm-:un.-mcm:;l 3 of ‘\'g for N,O which are

given in Table 3, showed it to have a diclectric strength intermediate between

N, and Si-'ﬁ. The measurements of \‘S, together with associated pre-breakdown

- {
measurements, gave results which required” account to be taken of the following

s5:% reactions foy their interpretation:-

primary topization: ¢ Nz() -» .\'20’-.&0 +e (coefficient o),
dissociative attachment: ¢+ .\’20 > .i'\’2 +0Q (a),
negative-ion-molecule o + .\'20 » MNO +NO~ (ml),
Feactions: 074250 - NO N0, (m,)

[ NO™ + 2N,0 = N,0 +N30_; (1)
collisional detachment: NO  + ;\’20 - NZO +e +NO (8)

Considerabie pressure dependencies of the measured coefficients were observed
resulting from the competition between the three-boc ion-molecule reaction
(converting thc loosely bound NO' to the lightly bound N 30; ) and the detachment
reaction. It was clear that if the detachment reaction rate could be reduced by,
for example, the addition of small amounts of 02 in which tue charge transfer

reactivn
NO+ 0, » NO + o;

is known 10 cccur with a fast reaction rute, the breakdown strength should be

increased, even though ().2 itself has a much lower dielectric strength than N, 0,

2
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. . ) 54 , , .
Breakdown measurements in O,)/.\,)O mixtures , some of which are given in
Table 3, confirmed this prediction and also showed, as cxpected, that the
p I
pressure dependence was reduced. These results led to an investigation of

-

. 55 .
SF6/N20 mixtures  where on general grounds a reaction of the tvpe

NO +SF,» SF. +NO
o 6

might be expected to occur. In this case the dielectric strength increases very

rapidly with the addition of SIF, as shown in Table 3, giving for a 207 mixture,

6
for example, a dielectric strength over 709 of that of S[’v‘(’ alone at about 404,
of the cost. Recent measurements on N,)/SF() in a similar system show sn
almost 1dentical pattern, although the fundamental reasons must be quite

different.  This would make an investigation of pre-breakdown curvents in

this mixture and in the triple mixture ;\',)/E\’z(J/.‘.iF6 of interest.
Technologically Interesting Basic Problems

In the other regions which have been discussed, the basic physics has
not reached the level of understanding which is required for the materials
science approach, but there are some clearly identifiable basic problems
the solution to which could well be useful technologically, For ¢xample, in
non-uniform field breakdown, there is the prospect that further experimentai
research on the distribution of space charge, together with two-dimensional
cormnputer simulations, will lead to completely physically based breakdown
criteria, at least for axially symmetric geometries in which the applied field
is well specified. Even if these methods are too complex for every-day
practical use, they will be helpful as ahsolute thecries against which to test
existing empirical and semi-empirical expressicns (as well as any further
ones which may arise from the investigations themselves) in novel and extra-
polated situations. The overall aim of predictive criteria of this kind being,

of course, to reduce the amount of experimental testing required.
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in uniform-field breakdown at high pressures i is clear that the basic
problem for solution is aot mainly concerned with the gaseous dielectric itseld,
but with the clectrade-surface /diclectrie intevfoce,  Bdeally, what is reguired
to determine the initiation mechanism in this regime, 15 a method of studyving
microscopical develomments on an clecirode surface in the presesce of & high
pressure gas on a time-scale of at least microseconds, and possibly nuno-
seconds,  This dots ant scem techaically feasible ot present, so more
indirect methods are vequived, possibly along the lines of previous work i
which the offect on the breakdoven strength of introducing boown tvpoes of
imperfections on single crestal surfaces was nvestignted,  The identification
of the nisure and evolution of the sites at which breakdown is inftiated ig
clearly a difficult problem,. [dentification i, however, the first step in
assessing whether such sites can b controlled or climinated. 1 this proved
possible it would have considerable consequences for the desiyn of b, v,
insulation because i would lead 1o fess crratic spark breakdown voltages and

a much improved level of insulation for a given gas pressuve,
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GERCURE

SHM0S: P. What ix the phesical ceasing of The conntant € in pour
. o, . 54 : ) - t i, &
et iom 1, v e T 20 e de pou caplads The ceasuesd depariure of

the Paschen loaw and Jo rou sve any consppences because of this?

L E R ¢ P 1 should have oentioned that @E in the copstant aeasured
atl same given lov valse of 8£%, so that since | oo TR, t“ 2 ﬁi(. The
advantiage of sowsuribg tc ruther than attespting e deteroine i" is that
it leads to sore aceurste evaluntion of the ijosizating coeffivients,
The reason for this is that althoush the 1, £/N curve is often assumed
to saturate at a value of § it does wot in practice do o and thos l"
wars omdy he obtaincd by extrapaiation.  This, je turn, seans that the
accuracy with which !” cany be determiocd s less than that attasinable in
the munﬁurvmvntcu'lv amd i 200 The explanation clearly lics i the
high value of the fields at whick the departure occurs and the influence
this has on the clectrade/gas interface.,  The details of the processes
occurring at the iaterface are, however, an unsolved and very isterest-
ing problem.  Our experiments in Np show that the magnitude of the de-
partures are not readily related to surface topography, clectrode
mrterial, steady-state Ticld emission or prebreakdown current, but in-
dicate an agreement with the carlier time-rvesolved ficld emission
measurement of Miller, that the phonomena arc transicnt and localized.
The consequences for insulation arc considerable because if the
sites at which breakdown is imitiated could bhe identified and climinated,
this would reduce the scatter in the breakdown voltage and incrcase its

alue te that corvesponding te the Paschen valuc. Ideally, what is



pevded is a sethod of studving the electrede surfaces in the presence of
d Field of =107 ¥ rm™b and of g pan at high pressure on a time scale of
wHo BY gvep ssed. This docs not scem Feasible st the moment, and we
are currently usiag a sore indirect approach iovelving the use of sin-
ple crystal eloetrodes and the effect of introducing imperfections at

the surface,

BLAlY: You report acasurements of breakdown voltage as a function of
presanre with Jifferent olectrode aaterials and different cathode-surface
roughnesses,  To what estent could the differences between materials be
caused by difforent rates of chanpe of surface roughness with repeated

sparking?  Were the quoted ¢ imesses neasured before or after sparking?

o The roughness was measured both before and after sparking, the
Figures yuoted on the slide being those before breakdown which ranged

from 0.1 to .6 wn CLA. AFter breakdows, there were craters 25 um deep
on Al amd ~2-5 pm deop on the stainless steel and tungsten clectrodes,
These craters did wot scem to play a significant role in initiating
breakdown however, because there was no supggestion of discharges being
anchored to craters, the number of craters being of the same orvder as the
number of sparks. There was little correlation of the breakdown behavior

with any of the steady-state parameters which we measurcd.
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_ELECTRON SWARM PARAMETERS IN GASES AND VAPOURS

J. Lucas
Department of Electrical Engineering and Electronics, University

of Liverpool, P.0O. Box 147, Liverpool L69 3BX, England.

ABSTRACT

Electron swarm parameters have been measured for a number of years
over a wide range of E/N (electric field to gas number density) by using
both a time of filight and a steady state technique. The parameters
investigated have been the ionisation cozfficient, attachment coefficient,
drift velocity, excitation coefficient, and both radial and longitudinal
diffusion coefficients. Measurements have been made for 1¢E/N ¢ 2000 Td
(0 Td =107y cmz) in a wide range of molecular gases (Hz, N7, CO,
CO,. 0y, CHy, CF, and atomic gases (He, Ar, Ne) and a recent develop-
ment is measurements in CO, laser gas mixtures (COy-Ny~ He) and metal

vapours (Hg, Na, Tl).

Theoretical values have been computed for the electron swarm parameters
by using the Boltzmann equation and the Monte Carlo simulation technique.
For each gas/vapoura set of cross-sections have been selected which give
theoretical values of the parameters in agreement with their experimental
values. The cross-sections used include total collision, elastic collision,
differential scattering and inelastic collisions. The majority of the com-
putations have been done using the Monte. Carlo technique because it directly
simulated the time of flight and steady state experimental methods.
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INTRODUCTION

Electron swarms drifting across a uniform electric field in gas are
represented by at least six swarm parameters namely:- ionisation
coefficient (@), drift velocity (v), attachment coefficient (v ), radial ®,)
and longitudinal (DL) diffusion coefficient and a radiation coefficient (a’r)
for a single or a group of wavelengths. These parameters describe all
of the physical properties of the swarm as shown in Fig. 1. If n,
electrons are emitted as a point source from the cathode at z = 0 then
after a time t the mean distance travelled is ét = vt, the radial spreading

2 =4 D,t and the axial spreading is(z - 5) tz =2 DL t. The electron

isr
t
. . (a-v.) vt
swarm has increased in number from n, to n, = n e and has produced
o s . L . . o
n -n sitive ions n_-n ) negative ions and r (n -n
o (@, - n) po » 7o (0, = n ) nega ()

photons. The swarm parameters give us a lot of preliminary information
concerning the electron energy distribution. The ratio of radial diffusion
coefficient to mobility (Dr/u) is a measure of the mean electrcn energy (Z)
since = ¥ 3/2 (D r//.t). The presence of ionisation indicates that some of
the electrons have attained the ionising energy (% 15 eV for molecular gases)

whilst presence of attachment indicates that some electrons have reached the

ANODE 2=d
loc~n IVt —
Ml (z-zlz=ZDLt
1.
] O rteuny
=Vt O
[~ 2 =0
M= N, CATHODE

Fig. 1 A Schematic Diagram of Swarm Motion
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attachment energy {(~ 3 eV for O in oxygen) and the attachment reaches its
peak value when the swarm mean energy corresponds to the electron energy

which produces the maximum attachment cross-section.

A dctailed theoretical study will produce accurate values for the mean electron
energy and the energy distribution. It requires knowledge of all the collision
cross-sections and is achieved by solving Boltzmann's equation or by using

the Monte Carlo simulation. The accuracy of the computations is assured

by obtaining a satisfactory agreement between the experimental and theoretical
values for the four main parameters the drift velocity, the ionisation coeffi-
cient, the radial diffusion coefficient and the longitudinal diffusion coefficient

(see Fig. 2) although it may be necessary to sciale some of the doubtful

CROSS  SECTIONS FOR
ELECTRON / GAS COLLISIONS

1

ELECTRON  ENERGY DISTRIBUTION
BY BOLY:MANN OR MONIE CARLO TECHNIQUE

AN

SWARM MECHANISMS  FOR
PARAMETERS ENERGY LOSS

* |
DISCHARGE  AND
BKEAKDOWN _PROPERTIES

Fig. 2 The Interrelationship between Swarm Parameters

cross~sections (Frost and Phelps 1). It is convenient to calculate for each
E/N all the sources of energy loss by the electron/gas collisions because
these hoave many uses in assessing the discharge and breakdown properties.
For gas laser mixtures it is useful to compute the fractional energy producing
radiation of a certain wavelength (e.g. 9.6 um to 10.6 um radiation in COZ-
NZ-He gas mixtures by Nighan 2y,  In the temporal growth of prebreakdown
current the dominant mechanisms for the production of secondary electrons

needs to be known (e.g. the relative numbers of ions, metastable atoms and
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radiation in the breakdown of helium gas by Davies et al 3). The swarm
parameters themselves will provide valuable information concerning the growth

of prebreakdown current (e.g. the a =4 condition in N2 -SF 6 gas mixtures).

The majority of swarm parameters for low E/N and the corresponding set
of collision cross-sections have been well documented (see Laborie et al 4)
for all gases. In recent years we have concentrated on measuring swarm
parameters at high E/N. A summary of our techniques and results are

given in this paper.

APPARATUS

Two apparatus have been constructed to u.h.v. standards. The first is
. . S .
by Lakshminarasimha et al = and is for steady state measurement and the
. 6 .
second is by Saelee et al =~ and is for time of flight measurements. The

apparatus are shown schematically in Figs. 3 and 4.

The steady state apparatus consisted of a fixed cathode and a movable anode
made of concentric rings. The anode could be moved along the central
axis with a special bellows arrangement and the gap distance could be varied
between 0-10 cm and measured accurately (to 0.1 mm) using a dial gauge.
The anode had a central disc of radius 0.24 cm surrounded by nine concen-
tric annuli having radii of 0.€4, 1.04, 1.44, 1.84, 2.44, 3.04, 3.64, 4.24
and 5.00 cm respectively. Nine guard rings, made of stainless steel,
provided equipotentials at 1 cm intervals. The guard ring assembly together
with anode and cathode was enclosed in a glass lined stainless steel vacuum
chamber., The initial electrons were produced by back illumination of a
palladium coated quartz disc with an ultra-violet lamp. The coated quartz
disc was fitted into a groove in the cathode and a central hole of 1 mm
diameter allowed the electrons to enter the discharge chamber. The anode
was kept at earth potential and a negative voltage was applied to the cathode.
The anode currents could be measured to an accuracy of 1% using two

- -12
special electrometers having ranges of 19 8. 10 ""A. Under all conditions

the leakage currents were of the order of 10-15A.
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Fig., 3 The Sieamdy Stste Apparatus

The time of flight apparatus was also constructed from a thick guard ring
sasembly o give equipotential planes a8 2 em imewvals, The guard rings
were swde of stainless steel with an o.d. of 22 em and an i.d, of 19.7 cm.
The saxde position was variable sad the maxium gap separation was 20 cm,
apd the system had o ghedee of two anodes.  The first anode was 16.3 cm.
i dinmctor smd wes enclosed in 8 fine meshed screen to prevent induced
channs from belny woeonded. The second anode had a central disc of Sem

&

swmadiof 14,5 em o.d,. and 9.5 cm o.¢d. and was un-

i

diameter and hwo
serecnod and ey amnde was only used for radial diffusion measurements.
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The cathode was fixed to the guard ring system and had a central hole of
diameter 0.5 cm into which an electron injector source was fixed. The
clectron source was a heated filament and electrons were injected into the
gap by applying an impulse voltage to a cone shaped grid placed between

the filament .'nd the cathode.  The grid was normally biased negative with
respect to the filament so that no electrons were injected into the gap unless
a pulse was applied. The eclectrons were injected into the discharge gap

for a time duration variable between 20 and 150 ns,  For low E/N
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(~ 50 Td) thc anode current was fed into a 500 22 resistor, and an impedance
converter (100 MHz bandwidth) c¢nabled the circuit to be matched to two

50 €2 cascaded amplifiers having a total gain of 60 dB.  For high E/N

(~ 300 Td) because gas amplification was present the current was directly

fed into a 50 €2 amplificr with 40 db gain.  The output voltage from the
amplificr was then fed into a’'box car” detector system to improve the
signal/noisec ratio.  The voltage profiles were displayed on an X-Y recorder.
The use of high gain amplifier (150 MHz bandwidth) required careful

shiclding to reduce ringing and distortion on the output profile.  The anodc
capacitance was nominally 200 pF so that the time constant of the centre

circuit was approximately 11 ns.

The vacuum chambers could be cvacuated to less than 1()-8 torr using
both a trapped oil diffusion pump, backed by a rotary pump, and an ion
pump. The pressurce of the gas in the chamber could be measured to an
accuracy of + 3% using two MKS Baratron gauges with overlapping ranges

varying from 0.01 to 1000 torr.

ANALYSIS

Experimental-Steady State

Measurements on the steady state apparatus have given values for the
ionisation coefficient ) and the ratio of radial diffusion to mobility (Dr/u).
These parameters are related to the total anode current I{d) and its radial

7
distribution (Virr et al. ') such that

@, = ')lﬁ {1n Ko }

and - .
PoE 2 {Fa}
ud 4 dd
where d is the gap separation and E is the electric field. (a # is the same

as acT Townsend's ionisation coefficient).

When strong ionisation and secondary electrons are present then a more

detailed analysis is required (Kontoleon et al. 8;.



[
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Experimental - Time of Flight

The drift velocity (vd) and the ratio of longitudinal diffusion cocfficient to
mobility are primarily measured with the TOF apparatus (Saclee et al o).
The mean value T(d) and the standard deviation € (d) of the transit time are

mecasured for each gap separation d.  The swarm parameters are detenmined

by
[) 7 - s]_l
vd— _B_LT~T(d)*'

and

D v .2
9)/: @ ,
yd ! J

[

When secondary electrons or the Penning cffcet are picsent (v is advantageous
to use the time of flight mcasurement in order to separate the fast primary

X . 9
electrons from the slow secondary electrons (Lakshminrasima et al. ).

For this condition

where -
T+ 3¢
N(d) - J I(d, t)dt

o

In tiie presence of attachment some electrons are converted into negative ions.

Again the use of the TOF technique allows the fast electron current to be

L . . 9
separated from the slow negative ion current. (Lakshminarasimha et al 7).

Finally in the presence of secondary electrons it is advantageous to do TOF
measurements of Dr/u. This is achieved by using the unscreened anode
having a central disc and annulus. The fraction F(d) of the integrated
current collected by the disc allows (Dr/u) d to be obtained by using the

Huxley 10 equation.
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Theoretical Analysis

The clectron motion has been simulated by using the Monte Carlo technique
(Saclee and Lucas “). The advaniage of this method is that it dircctly
simulates the experimental procedures, measurcments and analysis, It
allows the clectron curreat to be emitted as a point source and computes

the amplification, the arrival times and radial spreading of the anode
curreat for each gap separvation., For cach gas it is necessary to specify
all the clectron/gas collision cross-sections as a function of cnergy including
the differential scattering cross-sections.  The total cross-scction gives
the distance between collisions whilst the 'ype of collision cither elastic or
inelastic collision gives the energy loss. The frequency of occurrence of
all the different  types of collisions are monitored during the simulation and

hence we can investigate in detail any collisions of special importance.

EXPERIMENTAL RESULTS AND THEORETICAL RESULTS

The experimental and theoretical results for hydrogen arc shown in Figs.

5 to 8 covering an E/N range from 1 to 2800 Td (1Td = 1017 \Y cmz). The
clectron~hydrogen molecule collisions were grouped into five types namely
clastic, vibration, dissociation, cxcitation and ionisation. The magnitude
of the cross-sections and their variation with electron energy are shown in
Fig. 9. The total cross-section (QT) is about 10% higher than that given by
Golden et 31.12 for energics less than 20 eV but runs into the values given
by Normand 13 at the higher energies. The vibration cross-section (Qy) is
given by Ehrhardt et al.m, dissociation cross-section (QD) by Corrigan 15
and total ionisation cross-section (QI) by Rapp and Englander-Golden 16. The
excitation cross-section (Qex) with an onsct energy of 11.4 eV is found by
fitting to the swarm parameters. The elastic differential scattering cross-
sections are given by Ramsauer and Kollath 17 for energies less than § eV
and by Bullard and Massey 18 and by Webb 19 for higher energies. Fig.10
shows the percentage of energy loss due to the various collisional processes

as a function of E/N.
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Figure 5 compares the computed to the recent experimental values of ag/N.
20 . .

At present the values given by Golden et al.” give a better fit to the

theoretical values than the results of both Kontoleon et al. 21 and Haydon

and Stock 22. The theoretical curves A and B refer to the nature of the
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Hydrogen (e Virr et al.7 and Kontoleon et al.8,

@ Kucukarpaci 24)

E/N {Td)

Fig. 8 The Ratio of Longitudinal Diffusion Coefficient to
6 2
Mobility in Hydrogen (¢ Saclee et al. , o Blevin et al, 5)

inelastic differential scattering cross-sections. For curve A it is assumed
to be the same as the elastic differential scattering cross-section whilst for

curve B it is assumed to be isotropic.

Fig. 6 compares the computed and the experimental values of the drift

velocity v q The results of Saelse et al. 6 give a good fit whilst the

values of Schlumbohm 23 are too low.
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Fig. 7 compares the computed values of (D r/u) d with the steady state values
of Virr et al. ’ and Kontoleon et al. . A better agreement is obtained

with our latest time of flight values (Kucukarpaci 24).

Fig. 8 shows a comparison of the computed and experimental values of
(DL/u) Q" The experimental values of Saelee et al. 6 seem to agree best
with the case A results whilst the values of Blevin et al. 25 lie bzlow the

case B results.

Summary of Measurements in Gases

and Gas Mixtures

A summary is given in Table 1 of the experimental and theoretical measure-

ment of swarm parameters.
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Table 1 - Swarm Parameters by the Author and his Co-workers at high E

Experimental

Gas ap and (Dr/#)d vy and (DL/u)d

Theoretical

N

H Virr et al
2 8
Kontoleon et al
N2 Kontoleon et al 21
CoO Lakshminarisimha et al 28 Saelee et al 6
002 Lakshminarisimha et al 28
He Lakshminarisimha et al 9 ]
Ar Lakshminarisimha and , Saelee 2° and
Lucas \ Kucukarpaci 24
Ne Kucukarpaci 24 |
. J
Kr |
02 Price et al 31 - -
CH 4 Lakshminarasimha ani Kucukarpaci 24
Lucas
CF 4 Lakshminarasimha et al 0 - -
Sy | 24 24
SF 6-Ar T Kucukarpaci Kucukarpaci
SF 6-HeJ

30

2 2 30
Ar--K::-NF3 Limbeek

Hg - -
Na ;
11 J

CO_.-N_-He Lakshminarasimha et als}l..imbeek

Nakamura and
33
Lucas

Snelson and Lucas 29

Limbeek

Limbeek

Saclee 26 and

Kucukarpaci

30

30

Lucas et al

Kucukaxpaci

} Limbeek 3

Nakamura and

Lucas

33

Saclee and lLucas 11

Saelee anid Lucas 11
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Metal Vapours

We have recently set up a heat pipe drift tube for the measurement of
electron drift velocities. n Measurements and calculations have so far been

done in mercury, sodium and thallium vapours (Nakamura and Lucas 3)
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DISCUSSION

PHELPS: In your high E/N experiments, has the electron energy dis-
tribution reached steady state in a distance that is short compared to

the electrode separation?

LUCAS: The electron swarm has to travel an effective distance dg
across the gap before the electron energy distribution stabilizes. All
our experimental techniques use a difference technique to eliminate this
nonequilibrium region. This means that we effectively measure the equi-
librium values for the swarm coefficients. Our Monte Carlo simulation
indicates to us the probable value of d, to be expected in our experi-
ments and, therefore, guides us to the minimum voltage which we may use
in our experimental measurements. The limit of our investigation is

about E/N 3000 Td for which Edy “Vpg/3 where Vg is the breakdown voltage.

CHRISTOPHOROU: 1. Are the cross sections designated "dissociation”
on your slide on Hy referring to dissociative ionization or to dissocia-
tion into neutrals or both? 2. Can your treatment be successfully
extended to polyatomic gases and polyatomic gas mixtures with some hope
of success? Presently there seems to be no basic electron transport

data on polyatomic gas mixtures.

LUCAS: 1. The dissociation cross section is by S. J. B. Conigan,
J. Chem. Phys. 43, 4381-6 (1965). The cross section for dissociative

ionization is by D. Rapp, P. Englander-Golden, and D. D. Briglia, J.
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Chem. Phys. 42, 4081-5 (1965) and this has been lumped into the ioniza-
tion cross section for the cross-section plot. In the Monte Carlo
simuiation, it is treated separately becuuse of the extra energy loss
incurred.

2. Polyatomic gases do not have their cross sections well tabu-
lated or known. A simple method of obtaining the electron energy dis-
tribution by computation has been used by Lucas, et al., for hydrogen
and for oxygen, Int. J. Elec., 27, 201-20 (1969) and J. Phys. D, 6, 1503-
13 (1973). This method uses three swarm parameters and up to three
cross sections, e.g., o, Vv, Dr/” with Q,, Q; for hydrogen, o or n, v, Dy/u
with Qp, Q,, Qj for oxygen. You may find this method useful in mixtures
whose cross sections are not well tabulated since momentum, ionization

and attachment cross sections are usually the first to be measured in

gases.

DAKIN: Does your curve indicating that the mean energy of the elec-
trons is reached only after a voltage drop of 300 V indicate a limita-
tion on the use of mean electron energies in calculating multiplication

and breakdown in nonuniform electric fields?

LUCAS: As E/N increases, the electron swarm has to travel across
larger voltages before it attains its equilibrium energy distribution.
For E/N ~3000 Td the Monte Carlo simulation indicates that the swarm
only attains equilibrium after passing across 150V but maintains this
equilibrium state until the breakdown voltage is obtained at ~360V. In
nonuniform fields this result means that the electron energy distri-
bution may not correspond to the local value of E/N for these high

values. It is better to investigate these nonuniform electric field
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cases individually using the Monte Carlo simulation and the set of
cross sections given in the paper. The main advantage of a Monte
Carlo simulation is that it is able to exactly simulate the experimental

geometry and conditions.

DUTTON: 1. On the question of whether a steady state is attained
at high E/N, how do your conclusions agree with those of Haydon using
the Gosseries method of analyzing spatial growth? 2. What is the

accuracy of the measurements at high E/N and is it sufficient to dis-

tinguish between the theoretical curves you showed?

LUCAS: 1. The question of equilibrium is discussed in the paper by
H. T. Saelee and J. lLucas, J. Phys. D 10, 343-54 (1977). For E/N =
1412 Td it seems possible to define an a coefficient although the swarm
mean energy varies across the discharge gap for all voltages up to and
including breakdown. However, the secondary electron coefficient varies
with the gap voltage when produced by swarm radiation reaching the
cathode. For these reasons I think it is important to measure a by
using a time of flight technique in order to avoid the generation of
secondary electrons rather than use a steady state measurement of pre-
breakdown current. The method of Haydon uses a steady state technique
but has made the assumption of constant secondary electron coefficient
and this seems in doubt. The Gosseries plot is useful for eliminating
"d," effects but careful use of Townsend's three-point method will give
the same analytical result.

To understand why the mean energy varies across the gap while a
remains constant requires us to solve Boltzmann's equation. Such a

solution was presented in Int. J. Elec. 29, 465-77 (1970) and explains
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the result.

The accuracy of computation and measurement is ‘5% which is
much less than the difference between the two computed curves marked A
and B av the highest E/N. Thercefore it should he possible to state

which theeretical conditions appear to be the hetter.
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THE ROLE OF NEUTRAL DENSITY VARIATIONS IN THE FORMATION OF
STREAMER INDUCED SPARK

E.Marode F.Bastien
G.Berger M.Goldman

Laboratoire de physique des décharges
E.S.E. - C.N.R.S. é&quipe n® 11k
Plateau Ju Moulon,91190 GIF SUR YVETTE, FRANCE

ABSTRACT

The breakdown of a small positive point-to-plane gap in
electronegative mixtures near atmospheric pressure begins with the
formation of a low conductivity filament by the space charge controlled
streamer process. Within this filament, the rate of electron attaciment
exceeds the ionization rate and the external current decreases. However
in spite of this attachment process, a sudden unexplained rise of
current is observed leading to the transient spark which cannot be
explained by negative ion detachment.

A new process is proposed. The current flowing through the
filament leads to an enhancement of temperature and pressure, and the
tendency of this excess pressure to relax quickly to the normal external
pressure produces & decrease of density in the core of the filament which
then leads to an increase of density at the discharge boundary. Within
the core, E/N increases until the ionization rate becomes greater than
that of attachment, leading to the final current growth. This model
is supported by theoretical calculations, solving hydrodynamic and
electrical equations together. For this model to be correct, then a
sound wave should be launched from the filament boundary by the increase
of neutral density. By means of a fast schlieren photography technique,
the existence of a cylindrical wave around the filament has been shown.
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The ionization growth processes leading to spark brezkdown have
been thoroughly investigated for many years. Two main processes have
been proposed in order to explain the initial phase of the developing
discharge: namely a generalized Townsend process involving electrode
secondary effects or a local space charge controlled growth called
streamer process ! 2. After this initial phase the space charge in
general leads to a further discharge development in a filamentary
form® * % . The complexity of this glow~like phase, however, is such
that it is difficult to obtain clear information on the ionization
processes. However in the subsequent stage whenever the electron density
reaches approximately 10170m_3 the discharge state is close to L.T.E.
and the situation can then be more clearly analysed® 7 . The problem
remains to understand the ionizing process which allows this critical
value of electron density to be reached during the glow~like phase,
especially for the case of electronegative gases where electrons are
removed by negative ion formation. Recently an explanation for small
air gaps has been suggested which uses electron heating waves® .
In this paper we propose an alternative explanation based on the dynamics

9

of neutral species and experimental confirmation of this point of view

19 This investigation has becn developed in order

will be presented
to study the streamer induced spark breakdown of = 1 cm positive
point-to-plane gap in air at atmospheric pressure. However the proposed
process may also hold for a wide range of geometries and gas compositions.
It may further be of help in the understanding of laser instabilities
since overvolted gaps often lead to a streamer controlled development
of the discharge.
PROPOSED PROCESS

The present interpretation of the streamer induced spark
formation in air at atmospheric pressure may be followed by meansof the
schematic drawing of figure 1 . Launched from the positive point towards
the plane at high speed ( =108 cm/s), the streamer creates an ionized
track which finally bridges the entire gap with the formation of a
cathode fall region at the cathode. At all stages of its development

the discharge is similar to a glow discharge with a small high-field
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streamer
<« transient arc

]
-
bl
.
t
Fig. 1. a)Main sequences of the discharge
b)Discharge current measured at the point (—);
current flowing in the discharge at z, ({(----)

region followed by a filamentary positive column. Within this positive
column the small value of the field leads to an attachment rate higher
than the ionization rate so that the discharge current decreases >
However, in spite of the presumed high attachment rate, this decrease
may be followed by a rise in current leading to spark, if the current
pulse associated to the streamer phase is large enough. Detachment
of negative ions could be invoked as an explanation for this last current
rise; but even if all the negative ions detach , the free electrons could
not give a current higher than before attachment.

Actually, from a study based on Stark broadening of hydrogen
lines, it has been possible to measure the current densities and discharge

11 .this led to the present proposal of another

radius within the filament
more effective process expliining the final ionization growth. In spite

of the small heating of heavy species by electrons,a weak but substantial
increase of the temperature of neutral species can occur which raises the

pressure. The dynamics of neutral species will lead to a decrease in
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this pressure so that the neutral density within the discharge region
will also decrease. In turrn the ratio of field strength to neutral density
E/N will increase and if 1t reaches the critical value where the ionization
coefficient & begins to surpass the apparent attachment coefficient n
a new and final growth of ionization will occw leading to spark formation.
HYDRODYNAMIC EQUATIONS

In order to test the above hypothesis, hydrodynamic equations
for neutral species together with those which apply to charged species
have been written and solved. Only a small section located at a given
distance z,from the point (figure 1) need be analysed assuming, for the
moment, that axial variations are negligible. It can be seen that a
current will only flow through the section of interest after the streamer
has reached z,.The initiel value i, of the current through z, can be
estimated and 1s an initial condition for the solving of the problem.
The hydrodynamic equations which describe the dynamics of neutral
species, l.e., the continuity,momentum transfer and energy transfer

equations respectively eq(1), (2) and (3) are given below:

aN 19 - (1)
3t T 1 Br(va) =0

a(wv) 1 3 2y L 18 1 ,
9t * r ar(rNV )+ m Br(NkT) - m(Ac+ + Acn) (2)
33 319 NkT o Ao, 9Ty _ o

E-EE(NRT) * 2r ar(rNkT) * r Br(rv) + r Br(r Br) Mc (Ac+ * Acn)V (3)

where N, V, T are respectively the neutral density, the neutral radial

velocity and the neutral temperature, m is the mass of neutral species,
A is the thermal conductivity, k 1s the Boltzmann constant, Mc R Ac+, Acn
are respectively the energy and momentum release from charged species to

neutral species (Ac+ and Acn referring to positive and negative ions).

The continuity equations for charged species are:

on 109
sge * T orifele (@ ~ n)ng WeE, - agngn, (%)

=]
<
]

3 19 - (To 2.5
gfn + T 51 ) = n U Ez - al(fp ) n.ng (5)
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where n_ , ng are electron and nerative ion densities, Vo .V, electron

and negative ions radial velocities; a , n are the coef “icients of
ionization and apparent attachment (taking detachment into account);
He »U, are the electron and negative ion mobilities; E; is the axial

field at z4; a, ,a; are the two body electron-ion and ion-ion recombination

1
coefficients with T,=300 ¥. Assuming neutrality the positive ion density n,
is given bLy:
n, = ng, + ny (6)

Using the momentum transfer equation for electron, to express
the radial electrical field, the momentum transfer equations for

positive and negative ions are found to be:

KT( |, Tenydne dny)-1]on, | k 9T,

0 103 2 1

— + - — + == 1 + —e= = = - —

T \ T ngdr or Jjar T m'or m fes (T)
3 19 2 KT T.Npdne, dn,—113n k 3T 1

_ LI 22 - —enllerdn In _ Lgle o _ 2
Bt(nnvn) *r Br(rnnvn) _— [ ! T ngdr 9r ) ar m N3y m Acn (8)
where T_ is the electron temperature.

From the continuity equation of charged species togetner with the

equation of neutrality one obtains:

nyVy = n Ve + npV, (9)

which means that no radial current flows out of the discharge.

Energy transfer equations for charged species are avoided by assuming
thatthe temperature of the positive and negative ions is egual to that
of neutral species and by assuming that the radial electron temperature
is independent of time and given by eq (10) with kT = 1.4 ev 5
~(£ )7
T(r) =T e "° + T (10)
Eq. (10) expresses approximately the temperature equilibium appearing

when the boundaries are defined as cold walls, ro being a typical

discharge radius. The cnllision terms are:

= ¥T -
A, = D, ™+ (Ve - V) (11)
A =X, (v, -v) (12)

cn D+
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M, = (£, + fnip + f4ds ) By (13)
where D4 is the positive ion diffusion coefficient (assumed to be the

same for negative ion); fo , fp , f4 are the fractional energy loss of
electron, positive and negative ion released as heat. Obviously

fp = f, = 1, vhile f_ is estimated to be of the order of 5.107° if
electron elastic collisions and rotational deexcitation of nitrogen

molecules excited by electron collisions are taken into account.

The current densities are given by:
je =en, U B, Jj =e n W E, Jy =en U E (1k4)

It is interesting to note that initially n, = ny and n = 0. Multiplying
eq. (7) by Dym/kT the third term of this equation becomes

D (1 + To/T) 3n4/dr = D, 9n,/dr showing that ambipnlar diffusion (Da)
cnntrols partially the radial charged velocities.

The main assumpfion allowing closure of this set of equations
is that the axial field EZ is constant in space and time. This is
acceptable for small gaps ° but may be an oversimplification for long
gaps, where space charge redistribution can affect significantly the
local field.

RESULTS

Normal neutral gas density and temperature, no radial neutral
gas velocity and a Gaussian electron density distribution (consistent
with a streamer formation of the filamentary discharge'?) are taken as
initial conditions. A value of E, = 22kV/cm is chosen for the electric
field, as it corresponds to the maximum axial field within the filament
prior to breakdown ° and from previous results !! the radius of the
filament is taken to be r, =9.1O_6m » The computed current (fig.2)
shows a behaviour similar to that observed experimentally (fig.1):
if the initial valuve of current i, is too low, only a decrease of
current is computed, whereas if i, is above a critical value & current
increase appears after the decrease of current while a further increase

of i, gives an earlier rise in current. Figs.3, 4 and 5 show the
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Fig. 3. Theoretical radial distribution of the temperature at
different times (ns)
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Fig. 4. Theoretical radial distribution of the neutral species
density at different times (ns)

radial distribution of the heavy particle temperature, the neutral density
and ( o -1, ), at various times, for the case of i, = 200 mA. Three

stages can be distinguished, the first one lasting from time zero to about
30 ns during which mainly attachment is occuring in the filamentary
channel ,but the energy transfer from ions to neutral particles induces

a rise of temperature within the discharge . This increases the

radial neutral velocity which in turn leads to a decrease in the neutral
density near the axis of the filament . This decrease of density is of
course balanced by an increase of density near the discharge boundary.
Theseresults show that the discharge evolves under conditions of neither
constant volume or constant pressure. In the second stage, ionization
becomes greater than attachment near the discharge axis . However for

t < 40 ns attachment near the boundary remains high and the total current
continues to decrease. The third stage corresponds to the final increase
of current;the fall in density is now more pronounced and the ionization
in the centre much more important. This leads to the rapid increase in

temperature and to an ekctron density distribution whieh is no longer
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Fig. 5. Theoretical radial distribution of ( o - n ) at different

times(ns). o :electron multiplication coefficient.
n :apparent electron attachment coefficient

Guussian.At this stage the equation used ceases to be valid because
L.T.E. appears and the Saha equation for ionization must be employed.
EXPERIMENTAL CONFIRMATION

The above model predicts a variation of the neutral gas
density. To test this prediction a high speed schlieren technique has
been employed whereby density variation is detected by a change in the
light intensity of a given region in and around the discharge !°.
Using a single pass schlieren system having a light source of 350 watts,
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and a high-gain photomultiplier, the discharge of a 1.5 cm point to plane
gap has been observed, with i, = 150 mA. Fig. 6a reproduces schematically
the photomultiplier pulse associated with the observation of a point

on the discharge axis ( spatiel resolution is about 0.1 mm) . The first
peak however corresponds to the light emitted by the discharge itself
namely the streamer pulse. It can be seen that the shape of the
photomultiplier pulse clearly resembles that predicted theoretically
(Fig. 7). As well as adecrease of neutral gas density on the axis

the model also predicts that a density perturbation is launched from

the discharge boundary with a velocity of 350 m/s (Fig.4) . According

to this, through a wide slit sighting an observed region of 2.5 10 m
situated off axis a pulse of about 10-63 should be obtained. Fig. 8

shows that the observation is in fair agreement with the prediction.
Moreover charnging the delay of the detected pulse by moving the slit

permits to measure a velocity close to 350 m/s.

200ns t
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Fig. 6. a)Smoothed photomultiplier signal of the schlieren image

for a point on the discharge axis
b)Time resolved sketch of the streamer progression (o )

compared to the schlieren disturbance (B ) off the discharge axis.
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Fig. 8. Smoothed
photomultiplier pulse for
a point of the schlieren
image off the discharge
axis.
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Some indication for a variation of <he neutrzl gas Zensity dlstriTuTior
in the z axis has been obtained usirng the scrllersr sechzizos. Tig. ot
shows that the neutral density wvariesticns on the Zischsergs =zxls a7reas
with a delay which increases with the &istance rom ths posizive zolizt.

CONCLUSIOXN
This paper is not the first to propose reutral density
variations within a discharge. Obviously variations exist during the
final breakdown phase 7 ,or during the spark breakdown itself where
a shock wave is formed ® . In long air gaps streamer discharges can
form the so-called "leader" stage which has a longer life time than
the discharge analysed in this paper. This leader stage evaluates

rather under constant pressure and also exhibits neutral density variations

3
as was recently shown 13

However in this paper it is suggested that neutral variations
play a fundamental role at a much earlier stage than indicated in the

above papers. More precisely it is proposed that, as far as the spark
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formation is concerned, the role of streamer and glow phase is not so
much to increase the charged paricle concentration as to create

something like a hole in the gas medium in which conditions for the

final current rise are fulfilled.
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DISCUSSION

PHELPS: In your experiment, how were you able to distinguish between
an increase in electron density and a decrease in neutral atom density? We

have concluded theoretically that on axis we saw an increase in electron

density.

BASTIEN: From schielren technique it is not possible to distinguish
between an increase in electron density and a decrease in neutral density.
I think that the neutral density variation is the most important factor

especially off the axis, but a precise evaluation is necessary.



(514

BRELKDOWIT TH SFg AND ITO MIXTURES IN UNIFPORM AND NONUNIFORM FIELDS

0, Farish
Department of Electrical Engineering, University of Strathclyde,
United Kingdom

ABSTRACT

There is increasing interest in the dielectric
properties of electron-attaching gases and particularly in
those of SFg and mixtures containing SFg. +wiiile breakdown
of compressed attaching gases ir reasonably uniform fields
ig fairly well understood, there is less information about
the processes active in nonuniiorm-field configurations for
vhich flashover may Lz preceded by a corona discharge, The
paper reviews briefly recent work on breakdown in SFg and
its mixtures in both uniform ard nonuniform fields, The
effects of such parameters as gas pressure, field non-
uniformity, gas composition, electrode-surface roughness,
gas flow, polarity and voltage waveform are discussed and
illustrated mainly by experimental results obtained in our
laboratory. For uniform fields, breakdown below the
similarity-law value can be explained if ionisation near
electrode microprotrusions is considered: there are
indications that certain mixtures might have advantages
over SF4, but accurate prediction of their properties
requires more information on swarm coefficients, With
nonuniform fields, breakdown is corona-free only above a
critical pressure p, which seems to be related to the
length of the ionisation zone relative to the free path
for photoionising radiation, At lower pressures breakdown
is corona~-controlled and is strongly affected by gas
composition, voltage waveform and gas flow, There is a
need for further work on the relationship between
quasiuniform-field and nonuniform-field breakdown,

INTRODUCTION

Sulphur hexafluoride is extensively used in high-voltage apparatus
because of its excellent dielectric and heat-transfer properties, Under
fideal! conditions of nearly uniform fields and smooth electrodes, its
breakdown strength is about 2.5 times that of air, a property which is
due to the strong electron affinity of the SFg molecule, Thus, the
pressure-reduced ionisation coefficient (a/b) exceeds that for electron
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attachment (/p) only for values of the reduced field (E/p) greater than
~ 89 kV/cm: * the net ionisation coefficient a in SFg is well represented,
at least over the range 67< E/pg150 ¥V/em bar,1 by the linear relationstip

%/p = A(E’p) - B (M)
where A = 27,8 kV™| and B = 2460(bar em)~', For perfectly uniform
fields, the criterion for gas breakdown may be expressed as2

d = k (2)

where d is the electrode spacing and k a constant, irrespective of
whether the breakdown mechanism considered is a Townsend multiavalanche
process or a streamer process involving breakdown initiated by a single
electron avalanche, In the former case, X = a/¥a, where ¥ is the

secondary ionisation coefficient, and in the latter k = In(N ) where

crit

Ncrit = exp(ud) is the electron multiplicz:tion required for streamer
formation, For nonuniform fields, the Townsend equation becomes

d X
de exp [ d/ a (x) dxd « ax = 1 (3)

Pedersen2 has shown that, for SFg, the corresponding streamer criterion
is x

J e = k (4)
and that this may be more applicable to many practical conditions than
Eq. (3). Experimental studies have shown that the breakdown-voltage
characteristics are strongly dependent on the degree of nonuniformity of
the field, the polarity of the highly-stressed electrode, 2nd the voltage
waveform, For highly nonuniform fields Eg.(3) and Eq.(4) may give only
the corona-onset voliage and breakdown will then be determinedby corona
space-chsrge effects, Breakdown under impulse conditions is further
complicated by statistical time-lag effects and, in nonuniform fields, by

factors governing the propagation of the streamer and leader discharges.

This paper is concerned with recent studies of breakdown character-
istice in SFg and its mixtures, The section below on uniform-field
breakdown is intended to include the case of quasiuniform fields in which
corona does not occur before breakdown, while the nonmuniform-field

section deals only with breakdown in highly-divergent fields,

*In this paper, pressures are referred to 20°C.



62

BREAKDOWN 1IN UNIFORM FIELDS
Low-Pressure Studies

In SFg, where g/p is given by the linear relationship of Eg. (1),
there is a limiting value of E/p for which a/p = O and below which
breakdown should not occur, Several investigators have reported
nmeasurements of the static breakdown voltage Vg for SFg in uniform
fields3—6. Figure 1 shows the results of Chalmers and Tedford” for
pressures up to 2 bar, For pressures less than 1 bar, there is a
range of spacings over which Paschen's Law is obeyed and Vg is a function
of the product pd (pressure x spacing), with the breakdown value of E/p
tending to a limiting value (E/p)lim of 88.4 kV/bar cm, At the larger
spacings the apparent value of E/p at breakdown falls below (E/p)1ips
this has been shown4’7 to be due to the phenomenon of edge breakdown,
which results from enhancement cof the field near the curved part of the
uniform-field electrode, The increase with pressure in E/p indicated

in figure 1 for pressures above 71 bar has been shown by Crichton and
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Fig. 1. E/p at breakdown against pd in SFg,




63

Tedford8 to be caused by non-ideal behaviour of the gas: with the
introduction of a compressibility factor Z(p) such that p/Z(p) is
proportional to number density N, the ionisation coefficient becomes

&/p = AE~-Bp/Z(p) and Paschen's similarity law [Vg = f(Nd)] is obeyed.
High-Pressure Studies

Paschen Deviation and Spark Conditioning

It is well known that in technical applications the similarity-law
strength of SFg is not easily achieved for pressures greater than ~2 bar
3,9

and values of pd greater than~20 bar mm . In addition, increased
pressure leads to spark-conditioning effects,w_12 in which Vg increases
with repeated sparking from an initial low level, If dust1o or other
particles are excluded, the conditioning process is an electrode
phenomenon, and previously conditioned electrcdes require further
conditioning if the pressure is increased, even at constant pd.12

Nitta et al11 have shown that electrode area is important in determining
the degree of conditioning observed, With relatively smooth electrodes,
for example, there is little conditioning either for small electrode
areas, where the Paschen level is quickly attained, or for very large
areas, where there are enough 'weak points' on the surface to keep Vg
low. For intermediate areas marked conditioning may occur, although
even after spark conditioning the breakdown strength of the gas may

s8till be lower than the similarity-law value.

The reduced insulation strength in compressed SF6 represents
breskdown for which the macroscopic field strength is less than the
limiting value so that o is apparently everywhere < 0. However,
breakdown requires that a criterion of the form d/x' a(x) dx = k is
satisfied somewhere in the gap, and several explanations have been
proposed for this anomaly. In general, these do not assume any change
in gas properties, but deal with such effects as enhanced cathode

1,13 and enhanced ionisation in regions where the limiting

emission,
field is exceeded locally due to electrode microprotrusions or to free
conducting particles in the gas, An exception is the suggestion14 that
avalanche statistics in SFg are such that critical-avalanche conditions

may be achieved when E/p is appreciably less than (E/p)jjp. Recent
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calculations by Tedford et al15 have shown that this is not the case, and
that the probability of breakdown is negligible for E/p even a fraction
of crnie percent below (E/b)lim. The lack of any gas-dependent mechanism
apart from the compressibility effect is also borne ocut by the fact that
the similarity-law breakdown voltage can be attained under laboratory
conditions at pressures up to 12 bar using carefully filtered gas with
highly polished electrodes of very small stressed area.1 For practical
conditions, the important factors therefore appear to be particulate

contamination and electrode-surface conditions.

Particle-Induced Breakdown

The breakdown voltage of SFg-insulated systems can be reduced by the
presence of particles of size greater than a few um, and recent studies
have established how Vg depends on particle material, size and shape,w"21

The particle material may be important in coaxial systems18’2o where its

density determines whether the particle can cross to the high-field innmer
conductor at a given voltage, In general, the breakdown voltage is
reduced as particle size increases, and elongated particles have a much
greater effect than spherical ones.18'21 Figure 2 shows data for ac
breakdown in a coaxial 150 mm/250nm1system:20the results are typical in
that with spherical particles Vg increases with pressure while with wires
more than~1 mm long Vg has a maximum at ~ 4 bar and falls at higher
pressures to values which can be as low as 10% of the particle-free level.
For both ac and dc stress, breakdown in coaxial systems occurs when the
particles are at or near the centre conductor21 and the breakdown voltage
is usuvally lower when that conductor is positive, especially at the
higher pressures,17’21 while for particle-free gas the opposite is the
cagse, Under impulse conditions large particles do not move
significantly during the surge, but there is evidence that small

particles can reduce the breakdown level,22

Several mechanisms have been proposed to explain particle-induced

breakdown: these have included the effectr of increased ionisation in

18,15 processes associated with

20,21

the enhanced field at the particle tip,

and mechanisms

rapid charge reversal at contact with an electrode
18,20

based on microdischarges between particle and electrode,
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Fig. 2., Particle-initiated breakdown in SFg: ac voltage-pressure

characteristics for a 150 mm/250 mm coaxial-electrode system for breakdown
initiated (a) by aluminium spheres (b) by O,.71-mm dia.copper wires,

Effect of Electrode-Surface Roughness

For practical electrodes, microscopic surface irregularities will
cause local field intensification and this can lead both to electron
emission and to locally-enhanced ionisation in the gas.23 While the
former process, coupled with space-charge effects, might be important
in breakdown in compressed No or Hp, the latter effect is especially
important in SFg, where a/p increases very rapidly for E/p>(E/p)yjip.

Pedersen25 has suggested that ionisation ir the small region of enhanced

1,24

field can reach the levels required for streamer formation, even when the

macroscopic field is less than the limiting value.  Experimental studies

with artificial pr<>‘l',1'usions26’27 and with electrodes of different surface

11,28 have demonstrated this behaviour, and calculations for a

roughness
25,26

single protrusion have shown that the macroscopic value of E/p at
breakdown is reduced from (E/p)lim t0% U@&Jlim where § is a surface-
roughness factor (0<% <1). These cal:ulations consider ionisation
within the distance x, from the protrusion tip for which the protrusion-

perturbed field exceeds (EVb)lim and use the linear relationship of
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Eq. (1) for « in SFg in the simple streamer criterion of Eq, (4). For
the case of a hemispherical protrusion of radius o, for example, Pedersen
has shown25 that'§ is a function of po and is less than unity only for
values of po greater than ~ 40 bar :m, Agsuming that the maximum
roughness Rpygy may be represented by the protrusion model, this suggests
that roughness should reduce Vg only if pRp., exceeds this figure,
Comparison with experimental results suggests that the protrusion model
proposed by Pedersen is adequate to explain Paschen deviations in SFg

25,29

up to ~6 bar,
15,30

In an extension of Pedersen's analysis Somerville et al have

found that the condition for the occurrence of breakdown below the
limiting field depends only on the height h of the protrusion and is
independent of its shape. It can easily be shown that the condition
is ph = k/B where k and B are the constants in Eq. (1) and Eq. (4)
above; for k = 10,5 and B = 2460 (bar cm)‘1 the maximum tolerable
value of ph is 4% bar um for any shape of particle,

For conditions where ph exceeds the critical value for the onset of
roughness effects, the actual value of § depends on the protrusion shape,
Figure 3 shows calculated valuesBo of E/p at breakdown for prolate-
spheroid protrusions for various ratios of height h to half width b,

For large values of h/b, the field enhancement may be so great that the
assumption of the linear relation Eq, (1) for « is no longer valid:
however a lower limit to the breakdown voltage may be obtained by
assuming that the voltage drop over the ionisation zone where a > 0
can never be less than the Paschen-minimum voltage, which for SFB is
507 V, The dashed curve in figure 3 was calculated using this

criterion for a protrusion with h/b = 10,

Breakdown in SFg Mixtures

31,32

Measurements of breakdown voltages in SFg mixtures in uniform
and slightly nonuniform fields’2 7% have shown that the addition of SFg
to a nonattaching gas such as nitrogen results in a saturation effect
such that increasing the SFg content above a given level does not
appreciably improve the insulation strength, Baumgartner31 has calculated

smooth-electrode breakdown voltages for such mixtures using ionisation
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Fig. 3. Calculated values of the macroscopic breakdown value of E/p
in SFg¢ as a function of parameter ph for various prolate-spheroid
protrusions. The dashed curve is calculated for h/b = 10 using a
Paschen-minimum criterion.

coefficients obtained by interpolation on a partial-pressure basis
between the data for the component gases and has found good agreement

with experimental results,

Apart from the saturation effect, mixtures with nonattaching gases
are attractive for practical applications because of recent indications
that their insulation strength is less sensitive to electrode roughness27
and to particle contamination,35 Calculations of the influence of
electrode roughness on breakdown in SF6 mixtures have been made by
Farish, Tbrahim and Crichton?!’> using the hemispherical-protrusion
model proposed by Pedersen, As shown in figure 4 for SFZ/NQ mixtures,
reduction of the SFg content leads to a progressive increase in the
value of po which can be tolerated before f falls below unity, These
calculations are subject to some uncertainty because of the technique
for estimating a, Also, all roughness calculations depend on the value
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Fig. 4 Roughness factor § as a function of the product po
(pressure x protrusion radius) for breakdown in SFg/Np mixtures,

chogen for the streamer constant k, although the results are not very
gensitive to k except near the deviation point, In the above calculations,
the SFE content was > 10% and k was interpolated between the value of 18
generally used for air or nitrogen and that of 10,5 proposed for SF% by
Pedersen.25 Reasonable agreement is obtained between the calculations
and values of § obtained from measurements with smooth electrodes and
with a fixed cathode protrusion (dashed curve in figure 4): this suggests
that no serious error results from the assumptions made, but there is

obviously a need for experimerital determination of a and k for mixtures.

For the values of p,o of 50-500 bar um that might be expected for
large prachtical systems, the dependence of‘§ in mixtures on py tends to
compensate for the reduction in the DPaschen-law strength with decreased
SF6 content: figure 5 shows the results of calculations of the maximum
value at breakdown of the macroscopic field strength in SFg/nitrogen
mixtures for various conditions of roughness and gas pressure, For
each pressure the upper curve corresponds to the smooth-electrode value

(i.e. PRS40 bar um) while for roughness greater than the threshold level
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down field/gas mixture characteristics in SFg/No mixtures,

there ig an optimum mixture for each surface condition, At 4 bar, for

example, a 30% SFg mixture is the best choice for a 30 um finish while
~10% SF6 would be adequate with 100 um protrusions, It is interesting
to note that experimental studies for practical electrode systems37:38 do

give the result that Vg in mixtures can be comparable to that for pure SFg.

Voltage-Time Characteristics

For practical applications, there is considerable interest in the

voltage time characteristics of SFg insulation, and these have been the
59-41 The prediction of

subject of several recent experimental studies,
The

these characteristics, however, presents considerable difficulties,
Pedersen criterion assumes the availability of an initiatory electron and
will therefore find ive application most readily for the case of a cathode
protrusion where electron emission may be assumed. For the highly-stressed
anode, an initiatory electron must be found in the region for which a >0,
and more specifically in that part of the region from which,for a given
voltage, an avalanche is capable of developing to the critical size before

reaching the anode, As this critical volume is vanishingly small at the
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breakdown threshold, large values of the statistical time lag tg can be
expected in SFg. Information on the factors controlling tg will therefore
be required before voltage-time characteristics can be predicted

theoretically, although empirical methods have already been proposed.39

BREAKDCWN IN NONUNIFORM FIELDS
IDC and Power-Fregquency Studies

Voltage-Pregsure Characteristics

Sulphur Hexafluoride,--Breakdown in highly divergent fields in SFg,
as in other electronegative gases, 1s characterised by the existence of a

range of pressures over which breakdown for a given electrode arrangement

takes place at a voltage considerably in excess of the corona-onset
voltage V,, while at higher pressures the breakdown voltage and corona-
onset voltage coincide, In the lower pressure range the high breakdown
voltage 1s due to stabilisation of the field near the high-stress
electrode by space charge of the same polarity generated by the corona
discharge; the voltage-pressure characteristics exhibit a peak in this
range which is especially marked for dc and power-frequency voltages,
There have been several recent investigations in which the influence of
field divergence, gas pressure and polarity have been systematically
studied for point-plane gaps42-44 and coaxial-clectrode systems.45 These
measurements have confirmed and extended previous observations (see ref.
43%) and several general features of the characteristics can be identified.
These are (1) over a range of pressure on the rising part of the
characteristics Vg is almost independent of the radius of curvature rg
of the highly stressed electrodes:43 (2) the critical pressure pe at
which Vg and Vg coincide is such that p,r, is approximately constant;

(3) the breakdown voltage Vg at the critical pressure is almost
independent of r, and, for a given spacing, Vg, represents the minimum

breakdown voliage for SFg irrespective of pressure (above 1 bar) and
radius of curvature ,42:43

The above features are illustrated by the curves for 100% SFg in

figure 6, which shows data obtained in a study of corona and breakdown in
46,47

point-plane gaps in SFg and its mixtures in static and flowing gas.
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Fig., 6 Effect of point radius (ro) and gas mixture on dc corona onset
and breakdown in SFg and SF6/N2 mixtures in a 10-mm point-plane gap.

The results indicate that Vge for the 10-mm gap is 45-18 kV and, as found
for longer gaps,43 the peak voltage in SFg corresponds to an average E/p
at breakdown of about 35 kV/em bar,

SFg Mixtures,-- Corona current/voltage characteristics and dc voltage-

pressure characteristics have been measured in SF6/hitrogen mixtures for

46,47

various point-plane arrangements, As shown in figure 6, pe is

almost unaffected by SFg content in the range 100% ~ 1%: this behaviour,

48 is in contrast to the results

which has also been reported by Ermel,
of impulee studies in SFg mixtures, in which p; increased greatly with
decreasing SFg contentf49Fbr a given pressure and gas mixture, the
average corong current in the stabilisation region follows the
relationship T = ¢V(V-V,) typical of coronas in which the field at the

high-stress electrode is limited by space charge to its onset value.46

Effect of Gas Flow

The influence of gas flow on corona and breakdown in SFg is of

interest hoth because flow is a factor in practical applications such as
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gas-blast circuit breakers and because it affords an insight into the
corona~gtabilisation process.A7 Pigure 7 shows voltage-pressure
characteristics for a 10-mm positive point-plane gap in SFg for still gas
and for flow at 30 m/s along the gap axis and transverse to it, The
effect of axial flow towards the point is to increase Vg in the
stabilisation ra2gion, while with transverse flow there is a considerable
reduction in Vg over the pressure range py - po. Figure 7 also shows the
form of the spark channel for various conditions of pressure and gas

flow: +this will be discussed below,
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axial flow flow
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Fig, 7. The influence of gas flow at 30 m/s on dc corona onset and
breakdown in SFg in a 10-mm point-plane gap with r, = 1 mm,
(a) transverse flow (b) no flow (c) axial flow towarde point,

Prebreakdown Corona
Apart from the work of Hazel and Kuffel50 and Davidson et a146’47

there is little information on corona in SFg. The main features appear

to be that, over most of the stabilisation region, individual pulses at
onset give way at higher voltages to a continuous discharge, while near
the critical pressure only streamer corona is obser'ved.50 At constant

pressure within the stabilisation region, increasing voltage causes the

r
corona to spread round the electrode tip, The increase in the
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breakdown voltage reported by Farish et al for axial gas flow towards
the point is associated with a further increase in area covered by the
discharge due to a redistribution of ionsaround the point&6 so that the

stabilircation effect is enhanced,

The forms of the spark channel for still gas shown in figure 7 have

N P
been reported by several investigators.AB’/ »%7550 At low pressures

(ps;p1) where Vg is independent of r,, the channel is axial and develops
out of the corona: For pq< P< p, the channel is curved away from the

axial region and originates at the edge of the corona: Hazel and Kuffel5O
suggest that the curvature of the channel is caused by a potential barrier
in the axial region of the gap due to positive and negative-ion space
charges, For p>p, the channel is again axial and no corona occurs, With
transverse flow, the corona is displaced to the downstream side of the
electrode and, for ps p4,this supports the suggestion that breakdown in
this range is controlled by the field near the plane cathode: thus, wren
the positive space charge,and hence the region of enhanced cathode field,

7
is blown downstream the spark channel is curved in that direction, Ir.

the range Py to p. the spark is almost axial with flow. Tris is

breakdown streamers form at the edge of the corona, With trznsverse flsw,
the upstream edge of the corona is very near the electrode tip and

breakdown can occur at a lower voltage than for still gas.

The Critical Pressure

The corona-onset voltage V. may be calculated using the streamer
criterion of Eq, (4) and, if the mechanism controlling p, is known,
the minimum breakdown voltage Vg, may be determined. For a point-
plane system, if the field near the point is taken as F(r) = F(x,) rg/fz

. . 2L
then the onset voltage is given by

Vo = (B/p)py, - wpd [1 4 (k/Bpry)207 (5)

where V¥ = V/d E(ry) is the field utilisation factor. Since W depends
on d/ro, V., for a given pd should be a function of pry and this
similarity-law behaviour has been well established in recent experimental

studies,43’44 The critical pressure p, is that at which the onset



streamer leads directly to breakdown and may differ from the pressure
pé at which continuous corona no longer occurs, For relatively large
values of r,, the two nearly coincide but with sharper points there

can be a considerable pressure range where corona stabilisation is
abgsent but onset streamers are unable to lead to breakdown. Hazel and
Kuffel50 have proposed a semiempirical criterion for p, tased on the
effect on streamer propagation of the rate of change of field near the
tip and the mean free path for ionising radiation, The condition for
which continuous corona no longer occurs (pressure pé) can be derived
if it is assumed that the continuous component comprises avalanche
pulses which occur within the ionisation zone for which & > 0, and
which are initiated by detachment from negative ions produced by this
47

Townsend discharge by photoiocnisation, It can be shown that x,

veries as 1/?“ and, since the free path X, for ionising radiation
varies as 1/b, the critical pressure will be that at which ax, =Xq,
where a is a constant; at this pressure negative icias will no longer
be produced in enough quantities to maintain the Townsend discharge,
and the increased production of electrons within x, will favour the
development of streamer discharges, Thus for the point-plane case,
Xo = (kro/Bp)% giving pé = BC2/kro, where C is a4;onstant

containing .. Comparison with experimental results gives a value

for C of ~ 0,05 bar cnm,
IMPULSE STUDIES

Sulphur Hexafluoride

Recent measurements with 5-50 cm gaps using lightning-impulse51 and
switching-impulse voltagess1_54 have shown that for long gaps the 50%
breakdown voltage VSO in SFE can be surprisingly 10w.52’53 Further, the
breakdown voltage at pressures above 1 bar is strongly dependent on the
shape of the high-stress electrode, For a square-ended rod, VSO does
not change significantly with pressure in the range 1-6 bar, and VSO
for a 50 cm rod-plane gap in SFg at 6 bar can be lower than for the

same ga2p in atmospheric air,

Takuma and Watanabe suggested that these results might be due to
reduced corona stabilisation effects in SFg and this has been
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demonstrated by recent work by Kurimoto et a1;9’53’5; who studied
impulse corona and breakdown in SFg and SFg mixtures, FPor a 30-cm
rod-plane gap with a 19-mm dia, hemispherically capped rod in SFg they
found the stabilisation peak at pj = 0.- bar and the critical pressure
Pe a8t ~ 1 bar, A study of the impulse-corona development using
photomultiplier and high-speed camera techniques showed that, for

P < Pps & diffuse corona occurred which inhibited further corona for

~ 10 .8, In the range Py < P < Pcs however, one or more of the
diffuse coronas was followed by a series of filamentary discharges while
for p > p, only filamentary discharges were observed, The filamentary
discharge in SFg propagates in the stepped manner frund in air at high
pressures or in very long gaps, but the interval between successive
discharges is much less (0.1 - 0,2 .s). Figure 8 shows typical
records for pressures near pc, T.ere is a marked difference between
positive and negative polarity in that in the former case the channel
extends with each discharge while in the latter a series of
reilluminations occurs before the channel is extended by a particularly

vigorous discharge.

SFB Mixtures

In SFg mixtures, considerably more charge is injected during the
impulse corona and the corona shielding is more pronounced and persists
over a greater pressure range,49 The result is that the breakdown
strength of mixtures, even those containing very small (~1%) amounts
of SFg, can be much greater than that of pure SFg., Figure 9 shows
results obtained by Kurimoto for SFg-air mixtures with positive
switching impulses: It can be seen that the highest strength relative
to SFg occurs with 1% SFg by volume, where py corresponds to p, for SFg,
Similar results have been reported by Watanabe and Takuma,55 and for
SF¢/H, mixtures by Farish et a1,56’57 Figure 10 shows data for Vg in
SF6/H2 nixtures for 1.5/40 us impulses; even for a 10-cm gap, VSO with
~ 0,4% SFg at 2 bar exceeds the positive-impulse level for SFg ,52
Cookson amiWootton58have fournd even higher bregkdown voltages for ac

conditions in such 'weak' mixtures, as shown by the ac curve in figure 10.
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DISCUSSION

DUTTON: 1. On the question of the sensitivity of breakdown to surface
roughness in N,/SFg mixtures, our results at the extreme of N, suggest
that it is not possible to interpret the data there in terms of the
Pedersen equation or the equivalent criterion in terms of the equivalent
Townc_ad criterion. Do you have any comments?

2. The interesting recent photographs of the critical pressure region you
showed give an indication of the regions where the electron density and
the field are high enough to give light output. Do you have any informa-
tion about the negative ions? This is a region which we hope to investi-
gate using the rotating vane fluxmeter.

3. In relation to the criterion f a”ds = k used for determining the
critical volume and relating it to the statistics of breakdown was the
applied field used? I ask because simulation shows that the original

field is very rapidly modified by the development of space charge.

FARISH: 1. I agree that for pure nitrogen an analysis based on en-
hanced ionization near microprotrusions is inadequate to explain the
Paschen deviations which occur at high values of Pd. This would seem
to suggest that an electrode process is involved in such breakdowns;
there are several possible processes, including space-charge-enhanced
field emission combined with low level ionization in the gas, and charg-
ing and subsequent breakdown of oxide or other tarnish layers on the
electrodes. In our earlier experiments with compressed nitrogen, there
seemed to be some evidence for the latter process in the way in which

the system conditioned or deconditioned with different rates of sparking;
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it would be very difficult experimentally to study the field emission
process as this would involve monitoring the early stages of the discharge
which would require very high spatial resolution, probably with subnano-
second time resolution.

2. Concerning the question on negative ions, we have as yet no informa-
tion concerning the distribution of negative ions in the gap. From
positive-point studies with transverse gas flow, however, we have indi-
cations that the continuous corona in the stabilization region is main-
tained by detachment from negative ions near the point.

3. The applied field is used in the Pedersen analysis, as in any streamer

model, to calculate the avalanche carrier number.

SIOMOS: Under the assumption that particles exist in the space between
the electrodes can you give any indication about the real nature and the

sizes of these particles? Do you have any idea about the number density

of these particles?

FARISH: The particle-initiated breakdown studies which I described
were designed to provide information on the effects of size and shape,

and used artificially introduced particles. In practical equipment, me-
tallic particles may be introduced during assembly or produced by abrasion
between moving parts; those which cause degradation of insulation strength

are probably >5 um in size.

CHANTRY : The equation you derive for the critical pressure

P’c = BCZ/Kr0 above which corona stabilization does not occur, contains
three "constants" B, C2, and K, all of which chaaye or are likely to
change if the proportions in a gas mixture are changed. Experimentally,

you find that in Np/SFg mixtures Pc remains essentially constant, implying
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cancellation of the effects of changing B, C, and K. Have you speculated

as to how this occurs?

FARISH: I don't think the lack of semsitivity of P”¢ to SFg content
is well enough established yet to warrant trying to explain it on the
basis of the above model, which itself requires further investigation.
However, it is true that with increasing nitrogen concentration the con-
stant B in the equation for o should decrease, while C, which is propor-

tional to 1/u, should increcase; it is therefore possible that this tends

to keep P”. constant.
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THE NUMERICAL SIMULATION OF THE BREAKDOWN OF A GASEOUS
DIELECTRIC

A. ]J. Davies, C. ]J. Evans and P. M. Woodison,

Department of Physics, University College of Swansea, University of Wales,
Ul K'

ABSTRACT

One and two-dimensional simulation methods are
described, for investigating the breakdown of a gaseous
dielectric, which can trace the growth of a discharge
from its initiation to the space-charge controlled glow.
The present paper is mainly concerned with the applic-
ation of the two-dimensional simulation to discharges in
nitrogen and air between parallel plane electrodes.
Preliminary results are also presented for a sphere-
plane configuration,

ONE -DIMENSIONAL SIMULATIONS

During the last few years, following the advent of high-speed
computers, much interest has been shown in using numerical simulation
techniques for studying the electrical breakdown of a gaseous dielectric.
With the new techniques that have been developed it is now possible to
follow the growth of a discharge from its initiation as far as the space:-

charge controlled glow with instantaneous currents up to 100A.

In essence the basis of all simulation methods for studying current
growth is to solve the conservation equations, for each species of particle
present, subject to the boundary conditions that apply in a given experimental
or engineering situation. For example, neglecting photo-ionization, diffusion

and recombination, the general equation of charge conservation for electrons

is
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a pe

—= w - 8 -V,
5t FPeve aPeWe+ pnwn (pev_ve), Sy

and the boundary conditions will include specification of the initial charge
distribution in the gap, the characteristics of the external electrical circuit,

and the electric potentials on the boundaries of the discharge region®*.

The simplest case one can consider is that of a discharge between
infinite plane paraliel electrodes separated by a distance d and subject to
an applied voltage V(t). If we restrict our attention to discharges in which
only one species of positive and negative ion are present and further assume
that the discharge is of constant radius with uniform particle densities across
the crcss-section, then oniy one space dimensicn need be considered and the

relevam <onservation equations are

ap 3
e _ - - —

at a.peWe a pewe + <Sann oX (pewe)’ (2a)
6pp d

vl a,pewe + S (p pwp)’ (2b)
38, 0

—— - 3 - - .

ot apeWe Pan ax (ann) (2¢)

If the cathode is at x = 0 and the anode at x = d, then the boundary

conditions are

* A list of symbols and their meaning is given in the Appendix.
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PO OW (0, 1) =] (t) +7. Pp(O, t)Wp(O. t)

t
XE a ~(t-t")/T
+ T h 5 ; fe ph a (X,t')p (X,t')W (X,t')dxdt' (33)
a ex e e
ph " Tex VS
0

Fp(d. t) =0, (3b)
pn(O) t) = O) (3C)
d

E(x, tdx = V. (), (3d)

0

where the gap voltage Vg{t) will be dcetermined by the characteristics of the

external circuit and the total current flowing in the gap.

The electric field E(x, t) is a function of the net charge density and one
must be particularly careful in selecting a method for computing it since the
various ionization coefficients are strongly varying functions of E. For wide
discharges, whose radius is much greater than the gap separation, Poisson's
equation in one dimension may be used to find the axial fields but for narrow
discharges this procedure can introduce large errors]. In these cases the
two-dimensional form of Poisson's Equation or the "disc method" due to
Davics et all may be used. In the latter method the discharge is divided
into discs by planes perpendicular to the axis and the field on the axis computed
by summing the contribution of each disc of charge. making the appropriate

allowance for the image charges in the electrodes.

As pointed out by Davies et alz, the stability of the simulations can be
greatly improved by computing the net charge density, p, directly from the

relation
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St = ox (PNt AW F AW, (4)

which does not include any ionization terms. Numerical errors introduced in
computing pe, pn and pp separately from Equations (2a - 2c) can give large
inaccuracies in p if it is evaluated from p = pp - pn - pc, especially, for
example, in the positive column of a discharge where p is small compared

with the correspending electron and ion densities.

In the numerical simulations, the charge conservation equations arc
put in their finite difference form and integrated using the Method of Character-
isticsg. In most of the work a constant mesh s~acing in the axial direction
was employed but recently the procedure has be~n modified to enable the mesh
to be graded in the region of the cathode so as to be able to investigate in

greater detail the cathode-fall region of the discharge in the later stages of

growth. This work is to be published elsewhere.

The one-dimensional simulations using the above equations and boundary
- . . L .2, 4,5
conditions have heen successfully applied to discharges in air, Nz, and .SF(' ",
D
For example, Vig. 1 shows the computed contours of light output from a dis-

charge in N, at 90 torr initiated by a pulse of 400 clectrons, for a step function

2
applied voltage 25. 5Y, above the breakdown potential VS, (a) when the effects of
space charge distortion are neglected and (b) when distortion of the field is

taken into consideration,

Fig. 1(a) essentially gives the same result as Davidson's exact solution6
for ionization growth in uniform fields between plane electrodes and we clearly
see the electron avalanche travelling to the anode with constant velocity We and
the apparently infinite phase velocity towards the cathode of the isophot lines
behind the primary avalanche. Fig. 1(b) on the other hand shows the apparent
acceleration of the avalanche as it approaches the anode (the anode-directed

streamer phase) and also the appearance of a sharp light maximum propagating
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Fig. 1. Contour lines of equal light output (arbitrary units) plotted as
a function of x and t (a) neglecting space-charge and (b) allowing for
space-charge. Data: Nitrogen, p= 91 Torr, E/p=62V cm™1Torr™L,
Discharge initiated by 400 electrons released from 0. 5 mm diameter
Jisc on cathode,
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back towards the cathode (the cathode-directed streamer). Calculations with
the appropriate experimental data have given velocities of propagation of the
cathode and anode directed streamers which are in very good agreement with

the measurements of Chalmers et al7 and Wagner8.

For narrow discharges it has been found that very good agreement is
obtained between experiment and theory when only primary ionization and
secondary electron production at the cathode are considered. It is interesting
to note, however, that using similar methods Kline9 found that at large over-
volrages it was necessary to incorporate the effects of photoionization for large

radius discharges such as those produced by Koppitzlo.

TWO-DIMENSIONAL SIMULA TIONS.

The one-dimensional simulations described above have the obvious draw-
backs of assuming that the discharge radius is constant and that the charge
densities are uniform over the cross-section. The next natural step is, there-
fore, to extend the method to two space dimensions x and r so that both the
radial and axial development of the discharge can be followed, but retaining the

plane parallel electrode geometry and making the assumption that the discharge

is axially symmetric,

Here the conservation equations and boundary conditions corresponding

to Equations (2a-c) and (3a-c) are

3p

e _ } .

t a’pewe apewe+ aann V. (Pewe) (5a)
oF W -V.(PW) (Sb)
o= e’ P
9B  apW -8pW -V, (pW) (5¢)
— = e e nn n~n

ot
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with pp(d, r,t) =G, pn(o, ,t)=0 (6a, b)
and ]e(o, T,t) = ]O(r, t)+ ¥ i(r, t)]p(o, T, t)
+ T ‘ *d
phf .r a (x, ', g, r', )] (x, 1, t)2=r'dr 'dx (6c)
0% X e
where I is the mean number of secondary electrons produced per photon

ph 1i
incident on the cathode and g(x, r', r) is a geometric factor representing the

fraction of the photons produced at (x, r') which fall on unit area of the cathode
at a distance r from the axis. In Equation (6c) for simplicity the lifetime
I'  of the excited states is taken to be zero. The electric field is found from

ph
the axially symmetric form of Poisson's equation

2
g_%+.l 3 28y £ (7)
ax r or or Eo

where E = - V¢, with ¢ specified on the boundaries.

Typical results of this two-dimensional simulation are shown in
Fig. 2 for the experimental conditions of Doran12 who worked with N2 at
300 torr with an electrode separation of 2 cm, a breakdown voltage of 25772V
and a step function applied voltage waveform corresponding to an overvoltage
of 7. 56%. Once again the discharge was initiated by a pulse of about 400
electrons at the cathode. The simulated shutter and streak photographs of
the cathode streamer phase of discharge development shown in Fig. 2 are
in very good agreement with the experimental measurements and the contrac-

tion in radius as the cathode stxeamer approaches the cathode is clearly seen.
Analysis of Time-Lag Measurements

The one and two-dimensional simulation programmes have also been

used to compute time-lags in air in order to see whether any discontinuity is
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Fig. 2. Simulated photographs from a two-dimensional calculation
tor nitrogen, using the data of Doran™“. The simulated shutter photographs
(a) correspond to exposures from time zero up to 472, 513 and 536 ns
respectively, while the streak photograph (bj displays the light passing
through a narrow slit looking towards the axis of the discharge,
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observable in the predicted time lag, tf versus oxl/egrvoltage curve as has been
found by several workers including Crichton et al . The latter measurements
were made in dry air at a pressure of 500 torr using Bruce profile electrodes at
a separation <l 10 cm. Initiatory electrons were produced in the region of the
cathode by ionizing radiation from a radioactive source 2mm below the centre
of the cathode surface, the steady-state ionization current being of the order
10-11A. Since the radioactive source was likely to give rise to bursts of
electrons in the region of the cathode rather than a continuous stream, the

computations were carried out for pulses of about 10 electrons although, as

mentioned later, the effect of varying this number was investigated.

In the one-dimensional computations, the values of the ionization
coefficients were taken from Dutton et al14 and the time-lags were computed
over the whole range of overvoltage (a) with the radius of the discharge equal
to that of the initial electron pulse ( ~1 cm) and (b) with it equal to the effective
radius of the electrodes ( ~ 10 cm). It was found that (a) gave good agreement
with experiment at high over-voltages whereas (b) gave agreement at low over-
voltages (i. e. long tf), the transition being at time-lags of order of the electron
transit time. The experimental result could thus be explained by an increase
in the effective discharge radius for t R Te' corresponding to the spreading of
the secondary electrons over the cathode surface. This change in radius could
not be automatically followed by the one-dimensional computations, however,

and it was therefore decided to check our conclusions by re-calculating the t

overvoltage curve using the two-dimensional simulation programme.

The results obtained are shown by the solid curve in Fig. 3 which
corresponds to tf's calculated for pulses of 10 electrons leaving an area of
about 3 cm2 at the centre of the cathode. We see that good agreement is
obtained at high and low nvervoltages with a smooth trznsition between 3% and
4% overvoltage. As may be seen from Fig. 3, Crichton et a113 found that any

voltage in the transition region, the time lage fell into two distinct groups; one
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Fig. 3. Formative time-lags in air at 500 Torr, d =10 cm. The
experimental points are from Chalmers et al’, while the curve is obtained
from the two-dimensional simulation.

possible explanation is that these groups correspond to different numbers of
initiating electrons, For example, in the simulations at 3% overvoltage, it
was found that if the size of the initiating pulse was increased to about 100
electrons the lower values of tf were obtained, the increase producing
appreciable space charge effects within the first electron transit time, where-
as space charge effects did not become effective until well into the second

transit time for 10 initiatory electrons.

Time-lags were also computed in nitrogen for various experimental

conditions but in no cases were any appreciable discontinuities in the tf

overvoltage curves predicted.
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Non-uniform Electrode Geometries.

One of the main aims of our simulations was to investigate discharge
growth in non-uniform field geometries (e.g. sphere-plane and rod-plane
systems) which still, however, have axial symmetry. Considerable effort
has been devoted to adapting the two-dimensional simulations to consider such
cases. The biggest rroblem that is encountered is the highly localised high
field region in the ncighbourhood of the sphere or rod electrode. This fieid
can be several orders of magnitude greater than the average applied field. It
is highly desirable, therefore, to grade the finite difference mesh in both the
radial and axial directions so that it is very fine in the high field region and
more coarse in regions where the ionization processes are negligible. This
procedure is fairly straightforward whea integrating the charge conservation
equations (5. - c) and, in this case, we have taken the axial mesh spacing to
be inversely proportional to the primary ionization coefficient corresponding
to the loca’ value of the applicd electric field. The radial mesh spacing

increased in a simple geometric progression,

Since, however, in order to keep the computation times within reason-
able limits, it is still necessary to use a direct method such as the Fast
Fourier Transform algorithm due to Le Baills. to compute the field, the axial
mesh must be of constant spacing when the field computations are carried out.
This severely limits the accuracy of the computed fields in the high field vegica
and eventually the calculations become unstable due to numerical errors. These
problems could be overcome by returning to Successive Over-Relaxation (SOR)
methods for computing the field when there is much more flexibility in varying
the mesii spacing, but the increased computing times (by a factor of 10 approx-
imately) make this prohibitive on ;. ~erial processing computer such as the

CDC 7600 now used,
The advent of parallel processing computers, however, may changr the

situation completeiy during the next few years. International Computers Ltd. ,

.. 1
for example, are developing a Distributed Array Processor 6 which has 64x 64
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parallel processing elements and, although each individual processor is slow,
the overall power of the machine is twenty times a CDC 7600 for SOR -type
calculations, thus giving an effective increase in power of two for our problem,

with greatly improved flexibility.

In our present simulations the Fast Fourier Transform technique has to
be modified to consider irregular regions rather than the rectangular boundaries
previously considered. In essence we follow the method due to Hockney1 7,
where an overall rectangular boundary is retained but the presence of the
electrodes within the region is taken into account by placing a matrix of charges
at the appropriate mesh points so as to produce the correct potential distribution
on the interior boundaries. This so-called "capacity matrix™ only has to be
computed once at the start of the simulation and stored. In order to obtain a
reasonable number of mesh points in the active region of the discharge, the
field computations had to be performed in two stages, (i) over a coarse 128x 40
mesh covering the whole region and (ii) over a smaller sub-region near the

sphere or rod using the same number of meshes.

A problem that arises for negative polarity systems is the computation
of the photon flux over the non-uniform field electrode. We have therefore
initially restricted our attention to positive polarities where we compute the
photon flux over the plane cathode using an identical method to that describeo:ll :

for the two-dimensional simulations in plane parallel systems.

Figs. 4 - 6 show preliminary results obtained for ionization growth in
a spherz-plane system (sphcre diameter 7.5 cm, gap separation 10 cm, plane
cathode 60 cm radius, cylindrical walls at 60 cm radius) similar to that used
in a parallel experimental investigﬂtionls. The initial conditions were taken
to be a constant density of approximately 103 ¢lectrons cm'3 everywhere in
space, with a step function impulse voltage equal to \'50 being apnlied at time
zero (the computations are easily modificd to take into account any desired

voltage waveform).
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Fig. 4. Computed electron density along the axis of a sphere-plane
electrode system at various times, indicated in ns on the curves,

We see in Fig. 4 the rapid growth of electron density near the anode
surface which is quickly limited, by space charge effects and drift to the
sphere, after about S0nsec. The corresponding current growth curve is
shown in Fig. 5, while Fig. 6 shows the contouxs of electron density in the
neighbourhood of the anade, and we see how localised the active region of the
discharge has become. Even though the field was calculated in a secondary
region near the sphere and the maximum 128x 40 mesh possible with the
available computer was used to compute the fields, there were still only
about 20 axial points in the region of ionization growth and the calculation
failed after about 70 nsec due to the instabilities introduced by numerical
Work is in progress to improve the stability but, in the opinion

errors,
of the authors, the use of parallel processing computers will provide the

ultimate answer to the problem,
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Fig. 5. Computed current for the sphere-plane system.

APPENDIX
List of Symbols

Independent of time for given set of experimental conditions:-

d

p
r

d
g, r', 1) =

T
\'
\'

ph
s

50

gas pressure
electrode separation

radius of discharge volume

geometric factor for calculating photon flux
photoelectric efficiency of cathode
breakdown potential

peak voltage of lightning-type impulse for which
breakdown probability is 50%
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Fig. 6. Contour lines of equal electron density (indicated in C cm
on the curves) at time 66 ns, in the neighbourhood of the spherical electrode.

t = formative time lag
Te = electron transit time
Xph = photon secondary ionization coefficient
Dependent on t only
Vg = voltage across the discharge gap
Dependent on r and t only
¥ = positive-ion secondary ionization coefficient
Jo = externally generated electron current density at cathode

Dependent on x, r and t
electron, positive-ion and negative-ion chaxge densities

Per Pp' Pn
Je'Jp'Jn = electron, positive-ion and negative-ion current densities
}ye, X-Vp’ wn = electron, positive-ion and negative-ion drift velocities
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= electric field

= electric potential

= primary icrization coefficient
= attachment coefficient

= detachment coefficient

= excitation coefficient
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PISCUSSiON

CHRISTOPHOROU: Your time lag versus overvoltage data show some

distincet discontinuity. Is it genuine?

PUTTION (For DAVIES, et al.): The discontinuity has been observed in
a number of experiments and is also given by the simulation with a con-
stant number of initiating clectrons, so [ think there is no doubt that

it is genuine.
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THE BREAKDOWN OF GASES AT LOW PRESSURE

A.B. Parker

Department of Electrical Engineering and Electrons, University of

Liverpool, P.O. Box 147, Brownlow Hill, Liverpool L69 3BX, England.

ABSTRACT

Although the Townsend theory of breakdown is generally accepted to apply

at high pressure, difficulties arise at low pressure, because the long
electron mean free path negates the definition of Townsend's primary
coefficient @, The paper shows how the problem is overcome by
considering the total electron multiplication M, betwcen cathode and anode.
A method of calculating M is given, as well as a theorctical estimate of

cxperimental values are also published for scveral gases.

INTRODUCTION

Gases may be changed from insulators to conductors by applying a sufficiently
high voltage and this property has been of interest in engineering for many
decades, both in its prevention and application 1. The mechanism of this
dielectric breakdown has been studied by many investigators 2, with the
objective of relating it to basic atomic data such as, for example, ionisation

cross-section values. It is generally agreed that a pre~breakdown current

growth equation of thc Townsend type can be used to explain breakdown at

and to the high pressure side of the Paschen minimum .

This equation contains two basic coefficients, a primary coefficient (@) and
a secondary coefficient (). The first is defined as the average number

of electrons produced by a single electron undergoing ionising collisions in
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unit distance of drift in the direction of the clectric fickd,  The secondary
cocfficient may represent @ll or some of several processes, c.g. the average
number of secondary ciectrons producced by positive ion impact on the cathole;
photo-cmission from the cathode cte. The pr.mary cocefficient is related to
the ionisation cross- scction. Until recently, linle cffort SRR had been
cxpended on considering the applicability of Townsemd's theory to the low
pressure side of the Paschen minimum, i.c. towards vacuum breakdown,
No pre-breakdown current measurements hiad been rveported, and only quali-
tative or semi-empirical models existed, In this pressure repion, wicre
the number density of atoms is low, there will he few electron-atom colli-
sions. lience, clectrons cannot achicve a mean driflt velocity, which is
essemial inthe concept of Townsend’s primary cocfficients. Hopnce a nuew
pre-breakdown current equation was neceded. A desirable object is the
derivation of valucs of the primary ionising cocflicicst from tin fonisation
cross-scction of the gas atoms,  Much cffornt bas been devoted o sech
derivations m highcr pressures 2. Thus It is seen that there ave theee
parts to the investigativ v of breakdown, the oftaining of the Paschen curve;
the measurement of pre~breakdown cureent el an adeguene theoretical moded
comnecting basic atomic data with breakdown voltages vin onisation coclfi-
cients., In the following suctions, apparatus for carrying out the experi-
mental work is first described bricfly and then the appropriate theory

formulated.

EXPERIMENTAL TECIHNKAE

Two discharge chambers have been usod in the fnvestipgmion, the sccond
being identical in desigm and form, bt with adl importes finesy dinensions
twice those of the first,  The first chunber has been fully describod
previosly, and the sccond only will be vonsiderved. e cavlier vevsion
had an upper voltage limitation of 10 kV, whilst results have heen obisined

up to 30 kV with the lavger chamber,
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The matn practical problem  which boscts expeciments on low gas pressurc
breakdown is the existence of the so-calicd ‘long-path’ breakdows, i.¢. the
hreakdown voltage decreases as the path increases. A dirvect conzergence

is that a small clearvnce must exist between the electvodes and the onclosiong
chamber walls,  After several elvcirodes had begen tried, the most suecoss-
ful model proved to e s maodificd verston of the fivsr supgested iy Schoan-
furdue v h. Tihwe clvctvodes are plase cuded eylimfers, which ft closely in a
preciston bure borvo-stlicate tube 15 cm dong with a cleavimer of 6,25 nun

A divect consvaience of such o close o was the flowe of wall currests
hetwoen cotfnle sl anmle, which was larper ton the pre-ingakdows curcems,

The methol of chminating these wall curvvents in Hustrated n Fig, 1.

e ig secn thar the anode §s split dote two sectdons vie an omter ovlinder
vonneeted 1o cavth and an foncy oylbioder which fs dsolaed feom the innce
by small by spheres, Thus feakage curvents nve oomtuciod awosy, sl
do uot ekl to pro-breskidown cavrent, A Huear motlon drive allews the

clectrade separation to o vaelud,

Support Patevhed
bushng ehectode
%, sutbote ‘
", ] f8ge rodws
@ 20mn .. K% fi-am
T\
g g 4 V4
,‘h“m‘q ; 2 5‘
R 1 25mmeon
b 10 balls

foby wm
Zhmm dam
tolyy bolis
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Conventional ultea high vacuum techniques are used to antain s bhase pressure

-
-

-
-7

i -:’ - “y
of less than 10 Pa, with a leak rate of less than 10 Pa S ;operating

pressures were measured with a Baratmon pressure gauge.

Conventional hipgh voltage sources amd measurement techniques were uscd.
The divider sysiem and hacking-off” circutt atlowed voltage differences of

0§ volts to be detected over the range of operating voliages used.

Hoth vibrat.ng recd cleciromsters amd £ - 1 recorders were used in the low
CRrrent moasuresents,

As usunl with sueh expechments, reproducible results woere obtatned only
when the vacuum chamber, s contents and sysiem were properly processcd,
fov. the eleetrade: were altrasontcally cleancd before assembly amd werc

conditioned I a plow dizcharpe before measuremoems were stacted,

EXPERIMERTS AND RESULTS

fn all the czperiments hwolving breakdown moasurements, the wlidity of
Paxchon's boe was tested by determining valucs of breakdown voltages over
a ranpe of clectvade separation for seveeal pressures.  The pro-breakdown
current s were aeasnrel fov o oset of cheetrade sepavations, e various

ealucs of BN, apmin for several pressure values,

Fig, 2 shows breakdown cusves foy the smaller chmnber for spvera! gases,
whidat Fig. 3 shows results for the same paides with larger chamber, fc
bg to bk notead that fwe vesuls shovn are only o selection of those oltatned,

ax both the cothisde amd sowde matevia] alfeors thwe breakdown voltage.

Tepical smax of precbreakdonn cuvvents ave shown in Figs, 3 amd 5,

Apain, both Ut anode and cathode affect thewe values for any mas,

Amelysts of such carvrom ~distant corves Isdoightfoewarnd o higher pressures,

where an ndtiad ldncar povion coables the caleslion of Townsend's o, and



Breakdown voltage (V)
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Breakdown voltage
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Fig, 2
with Small Chamber

Paschen Curves

Fig. 3 Paschen Curves
with Large Chamber
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the later non-lncar portion gives a value of Y7, It is secen that no linear
region exists in Figs., 4 and 5. However, it has been shown ? that by
using both the Faschen and pre-breakdown curves, it is possibic to caleulate
values of bah M and~% at low pressures.  Typieal theoretical values of

the multiplication factor M are shown in Fig, 6. The main features to aote
arc that the coefficient varies with the product {NI)) as well as with E/N,

It is also imeresting to note the lowvalues comparved with the clectron
multiplication atrained at lower values of (E/N).  The corvespending curve
for the sccondary cocfficient™ s shown in Fig.7 . These coefficienis

for several gases have heen reported in carlicr publications for the smalley

A

4
chamber .

in a more recemt publication, the results have been presented for avgon at
. nd .
ceven higher values of {(E/N) . A new difficelty arose under these conditions;

o i - -
the values of M become ceven smaller and 7} larger, Fiwn the method

g - Keltectson confticient 7:08%
& 0 (0%m?
8 M-
S A Uiy
£ PN
= \
T o
~
L™ mm
e‘.u . I N . PR
0 0"
£ Ymt

Fig. 6 Values of Measured Bloctven Multipitearion M
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of anulysts of 1he curvemt cloctvmle sepavation curve makes acouray
extimatinn of the loplsation wadficients dmpossible,.  The onle solution o
thin difficulty appostes 1o be sbhat the confficiont M wmust be caleularod
phesvetically, st the valses of dw covtficientT then derived from Jhe
curvent-sepavation curvesx,  This s justifiable, becanse measured am)
theoretical values of M apveed 8 the experimoents with the smaller chambor,
as Wil be shows fater.  Whes this apevation is cocried out, B I8 foums!
that the coctficiont’? {s aot only dependent on B75) but alyo on D, Yalues
of "realoutared dn this way are shown in Pig, 8. fois seen thar e all
cases, the sceomdacy cotufflcient facrased with elecivode sepovation, As
calculmted values ot the coetficionts M were vssontial to snalyse the pre-
bicokdown eurerent wave {oems, B is conveniont o owmtlne the morthod of

their calewlation o this stage,
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THEORY

A full necount 3 has been given of the method used to calculate the
cocffictent M for any gas from RS lonisation crosse-section using a2 Monte
Carle {vandom walk] computer program, The basis of the program is the
stmulation »f the movement of test electrons along the clectric field. I is
saswned that the only collisions which occur ave fonising, and also that
clocrom meovement s fonvard only, 1.¢. a one dimensional model. The
gap D is divided bnto 000 cqual cells, and the tonising collision probability
is caleulated for each. A store of test clectrons is ser up at the cachode,
and cach is moved owarxds the anode, in taxn.  The probabilitv of ionisation
foy the ¢lectron is summed and compared with a pseudo-random number at

a prodetermined value of the socumulated probability.  If the random number
is less than the accumuloted probability, then it is assumed that an ionising
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collision has occurred. Otherwise no collision occurs and the probability
is taken to zero. The initial electron is then taken along its path to the
anode, tests on collision being taken as it travels. All the initial electrons
and their progeny are processed in this way. Electrons backscattered from
the anode are also taken into account, as a substantial fraction can be
reflected with a range of energies. Thus the overall multiplication M of
the electron by ionisation can be calculated. It is interesting to note that
for the larger values of M reported, the number of test electrons was 100.
In the later work when M2 it was necessary to use a considerably larger
number of test electrons to get meaningful results. For the smallest values
of M, the quantity had to be increased to 10,000 electrons. The electron
energy distribution at the anode is shown in Fig. 9. The values of M
calculated always agreed with those obtained from the experimental pre-

breakdown currents within experimental accuracy.

A similar computer program has enabled the calculation of the secondary
coefficient”§” by the simulated motion of the positive ions. Then charge
exchange and ionisation by positive ions have been assumed as two important
processes as well as release of secondary electrons from the cathode bom-~
bardment. Reasonable order-of-magnitude agreement has been achieved with

the experimental values of the secondary coefficient.

DISCUSSION

It has been demonstrated that a new pre-breakdown current equation can be
used to determine two ionisation coefficients, the total electron multiplication
M, and the secondary coefficient™” , for pressures approaching 10"2 tosr,
and voltages as high as 30 kV o tix low pressure side of the Paschen
minimum. A computer program to calculate M from ionisation cross-
sections has been developed. Thus a satisfactory theory of pre-breakdown
has bien formulated for this low pressure region between gas breakdown and

vacuum breakdown. Some extra points of interest wiil now be indicated.
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l'.‘\ 'll =03
\\‘\ =U.0
T

,"\Q=U3

g - 1,200
T s

Percenlage of gop energy

set A

sel B

set C

set E/N (V m?) Full gap energy (eV)
A 849 x 10°"® 780

8 283 x w077 1133

C 566 x 1077 1703

Fig. 9

For each chamber a limitation of usage was reached.

Elzciron Energy Distribution at Anode - Theoretical

This happened when

spurious bursts of current made the measurement of pre-breakdown current

impossible.

was only 104 volts/cm.

The value of electric field at which the effect was observed

However, this effect must have been due to some

form of field emission, probably enhanced by ionisation of gas atoms. It

is just possible that this may also contribute to the seccadary mechanism.

The latter needs further investigation.
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It is interesting to speculate on possible future work. For example, it is
obvicusly possible to calculate the coefficient M for several other gases.
However, a search of the literature shows that very few valuez of ionisation
cross~-sectionshave been reported for electron energy above 20 keV. It
might be possible to calculate. such cross-sections from atomic theory. It
is desirable to operak at lower pressures in order to approach even closer

the region called vacuum breakdown.

Finally, work has already started on time lag studies. It is hsped that this

will give more information on the nature of the secondary effect.
ACKNOWLEDGEMENTS

It is necessary to thank the Science Research Council for their financial

support of this work.

The essential contributions of Dr. P.C. Johnson, Dr. J.D. Pace and

Dr. D. Bhasavanich, is also acknowledged.

REFERENCES

1. J.D. Cobine, Gaseous Conduction.

2, F. Llewellyn Jones, lonisation and Breakdown in Gases .

3. A.B. Parker and P.C. Johnson, Proc. Roy. Soc. A, 511, 325 (1971).
4, - J.D. Pace and A.B. Parker, J. Phys. D.6, 1525 (1973).
5.1 D. Bhasavanich and A.B. Parker, Proc. Roy. Soc. A, 385, 358 (1978).

6, M.]. Schénhuber, Inst. Elect. Eng. Electra Trans. PAS 88, 100 (1969).



B4

i peutss s

LAANERY in Thy Conynling Seubuling of M, b ouclh sGoeriaiely i

sl wundiarend By Slhe adowgel et o enly Terward scaflering, and whatever

v naagis Guess wov femde repardity the division of envrgy betuween The tun

S L T

By ainappling of fasward srallerisg is wel warosonable

FhEEES.

st The cuhditiens comsbdered, bloe., sbers the cleclyon enorgy al a

seeb b endnn i Gigh - wsumully af the arder wf 1000 oF, § Golivve fhore

g wwviabnly tsler sebdencs Scpgrting his for heldiam,

¥

8r e awsadned That The wavegy of 1he veblidiong olectrvan b5 shared

vad

it

et g beBurety Boalh The oviziaad snd renuliasl clectyen, after afion-

co b gide Eeey X wawrse swedesd T dosine The alan,

U U P REIGRS | § oacénik Bie wabke 3 cofiient and thes asb o gquent ion,

&1 2 20T eav sd herassl, the tanizaling vross socf ians

giwen #mf i be bt Iy avcuraie by the Bore apprezisat ion caicela-

var §risd Thiz agaly s Yor samdhing fike €37 fa this

wane oo gy ofinel o sEeucare g Ihe 0 wu, BN fanclions,

PR {oagree thatl the Been approsimalion conld be used above 20
be¥, baek §9 ammelded 25380 be s gowd thing ¥ caperimental values were
avai datede.

Wi Bave Gof albompiod ke Jdotoraioe 8 for O3 as pof.  Mowever, 1 see
ns seanat why it conld aaf by dene, ad wendd cortainly he willing to

garyy awt such 2 valeoalal .



b15

SHARBAUGH : ! would like to encourage Dr. Parker to continue his at-
tention to the long-neglected low pressure regime to the left of the
Paschen minimum. As he bridges the gap between very high vacuum regime
and the present case, there will be a point where the metal vapor pro-
duced by the vacuum arc will come into prominence. I think it is
grenerally forgotten that a so-called "vacuum" breakdown involves transient
pressures of metal vapor atoms which may approach that of atmospheric

values., So such a breakdown is not so different from ''gaseous' break-

down as we might expect.
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v EXPERIENCE IN DESIGN AND TESTING OF GAS-INSULATED S%.,TEMS

\

By J. C. Cronin

Gould Inc.
Power Systems Division
Greensburg, PA

ABSTRACT

The dielectric capability of SFg insulated systems is
reviewed and compared with today's design practices. It
is found that there is some potential for increasing impulse
stress limits but that one minute pcwer frequency factory
test stress levels are already close to the limit. There
is increasing interest in long term 50/60 Hz performance
and results to date indicate very high stress levels can
be maintained indefinitely. Contamination is a serious
problem, particularly with insulators, but field condition-
ing techniques can help deactivate particles. Results to
date on the voltage-time characteristics of SFg are con-
tradictory and more work must be undertaken, D-c perform-
ance is important because of field testing requirements and
the possibility that trapped charges will sometimes impose
a d-c voltage on the system.

INTRODUCTION

In recent years there has been increasing use of compressed gas
insulation for both power switching stations and power transmission
lines. The technology has rapidly moved from the stztus of being
considered novel and experimental, to one where feasibility and
reliability have been demonstrated. Increasingly, the decision to use
a compressed gas insulated system is made on the basis of economic
considerations and consequently much of the industrial R&D effort is
devoted to expanding the application range and reducing cost. In the
switching station area there are installations at all levels in the
voltage range 145 kV through 550 kV and the basic R&D effort has been

concluded at 800 le; work is now starting on 1200 kV systems.
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The upsurze in applicarion of commercial gas insulated gvutems
has been accompaniad hy 3 earallel and equally intense ¢ffory in the
bhasic H&N area. HumwrPous p.pors have appesved sfuring the pase fen wears
and considerable propress has been made rowards jdeszifeing
quantitative manner, the facters ceniralling and limitving perforcance,
Ultimate dielestric capability {5 bedag explored ao thar mare ecenonical
designs can be developed, partieularly ai the bighor woliage lowvels,
The influence of conducting pavtisles foonzaminants) ban been atadied
extensively and atrention is aow Tocusning o contrs! Techninuen,
Voltage~-tinme characteristies are being caploved o thar fssuiation
coordination can be {oproved., Insslaogor desipgn bas also veceived
considecable ateention with oost of the efforis belng divested Lawards
making the designs more tolerant of contamination., Geerall, a rensid-
erable volume of inforoation bas beon peneratod a8d Lhers is ame s

aced for efficient esrrelation so that Cvends and iaterdopendeacies

fdentified,
SYSTEM VOLTAGES
Frior to reviewiang the status of work In the various sreas iz i3
desirable to consider the types of wvoltage to «hich equipnens will ¥z
subjected in normnl serviee,

Stoady State Yoltases
£

Power Frequency

Powver frequency valtage imposes the novmal sceady state
diclectric stresx and must be a prime inflience in establishing the
long term reliabilivy of the system. One minute withstand teses are
appiied in the field. The long term exposure occurs during field
conditioning (o move particles into low stross areas) and involves
holding the voltage for perhaps hours at a number of levals up te,

and perhaps including, the ficld test level (75% of factery vest
levelz). There is no gencrally accepted conditioning procedurs and

manufacturers usually recommend a procedure for their cquipmont.
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Ap 1A% Y the shael tors {Tactory) test wosltape én 0,7 tices the

I

sorvioe voltage but whis vadio deswsases Tately covtinsously st higher
ayntes velvages, roaching 1.9 av 8GO 2%, This slewspien arises honauue
st eolbagos are detorsind by inpulne fowels rather than aporatisg
voeltage feveln, The practical sipnificance s thot smee attoent ien mang
Wy directod o contiaunus dicleerrie strosses at highor sestoenm seltages
and, in fact, the latrer say hecome dominant in detersinfas useslon

dimens fons,

iy asddithm o continuous powey frogquoney diclectyie stresses
there 8 alaw a prababilivy that dee valbape stresses say be inpotsed on
the systenm due o teanped charges following lise dropplog. he daration
of the der woltape is i ieult 1o prodict as 10 depoends on a aueboer of
apsten parameters which differ from urility to wtitity, However, In sye-
tems whore cables are ased, the d-c wwltaze ean exist for several bosrs
with an nitial amplitude thot can equal, or exceed, peak Jine Lo prousd
voltape,

e 2oltage it oeeasionally used Lo Fleld vexr vak-inaniaved
systems byt the technique is considered severe and fnterpretation can
b difficult.‘ However, there may be no other choice when a seitable
power frequency test searce is not avallable and/or the uwtility bas a
trapped chavpge situation, In particular d-¢ is the only practical way
te test lonp pas insulated cables due o charging curvent limitations
on portable 60 Uz rest sets. ‘Therefore, despite the somewhat contro-
versial nature of d-¢ testing, it cannot be ignored when defining the

dielectric capobility of gas Iasulated systems.
Transient Overvoltages

In defining the capablility of gas insulated systems che jupact of
transient overvoltages must alse be considered. While power frequency
dielectric studies are increasingly concerned with predicting the mean
rime to failure at some continuous dielectric stress the transient
overvoltage studies focus on establishing the probability of failure

when short term overvoltages are applied (infrequently) during the life
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of ghe seskoen,
Impulse

fmpelae overairaspen oreay besasse of Hightaing sirikes on con-
aevted svorhioand Hines.,  The asplitade and waveshape of the overvaltages
appearing fa rthe pas issulated equipmeat depead on a ausbher of parameters
amd the subiect i85 (oo coenplez to Deeat hﬂrﬂ.ﬂ.% Hispwey, bocanse of
Tightning avresteor charvacteristics and seflections ot discon suitie
{fopen asitehen, ete.) ke ml severe overwsitages are caused by steep
frost wrven,  This plves rise 1o interest in the seliaspe-tioe character-
fnbtic as an faccevase in dielecirie steenpth at short Cimes Lo crest say
have o faverable bopact on jassglat fon coordinag lon,

AL thoe presest tise the jopulse withstand fewels ased at the

warinus systoem woltages are as follows,

Table 1, lapalse Insulatien fewels in faape 145 &Y rhrough 800 LY

sesren Yoltage, kY {ros) E49 U2 H2 5450 04
Impulan Insslation lovel, kY 6%} 9060 10450 £ 950 1 8600

fe &5 casily scen that the bmpuise to 6 2 ratie decreases as
sestem wvoltape increases, emphasizing that long tevm 68 Hz stresses

-

may bhoecome domisant at the higher woltape loveis,

Switching Surpe

Switehing surges coan be erpected to ocewr fairly freoquently bat
are generally not considered as serious a theeat to the inselation
system as steep front lightning surges, This is because the slow wave-
fronts eliminate reflected wave pronlems and the surge arresters are

able te limit the overveltapges to well delfined and predictable levels,
DIELECTRIC STRENGTH OF S¥g

In the preceeding section the vavious types of voltage that can
impinge on gas insulated systems have heen identified. then relating
these voltages teo the dielectric strength of gas insulated systems it

is appropriate, and less confusing, to initially cousider the voltage
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types separatcliy and to explore the factors which can influence perform-
ance. However, once dielectric strength data has been developed an
integrated approach must be followed to allow practical design limits

to be proposed. When reviewing dielectric strength data it is also
essential to remember that equipment dcsigners are generally interested

in consistent withstand levels whereas researchers tend to be more
interested in flashover levels. This does not normally present a problem
as long as flashover studies generate statistica. information which allows

withstand levels to be predicted.

Area Effect

During early dielectric studies on SFg very high strengths were
frequently measured due to the use of relatively small area electrode
systems, The subsequent development of transmission lines and station
components showed these high strengths could not always be achieved and
led, for a period of time, to a significant interest in the influence
o electrode area on performance. In the early 1970's Gould conducted
an extensive correlution of both published and in house test data and
concluded the influence of area could be ignored once the area of the
most highly stressed electrode exceeded approximately 6000 square cm.
A much more comprehensive, statistically oriented, study by Nitta et
316 resulted in essentially the same conclusion. Therefore, there is
no problem applying test results generated with reasonably sized

laboratory samples to practical systems.
Intrinsic Strength of SFg

While the wultimate dielectric strength of SFg is never
approached in commercial systems it is of interest because obviocusly
it gives a measure of how much the technology could (theoretically) be
exploited. There is fairly general agreement that the limiting
dielectric strength is described by the equat:ion:7’8

(E/P) out = 89 (kV/cm. atm)

where

[}

Maximum stress in kV/em

SFg pressure in atmospheres (absolute)
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Most systems are designed to operate in the range of 3 through 4.5 atm so
the theoretical maximum strength should lie in the range 270 through

400 kV/cm. However, these stress levels can only be achieved with small,
highly polished electrodes and test results with larger area systems show
a 0.5% flashover probability in the range 150 through 200 kV/cm.6 If
the intrinsic strength could be achieved in practical apparatus a

550 kV, 1550 kV BIL system could be contained in a 21 cm (8 inch)

diameter enclosure, compared to the approximately 50 em (20 inch)

diameters now used,

50/60 Hz Strength of SFg

Short Term Performance

In clean coaxial systems with normal (extruded) electrode surfaces
flashover stress levels of from 90 kV (rms)/cm at 2.5 atm to 110 kV
(rms)/cm at 4 atm can easily be achieved. Generally, consistent one
minute withstands can be observed by reducing stress a few percent helow
the flashover level. These levels were established in a 27 cm/11.5 cm
coaxial system approximately 250 cm long and agree well with the results
of Hogg et 319. Increased dielectric strength can be obtained at higher
pressures but this tends to be somewhat academic as pure SFg liquefies
at temperatures below-30°C, when vressure exceeds 5 atm. In addition
there is also a tendency for the dielectric stress-pressure relationship
to level off and it becomes increasingly more difficult to take advantage

of higher pressures by operating at higher dielectric stress.

In most of the gas insulated systems built to date 60 Hz factory
test stresses lie in the range 65 kV (rms)/cm. through 90 kV (rms)/cm.
The specific level depends on gas pressure and the design criteria
(including degree of cleanliness) imposed by the various manufacturers.
The margin between factory test stress and demonstrated maximum capability
is only 20% and there is therefore no significant potential for reducing

size by designing to higher factory test stresses.
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Long Tern Performgnce

thile pood one =inute performanae s very impoartant, the prodicted
time te failure under much lawer operating stress is of srime importonce
when decermining systen r2liabilicy. terk in this aren hoas heon wvery
limited because of the difficulzy iavelved in making meaningful teses,
Invariably, the tests invelve neasuviag zimes to falluve at relatively
high dielectric stresses and using statiseical rechniques te extrapolate
the results te the 30 year lifetime associated with practical systons,
Bertnicklﬂ concludes that at 3 atm stresses as high as 100 kW em can bhe
tolerated indefinitely but it is not clecar {f this is on an vas or
peak basis, The work of ﬁﬂﬂk@il alse indicates that very high stress
levels can be sustained but the conclusion iz based on J-¢ tosting.
Brown et allz conclude that systom length is alse a facter in determining
long term veliability and thelr approach con be used to ealeulate a 0.)
probabilicy of failure {in 20 yvears} if stress is limiced to 81 kV (rms)/
cm.l The manimum steady state stress in the installacions built to date
is approximatoly 35 kV (rms)/cm. So there is obviousiy potential for
increasing working stress levels. However, it must also be cmphasized
that more cansistont experimental data, with better theoretical inter-

pretation, is needed and the influence of contamination must bhe .onsid-

ered move carefully.

Contaminat ion

it is well known that conducting particles can reduce the dielectric
strength of SFg and this subject has been studied exhaustively during the
past ten years. Numerous publications have appeared detailing what
appears to be an endless list of experiments involving particle shapes
ranging from fine dust to spheres to relatively long wires. (It is not
intended to raview the literature in detail and a good summary of current
thinking may be found in references 14 to 16.) Work has involved calcu-
lating liftoif stresses, measuring flashover levels, evaluating the
influence of gas pressure and investigating particle deactivation

techniques. All studies agree that particles reduce dielectric

strength with the long needle type particles beiug most severe;
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dlelectrie stroagth can easily ke reduced o 10X of the uncontaminated
valuc, causing flaoshovers «ell below opervsting »oltape., Ip is difficulr
to see why there has beon se much eomphasis en neadle pvpe particles as
these ean be detected by oven the pest clementary qualiey control toch-
aigues and removed from the svstem.  Small partiecles are morvy difficulr

to detoct and are much mere liksly o be ancountercd in practieal systens.
Sensitive partial discharpge measurements are always made on each section

shipped and this helps decect cven smal) particles.

Experiments with o vaviety of shop Floor tvpe contaminants have
confirmed that $.5 inch long slivers of aluminum can easily reduce
dielectric strength by S0Z while small particles reduce strengrh by
252.57 These are significant reductions and it is obvious that sections
must bhe relntively clean to tolerate the factory test woltage, which of
course emphasizes its value as a exfiity contenl technique,

In recent years attention has alsy been directed to particle motion

and contamination control :enhniques.13 Tt has been showa chat coven

large particles can move along the enclosure at voltapes well helow
operating veltage and that particles can be dirvected to, and sometimes
contained in, low stress arcas. This is the bhasis for rhe conditioning
sequence freguently used during field testing. There is no general
agreement on the best combination of voltage and time for effective

field conditioning and this is an area worthy of future study.

Insulated Coatings

Early d-c work with coaxial systems suggested an increase in
dielectric strength could be obtained by applying an insulating coating
to the electrodes.18 During the course of various research programs
the influence of coatings was explored and no significant benefit was
found when applying 60 Hz voltage to a clean system. The results of

tests at 2 atm are summarized in Table 2.
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Table 2, Evaluation of Dielectric Coatings on
Conductar of Gas Iasulated Systen

EPONY L EPOXY-VINYL ] TEFLON TAPE| ANODIZE
CAORTING BaRE) {(LODR™Y £.01') {.125") £.003") (.001'")
Flashover Stress] 93 93 9% 25 93 101
$RY frasiien

The hest perfarmance was obroined with the hard anodize but the improve-
ment is somewhat marginal and it is dogbtful if the added cost could be
justificd. AL a pressure of 4 atm the &ix il epoxy coating gave

a 13Z improvement in peviormance but no henefit was observed with the ten
mil epoxy ceating. Mere rofined oxperiments would hels clarify the
situation but iz is obvious that no spectacular improvements in perform-

ance can be anticipated.

then a fifteen mil epoxy coating was applied to the enclosure the
fiashover stress increased by 8% but, again, this improvement is hardly
enough to justify the added cost and complexity of a ceoating. During
studies of particle motion it was observed that a dielectric coating on
the enclosure tended to reduce particle mobility but that particles could
still be deposited on the insulators. Therefore, while coatings can be

bencficial they are not a universal solution to the contamination problem.

impulse Strength of 5?6

In systems without insulators there is fairly good agreement between
various investipgators on the impulse performance levels that can be
achieved. Genecrally che negative polarity flashover level is lower than
positive palarity and negative is therefore the dominant influence in
system design. In the raange 3 to 53 atm the 307 flashover stress varies
from 200 kV/cm. to 280 kV/em. and the standard deviation is less than
53.9 Therefore, consistent withstands can be obtained in the range

180 kV/em. to 250 kV cm. and this conclusion is also supported by the

workk of Ryan et al.19

The systems built to date appear to have maximum impulse stresses
of less than 190 kV/cm. (at 4 atm). cxtensive test experience has been
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accumulated at 175 kV/cm. on a great number of components and generally
ne flashovers are observed during a forty shot test series. This
implies the mean flashover stress is at least two standard deviations
above the withstand stress and the results are consistent with those
reported above, There is a good chance that design stress levels could

be increased and 220 kV/cm. would not seem unreasonable for systems

operating at 4 atm.

When specifying impulse (or switching surge) levels it is well to
consider that the test technique has a significant influence on
determining what is meant bv withstand level. The IEC standards call
for fifteen applications of voltage and allow two failures. Some users
specify forty applications of voltage and allow only one failure,
Obviously, the forty application test is more severe and both techniques
are more severe than the three by three or five by five test procedures

sometimes used.

Previously, it was reported that the intrinsic strength of SF¢ was
89 kV/cm-atm and this gives a theoretical capability of 356 kV/em. at
4 atm. Obviously, this level is not even being approached and there may

be potential for improvement in this area,

Volt-Time Characteristic

More efficient insulation coordination can be achieved if complete
information on the voltage-time characteristic of the insulation system
is available. To date is has generally been assumed that the character-
istic is essentially flat for impulse voltages and that no upturn in
strength occurs for front times less than one microsecond. This
conclusion was supported by the work of Ryan and Watsonzo but more
recent werk by Taschner 21 shows an appreciable upturn below two micro-
seconds. According to Taschner the 507 flashover strength can increase
by 152 at one microsecond and 30% at half a microsecond. Nitta et a1%?
previously came to a similar conclusion but as they investigated relative-
ly non-uniform fields the findings were not too surprising. However,

Taschner used a coaxial geometry and further experimental work is

obviously needed.
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Contamination

In systems without insulators the impulse strength is not affected
by contamination urless the particles are large enough to disrupt the
dielectric field at the enclosure. However, when insulators are involved

the situation is very different and this will be discussed later.
Switching Surge

Switching surge behavior is very similar to impulse and most
designers assume the switching surge withstand level will be some
constant fraction of the impulse level. Experience indicates consistent
switching surge withstands can easily be achieved at 85% of the impulse
level and this is in agreement with the findings of Taschner21 and Hogg
et a19. However, Ryan and Watson20 have established a 707 of impulse
relationship for both the flashover and withstand levels and the reason

for the disagreement is not obvious.

Switching surge tests in clean gas insulated systems show none of
the scatter normally observed during tests in air. This is because the
fields (in gas insulated systems) are quasi uniform and the highly non-
uniform fields associated with high voltage air insulated equipment are
not encountered. Standard deviation is generally below 5% while Ryan and

Wat:son20 have measured 3%.
D-C Voltage

A substantial volume of work has been published on d-c performance
but it is not proposed to review it in detail; references 23 to 25
summarize the current status. In very clean systems the d-c flashover
stress is almost equal to the power frequency flashover stress (on a
voltage peak basis) but more typically the d-c level equals the power

frequency rms 1eve1.3

The great problem with d-c is that particles 1lift off the enclosure
at very low stresses and proceed with high velocity to impact on the
conductor and insulators, Positive polarity seems to concentrate parti-
cles on the insulators while negative polarity favors the conductor.13

The great difference between 60 Hz and d-c can be appreciated by con-
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sidering that with 60 Hz particles begin to move at an enclosure stress

of 1 to 2 kV (rms)/cm., and have still not lifted very far above the
enclosure at 6 kV (rms)/cm; with d-c,particles can impact on the conduc-

. 13
tor and insulators at stresses as low as 2 kV/cm.

The character of particle motion under d-c makes it impossible to
condition a system by moving the particles into low field areas; in fact
one d~c system was conditioned with 60 Hz.25 Even when 60 Hz condition-
ing is undertaken particles can still be forced out of the low field
areas if a subsequent d-c stress exceeds certain levels.13 Overall the
peculiarities of d-c make it difficult to accurately correlate d-c and
60 Hz field test results and the d-c can identify '"problems'" which would
never cause trouble in actual service. YHowever, it must be admitted that

d-c detects contamination and many systems are operating successfully

after d-c testing,
INSULATORS

The data presented so far has ignored what is perhaps the most
important component in the system -- the insulator,which locates and
supports the conductor in the center of the enclosure. A variety of
designs have been used successfully (discs, cones and posts) and there
is general agreement that a good design should not reduce the perform-—
ance achieved with gas alone. This performance is achieved by control-
ling stress on the surface of the insulator and ensuring it does not
exceed the stress on the conductor surface.26 Practical experience
indicates that excellent performance can be achieved with conical
insulators even when insulator surface stress equals, or slightly exceeds,

conductor stress.

The greatest problem with insulators is that conducting particles
can lie on the surface and reduce dielectric strength with all types of
voltage.27 It is impractical to predict the magnitude of the reduction
as it depends on design stress level, stress distribution on insulator
surface, particle shape and size, particle locatiomn, etc. However,
performance can be severely impaired especially if the particle is large

or if the insulator somehow accumulates a number of small particles.
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Under ideal conditions higher gas pressures allow significant
increases in dielectric strength but extreme cleanliness is essential
and this may make the high pressure/high stress approach impossible to

use in practical systems.

CURRENT RESEARCH

Most of the research and development work to date has been con-
cerned with SFg at relatively moderate pressures (3 to 6 atm) and at
room temperature, Projects underway are designed to explore other
design options so that the full capability of compressed gas-insulated
systems can be realized. These projects involve studies of higher
operating temperatures, gas mixtures for higher operating pressures,

alternate gases to SFg etc,
High Temperatures

it has long been accepted that SFg has very high thermal capability

and work during a recent EPRI/ERDA project confirmed the impulse and

60 Hz insulation strength is retained up to at least 1500C.13

Table 3, Effect of Temperature on Impulse and 60 Hz Tests
in a 27 cm/11.5 cm Coaxial System at 3.5 atm,

Temperature °c 25 150
60 Hz Flashover Stress kV (rms)/cm 108 113
60 Hz Withstand Stress kV (rms/cm 104 108
Impulse Flashover Stress kV/cm 216 228
Impulse Withstand Stress kV/cm 208 214

The dielectric strength is slightly higher at 150°¢C but this mayv
be due to experimental error. In any event it is clear that dielectric
strength is not degraded an. the challenge now is to develop an insulator
which can operate reliably at 1500C. This involves both material devel-

opment and basic design and work is proceeding under EPRI sponsorship.
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Gas Mixtures

As mentioned previously it is virtually impossible to operate at
SFg pressures above 6 atm and attention has been focussed on using
SF6/N2 mixtures to increase the total pressure without introducing
liquification problems at low temperatures. A number of studies have

13,19 and the problem now

demonstrated that mixtures are very effective
is to control contamination so that advantage can be taken of higher

stress levels,
Alternate Gases

SF6 has been used exclusively to date but efforts are underway to
tind better gases. Experiments with various fluorocarbons indicate
the dielectric strength of SFg can at least be equaled but flashovers
tend to generate free carbon.13 There is also some hope that other
gases (or mixtures of gases) may be more tolerant of contamination and

this, if true, could allow a major advance in the technology,
FUTURE DEVELOPMENT

It is obvious that the dielectric strength of compressed gas
insulated systems can be predicted with a high degree of confidence and
that the factors which influence reliability are well understood. The

most promising areas for future work would appear to be as follows:

1. Higher Dielectric Stresses - the work to date suggests
impulse stress levels could be increased without too much
difficulty. However, this change leads to an increase in
60 Hz working stress levels, in both gas and solid insulation
and work is needed to define limits more accurately. The
benefits of higher stresses need to be evaluated economically
and one study indicates increased losses may negate the
benefits of higher dielectric sticsies in gas insulated
cable systems.30 However, the situation is much more

favorable in substations.



3.

Conducting particles are obviously the performance limiting
factor in manv situations and moire effective scavenging tech-
niques would be very beneficial. Existing conditioning
techniques could be refined but there is need for an

approach that would also remove or deactivate particles

o solid insulation.

A better definition of the voltage-time characteristic
may allow insulation levels to be reduced. However,
this depends on how frequently very steep front over-
voltages are encountered and systems work to date
indicates wavefront r!se times less than one microsecond

may be almost impoessible In gas insulated systems.

It is probably feasible to work closer to the intrinsic
strength of SFg by improving electrode surface qu. ity
but the ececnomics of this approach mav be difficult to

justify, unless breakthroughs are made.
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DISCUSSION

GARRITY: 1. On the slide depicting impulse levels, was the level
the statistical (50%) withstand or the design withstaad? 2. To what
rate of rise lightning impulse have you investigated the fast front

transient performance?

CRONIN: The impuise level is the two sigma withstand level; generally
this is defined by allowing wot morc than one {lashover in a forty shot-

test series. Rates of risc up to 2000 kV/us have been investigated.

KUWAHARA: We have a very use¢ful computer program by which we can
evaluate the voltage-time characteristic of practical systems based on
the test results obtained under controlled conditions. I would like to

show an examplc by a slide (Fig. 1). This slide shows voltape-time
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characteristic for 500 kV bus section with an insulator. Dr. Cronin

said that the estimation of steep front region was difficult. One reason
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is the measuring problem in fast rising region. The solid curve is the
estimated minimum level and plots are experimental values for impulse and
AC. The estimated curve is in good agreement with the test data. So we
think that we can evaluate the design of a gas system based on the test

re:ults under controlled conditions.

CRONIN: Computer programs are fine but the output is only as good
as the input. Our experience is that accurate voltage-time data on complex,
practical systems are presently not available and accordingly we have

designed on the (pessimistic) assumption that the characteristic is flat.

CHRISTODOULIDES: 1. In the "Areas of Interest,' you have mentioned
gas mixtures. In your analysis, you talked about the intrinsic break-
down strength of SFg, the laboratory test limit, and the actual operating
limit. Have you tried such analysis for a mixture of SF; with some other
gas or gases, not necessarily N»? 2. In one of your slides, an increase
of breakdown strength with "conditioning time'" is shown. How do you

actually define "conditioning time?"

CRONIN: 1. We have undertaken work with SFg/N, mixtures and have also
explored mixtures of various fluorocarbons with nitrogen. This work is
reported in EPRI Report 7825. We have not evaluated mixtures of SFg with
other gases. 2. Conditioning time is the time taken to mov'e all, or some
significant fraction of, conducting particles to low field areas. A pre-
cise definition has not been formulated but, in the referenced work, the

degree of conditioning was evaluated by measuring the one minute 60 Bz

withstand capability.
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ERIKSSON: Which assumption has been made as regards voltage-time

characteristics for the arresters in the given example?

CRONIN: The voltage-time characteristics have been taken from manu-
facturers data (mainly Ohio Brass) and were represented by a function
with six linear sections. A problem with manufacturers data is the lack
of information at rise-times in excess of 2000 kV/us and flashover sta-

tistics are also not readily available.

VLASTOS : I would like to make a comment on Dr. Cronin's data on the
influence of the voltage steepness on the breakdown voltage of SFg in

a quasihomogeneous field. Our experiments performed with impulse volt-
ages with different fronts and pulse lengths show that for bare electrodes
the influence of front steepness is of minor importance; however, the
pulse length is decisive. The reason may be that for bare electrodes the
breakdown happens at the tail of the impulse voltage. Figs. 2 and 3 show
the results obtained with a negative standard full or chopped impulse
voltage (chopping times 2 and 6 us respectively) and Figs. 4 and 5 the
results with a full negative 0.5/50 us$ and for impulses chopped after

1.5 and 6us respectively. The results refer to coaxial cylinders

30/70 mm 250 mm long at 5 bar pure SFg gas.

CRONIN: This is a very interesting explanation and we have sometimes
observed flashovers 2 to 10 us after voltage crest; usually this observa-
tiqn is made when the flashover is across an insulator. However, most of
the flashovers we observe (including insulator flashovers) are before

or at the crest of the wave.
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" INFLUENCE OF PREEXISTING DC VOLTAGE ON THE BREAKDOWN PERFOR-

MANCE OF SF6 UNDER IMPULSE VOLTAGE

E. Gockenbach
Technical University Darmstadt, West Germ

ABSTRACT

The dielectric strength of SF_. is determined at a voltage
stress, which is typical for ﬂVDC-converter stations,in uni-
form énd nonuniform electrical field confiqgurations. This vol-
tage is verified by superposition of dc and impulse voltage.
The addition of the two voltages results in the breakdown
Yoltaqe, which is independent of the preexisting dc voltage
1n.un1form and quasiuniform electrode configurations.In non-
uniform electrical field confiqurations the breakdown voltage
decreases evidently with increasing dc voltage.

INTRODUCTION
The power transmission in densely populated areas needs new
technologies regarding the high consumption of electrical
energy, the restriction of the transmission lines, and the
increasing importance of the environmental factors1. Therefore
compact, metalclad stations may be used for high voltage
alternating as well as for direct current transmission.In both
cases the application of a gaseous insulant with highly in-
sulating stress is necessary.The following paper investigates,
whether the application of the electro-negative gas SF6 , well
known from the HVAC technique, is practicable as an insulant
in a HVDC-converter station with its special voltage stress.

TEST FIXTURE

The voltage stress in HVDC terminals is very variable.Some
parts are applied with pure sine-shaped ac voltage,others with
pure dc voltage, but there is also mixed voltage, which can be
reproduced by superimposing dc and lightning impulse voltage”.
Figure 1 shows the block diagram of the test arrangement.

The impulse voltage generator produces an impulse wave of

1,2 /50 ps by an amplitude of 140 kV. A damped-capacitive vol-
tage divider is used to measure the impulse voltage Us-
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Fig. 1. Experimental circuit arrangement

The test gap is situated within a Plexiglas tube of 120 mm
diameter and 300 mm height. Breakdown voltages of plane-plane,
sphere~plane with various diameter of the spheres, and rod-
plane electrode configurations are investigated. The gap is
irradiated under an ultra-viclet light with a line spectrum
between 200 and 600 nm, reducing the breakdown voltage
scatter. The dc voltage is applied by charging a capacitor via
rectifier. The amplitude is also 140 kV. The coupling elements
(shown in figure 1) are necessary to protect the two generators
and they have no influence on the measurements and the test
parameters. The error in measurements is less than 3 %.

TEST PROCEDURE

After cleaning and installing of the electrodes the test

tube is evacuated until 0,4 mbar and then filled with SF6 until
the desired pressure is obtained. Then the gap length is set
by a micrometer screw. After a time of about 1/2 h the percen-
tage breakdown probability of the impulse voltage is deter-
mined as a function of the constant preexisting dc¢ voltage.

The time function of the voltage stress is shown in figure 2,
where you can find two unipolar applications, one with posi-
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“UA Fig. 2. Time-function
of voltage stress

tive dc and impulse voltage at the first quadrant, and one
with negative dc and impulse voltage at the third gquadrant,
moreover two bipolar applications, one with negative dc and
positive impulse voltage a‘’. the second quadrant, and one with
positive dc and negative impulse voltage at the fourth quadrant.
The designation UD gives the dc voltage, UI the impulse voltage
and UB the breakdown voitage, which can be calculated by the
addition of the two voltages Ur and Uy The breakdown proba-
bility is determined at 100 impulses of constant amplitude

of the impulse voltage as well as the dc voltage. Then the

test points are noted in a diagram whose axis of ordinate

is divided according to the Gaussilan distribution and whose
abscissa is linearly divided. For nonuniform field configura-
tions with stable corona many test points (about 50) are
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necessary to describe the shape of the breakdown probability
as a function of the impulse voltage. For uniform field confi-

gurations only few test points (3 or 4) are necessary.

The impulse voltage with a breakdown probability of 0,2 % is
determined graphically and this value is called breakdown voltage

U, in the following diagrams and evaluations.

B

RESULTS
UNIFORM FIELD

Figure 3 shows the shape of the breakdown probability as a
function of the impulse voltage for various preexisting dc
voltages in a uniform field (plane-plane, gap length 5 mm).
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Fig. 3. Breakdown probability of positive impulse voltage
as a function of the preexisting positive dc vol-
tage for uniform field configuration



Tho polavity is positive for both voltages. The linear shape
of the breakdown probability points out that this probability
ohays a normal distribution because the axis of ordinate is
divided according to the Gaussian distribution. Mcocreover the
tincar shape shows that only one parameter is significant due
to the hweakﬁmwng. With decreasing dc voltage tiie straight
lines shift paraliel to higher values of impulse voltage. The
shape of breakdown probability of the other three quadrants

corresponds with figure 3,
Figure 4 shows the impulse voltage UI as a function of the dc
voltage uﬁifull line) and also the breakdown voltage UB (broken

line).The breakdown voltage is independent of the dc voltage.
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That means, that a value of the voltage exists, which is cri-
tical at the breakq own. This value can be reached with a high
dc and low impulse voltage or with a low dc and high impulse
voltage. In consequence of the symmetrical electrode configu-
ration and the production of the initial electrons due to
irradiation no difference between dc and impulse breakdown
voltage exists. The same results are obtained by the investi-
gation at all cther gap lengths (up to 10 mm) and at all other
gas pressures (up to 3 bar). In the case of high gas pressure
the breakdown probability runs parallel to the axis of ordinate,
because the term of the electron multiplication obeys the
foliowing Eq. (1)1:

a -n=pk (E/p~- (E/pP) ) (1)

crit

where a, n = ionization or attachment coefficient, 1/cm
P = gas pressure, bar
E/p = referred field strength, kV/cmbar
13/pcx:it = referred field strength at a=n, 88 kV/cmbar

The electrode configurations sphere-plane have the same be-
haviour, shown in figure 4, if the utilization factor u

u= Emax/Emean (2)
where Epax = maximum value of the field strength, kV/cm
Emean= mean value of field strength, kV/cm

is greater than o.5 .Therefore the representation of the
measuring resuits of this electrode configuration is given.
All the breakdowns occur within the front of the impulse,

so that the breakdown time is between 1 and 1.5 us.

NONUNIFORM FIELD

Figure 5 shows the principal shape of the breakdown probabi-
lity due to various electrode configurations and various pre-
existing dc voltages. With increasing inhomogeneity of the
configuration the declination of the line decreases if no
corona exists. This is caused by longer breakdown times and
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smaller voltage stressed volumes. If stable corona exists
due to the preexisting dc voltage, the breakdown probability
does not obey a normal distribution.The reason for the
deviation of the normal distribution is the fact that now
more than one parameter is significant due to the breakdown.
It is difficult to determine the breakdown voltage in such a
case. Nevertheless the impalse voltage and "breakdown”
voltage of a sphere-plane configuration is shown, as an example,
in figure 6 as a function of the dc voltage.The breakdown
voltage increases slightly for positive dc and negative
impulse voltage, but is essentially independent of the dc
voltage.With positive dc and impulse voltage the breakdown
voltage is independent of the preexisting dc voltage. At
negative dc voltage the breakdown voltage is constant and
also independent of the dc voltage, until predischarges
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occur. Then the breakdown voltage decreases strongly and

the breakdown time is very long and reaches values up to

100 us. At high gas pressure no corona exists and the break-
down voltage is independent of the dc voltages.

CONCLUSIONS

The breakdown voltage, composed of the addition of dc and
impulse voltage, is constant and independent of the kind of
voltage combination in uniform and quasiuniform electrical
field configurations.. The predischarges chanye the normal
distribution to a mixed distribution and the breakdown

voltage decreases strongly. In a uniform field it is possible
to estimate the dielectric strength under mixed voltage stress
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knowing the breakdown voltage of the components. On the
«~ontrary the knowledge of the breakdown voltage of the com-
ponents leads to incorrect estimates of the dielectric
strength in nonuniform field configurations.
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DISCUSSION

NAKATA: Dr. Gockenbach's findings on the independence of SF¢ break-
down with DC bias for a clean system is gratifying since for a practical
HVDC converter system, the gas bus and thyristor valve must be capable

of instantaneous (actually by smooth commutation) polarity reversal in
order to change the direction of power flow. Then, too, Dr. Cronin's
paper wherein he mentioned that an AC gas bus system could suddenly find
itself to be a DC gas bus system if it performed capacitive switching
duty is to be kept in mind. Under such a DC state any transient surge

on the capacitively switched AC bus system constitutes the type of stress
which Dr. Gockenbach investigated. In our own work, we have designed a
DC gas bus which was biased to 500 kV DC of one polarity. This bus was
subjected to a truly instantaneous (microseconds) polarity reversal to
500 kv DC of the opposite polarity for 4 hours (soak) only to be reversed
again. This test was demonstrated for 72 hours of such reversals con-
tinuously without failure. While this design was shown to be adequate for
the present EPRI project, I would like to propose (as Dr. Christophorou
suggested at the start of the session for development suggestion items)
that the study of fundamental materials behavior under high electrical
stresses be included in a subsequent conference. Otherwise all the
excellent work on SF6 gas will be naught if practical insulators to
support the conductor in the gas could not be thoroughly understood and

built. Whereas Dr. Gockenbach showed that the SF¢ is sensitive only to

the net peak voltage (and not to any pre-bias) the physical insulator

with trapped charges (caused by DC bias prior to the impulse stresses)
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constitutes a threat unless it is understood and designed for accordingly.

VLASTéS: What influence has the coupling condenser on the wave form

of the impulse voltage applied to the gap?

GOCKENBACH: The coupling capacitor has no influence on the wave form
and the error in measurement of the impulse voltage is very small, because
the coupling capacitor has a capacitance of about 10 nF and the test gap
of about 10 pF. For practical configurations with a voltage range of some
hundred kV it may be better to measure directly the impulse voltage on the

‘est gap with a capacitive voltage divider.

DAKIN: In experiments done at the Westinghouse Research Laboratory by
Dr. Daniel Berg about 15-20 years ago (and published) he found the reduced
positive point impulse breakdown voltage was increased when the gap was
pre-stressed with a positive DC voltage to produce a positive space charge
at the point. This was done to indicate that the lower impulse breakdown
was due to the time delay for corona space charge development with the

impulse voltage.

DALE: I would like to present some results from breakdown voltage
studies with 60 Hz AC and superimposed 1.5/50 us impulses in a coaxial
electrode system of 76/250 mm diameter electrodes with a 6.4 mm long,

0.45 mm diameter wire particle fixed on the central conductor. The results
are consistent with those presented by Dr. Gockenbach in that the super-
position breakdown voitage is unaffected by the AC voltage amplitude be-
low the AC corona onset voltage. However, the presence of AC corona

from the fixed particle can significantly increase the super-position
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breakdown voltage in the part of the voltage-pressure characteristic
corresponding to the space charge stabilized breakdown region for impulses
applied to the peak of the AC voltage (See Fig. 7). Impulses applied

at the instant of zero voltage on the AC waveform resulted in an insig-
nificant deviation from the impulse breakdown voltage even when corona

occurred on the positive and negative peaks of the AC voltage.

800 T T T T T T

V50 AC 60 Hz Peak

V50 1.5/50 ps Pos Imp

V50 150 kV AC Peak Bias and
1.5/51 ys Pos Imp

V50 159 kV AC Peak Bias and

600~ 1,5/50 ps Neg Imp —~

c Q 8
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500
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200 .
100}~ .4
5 1 i ! 1 ! 1 1
0.2 0.4 0.6 0.3 1.0 1.2 14 1.6
MPa

Fig. 7 — Breakdown voltage-pressure characteristics for 76/250 mm coaxial

electrodes in SF6 with one 6.4 mm long, 0.45 mm diam. particle fixed on

the inner conductor.
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ABSTRACT

The influence of the statistical time lag on the voltage-time
characteristics of SF, has been calculated. This gives a rise in the
breakdown voltage for decreasing times in the microsecond region for
certain combinations of stressed electrode area and gas pressure.

In the calculations the effect of the formative time lag is not taken
into account. This would be the dominating time lag for combinations
of stressed electrode area and pressure that are found in most SF6
insulated high voltage equipment.

The calculations are based on a streamer criterion where the statistical i
nature of the availability of starting electrons and the statistical i
distribution of the size of electron avalanches are taken into account. 7

INTRCDUCTION

The growing recognition of SF6 as a high voltage insulation, notably
for space-saving switchgear, substations and power cables,has created
the need of studying the behavior of SF¢ insulation from an insulation

point of view. In this respect the voltage-time curve for SF6 gas is

important.
1-9 . . .
In recent papers the voltage-time curves for SF6 insulation have

been studied experimentally and theoretically.
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In Fig. 1 the general form of the voltage-time characteristic is given.

This curve shows that there is an increase in the breakdown voltage
when the voltage is applied for less that a few micrcseconds.

Why this increase is of practical importance is demonstrated in Fig. 2

11

which shows the voltage waveforms calculated for an actual SF6 station.

4 Relative breakdown strength
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Fig. 1. General form of voltage-time characteristic
for SF6 insulation.

Several studies have been reported.l’2’5 -9

designs coaxial cylinders and sphere-sphere configuration have been

To simulate practical

studied with voltages of positive and negative polarity. In all cases
the electric field has been rather uniform in agreement with the

practical design situation.

The influence of the electrode area on the voltage~time curve has not

been systematically determined.
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Fig. 2. Example of overvoltage in a SF6 insulated station

for one particular lightning stroke to the

overhead line.ll

The increase in the breakdown voltage with decreasing time, is due to

the time lag in the physical processes governing the breakdown

phenomena. This time lag can be divided into a statistical and a

formative time lag.

This paper deals with the statistical time lag when the highly stressed
electrode has negative polarity. It utilizes a theoretical concept
given in a paper 1 where the statistical nature of the electronic
avalanches which develop into breakdown is taken into account.

This concept has successfully explained the variation in the impulse

breakdown voltage with pressure and stressed electrode area, as shown

in Fig. 3.2

For simplification the formative time lag is not taken into account in
this .analysis. This can be done by using the concept9 that a certain
voltage-time ares above a critical voltage is necessary to tomplete
the breakdown. In most practical cases it is in fact this time lag

which will determine the voltage-time curve of the configuration.
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EXPERIMENTAL RESULTS

Fig. 4 shows some experimental breakdown values as a function of time
9,12.

9,12

in a coaxial configuration Studies of voltage-time curves

appearing in the literature show the variation to be steeper for
negative polarity at the inner cylinder and that the breakdown values

are lower in this case than for positive polarity. Experimental voltage-
time curves on configurations where the electrode area has systematically
been varied has to the knowledge of the authors not been performed.

As will be seen from the analysis given below, this is also a parameter

which should be taken into account.

THEORETICAL ANATYSIS

In determining the influence of the statistical time lag on the
breakdown strength, the theoretical concept given in referencell will
be the basis. This concept is essentially a streamer criterion, but
takes the stochastic nature of the electronic avalanche processes that

start the streamer into account.



154

E/p (kV/mmatml
§ negative impulses

18 -

2 3 lys]

o
~ -

Fig. 4. Experimental voltage-time curves for SF6.9’ 12

The streamer criterion predicts breakdown to take place when the number
of electrons in an avalanche exceeds a critical wvalue of lO5 - lO8
electrons. This criterion is generally based on an average avalanche

where the number of electrons can be calculated as

2z
(o)

exp [J(u-n)dz]

o

where

0 = ionization coefficient
n = attachment coefficient
z = critical length of avalanche
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Due to the hiyh steepness in the function

o—=n = f(

5 )

g |t

in SF6 around o-n = 0, the criterion predicts breakdown to take place
when the maximum field strength E is such that £ is slightly above

8.9 kv mm atm T where o-n =0, As demonstrafed in Fig. 4 this
criterion is not able to explain the pressure variation in the breakdown

values., This is also pointed out by others. 8.9

The criterion is not able to explain the variation of the breakdown
strength with the size of the electrode area. When the statistical
nature of the electron avalanches is taken into consideration, both
the influence of the pressure and the electrode area on the breakdown
strength can be accourted for. It can also predict the standard

deviation of the breakdown values.

In this paper the new concept will be used to calculate the statistical

time lag before breakdown occurs.

The basic streamer criterion as developed by Raether, shows that a
single avalanche with a size of about 108 electrons develops into a
streamer leading to breakdown. The probability of this development

increases with the avalanche size with very low probability below a

critical limit.

When the electric field i1s such that the average avalanche contains
lO8 electrons, there are chances that both smaller and larger avalanches

can be found. The statistical distribution of the avalanche sizes can

be calculated, 1k, 15 when no distortion of the field is assumed.

It will be the first single avalanche exceeding the critical size

that will trigger the breakdown. The chance for finding a single
avalanche of such a magnitude will be determined by the electric field
and by the probability of finding a starting electron. When there is

a great number of starting (primary) electrons present, there is a

p) 8

chance of finding avalanches exceeding the critical value (10” -~ 10)

even at electric field strengths below the value which gives G = n .,
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, the negativ: electrode at

Py

Thin iz Lher ense when the high field iz a

nigk precsure, and when the ctrensed electrode zrea is large.

An applied voltage of short duration and low brezkdown field strength,
L.w, low pressure, will give few starting electrons and the field has
o Lo incressed in order to ensure that one of the few occuring
avalanches will reach critical size. In such vcases the field strength

muy be anbove the value corresponding Lo o = n before breakdown occurs.

iy

ime statisticzl distribution of the avalanche sizes is calculated
) . . 15 . . . . .
theoretically by Legler. These distributiors are applied to obtain

Lhe results presented below,

The next information needed is the availability of starting electrons.
There 1s very little information available cn 'his subject, and in
most theoretical models it is simply assumed that free electrons
serving as starting clectrons are at the right position at the right
time, with the exception that it may introduce a certain statistical

time delay.

in these calculations where the highest electric field strength is at
the cathode, field emission is assumed to be the source of electrons.
Iniz approach was also used to determine the influence of electrode

area and rressure 1k with results as shown in Fig. 3. It should also

be a reasonable assumption when calculating the statistical time lag.

Before demonstrating the theoretical results some further considerations

about the availability of free electrons should be made. In references

S and 9 it is assumed a certain number of electrons are gemerated per unit

volume and time in the gas volume. The number is fitted so that
thecretical and experimental values coincide, and is thought to apply

when the electrode with the highest electric stress is positive. It is

concluded, however, that when the stressed electrode is at megative field

emitted electrons will be the major source of starting electrons.

The authors agree with this coneclusion.
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Although 1t 1s outside the scope of thls paper, comments will be made

on the source of starting electrons when the stressed electrode is
positive. In *this case the =21lzctrons have to be found in the gas volume.
These are thought to be electrons drifted from the cathode, and on their
way starting avalanches below the critical size which will increase the
electron population. Even though most electrons will be attached to
neutral SF6 molecules to make negative ions, some electrons will reach
the region of the anode where the field is high. The transit time 1is
determined by the drift velocity of electrons which is expected to be
about 105 m/sec. The electrode configurations which are experimentally
investigated, have distances in the order of 0.1 m, which gives a transit
time of about 1 ys. In this time region it 1s also seen from

experimental studies that the breakdown strength increases fast.

Foreign sources give a very low electron generation and cannot be
considered as an important electron source. It may be that it enhances
the influence of the electric field at the cathode. The short
statistical time lag that is observed is not consistent with foreign

sources as the only source for the generation of starting electrons.

Figs.5 and € show the results of theoretical calculations of the
breakdown strength as a function of time. Two coaxial cylinder

models were used 1n the calculations:

Model 1:
Diameter ratio D/d = 225/4S mm, length L = 10 mm
Area of high voltage electrode: A = 1.4 ° 103 mm2

ltilization factor U = Eaverage _ 0.4

Emax
Model 2:
D/d = 280/100 mm, L = 600 mm
A =1.9 - 10° mn°
U = 0.57
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Fig. 5. Calculated breakdown field strength for Model 1

assuming zero formative time lag.

Linearly rising regative voltagesare used in the calculations.

Field emitted electrons are thought to be the source of starting
electrons for avalanches. The statistical distribution of the
avalanches, given by the electric field, will determine the probability
that one of the starting electrons gives an avalanche with critical

size resulting in breakdown.
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Fig. 6. Calculated breakdown field strength for Model 2

assuming zero formative time lag.

The model gives probability levels for the breakdown field strength,

a concept which is used in insulation coordination.

It is seen from Fig. 5 and 6 that it is in the low pressure case (1 atm)
and when the stressed electrode area is low that the statistical time
lag is of importance for the breakdown strength. It is seen from Fig. 6
that for stressed areas as occuring in high voltage substations and

with pressure 3 atm and above the statistical time lag will he aof no
importance for the breakdown strength. However, in applications where
low pressure is utilized and the geometric dimension of the negative

electrode area is small it will bend the voltage-time curve upwards in
the us-region.
It must be emphasized that the voltage-time curves calculated are not

what would be measured experimentally. In these calculations the

influence of the formative time lag is not taken into account.
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The effect of this would certainly be the main factor in determining
the voltage-time curve when the pressure is high and the stressed

electrode ares 1s large, as is the case 1in the experimental values
given in Fig. k.

CONCLUSION

It is shown theoretically that the statistical time lag in the
breakdown process in SF6 insulation is of influence only in determining
the voltage-time curve of SF6 equipment when the pressure is low and
the negative electrode has a small area. This is based on a theoretical
approach that successfully has predicted the variation of the breakdown
strength for negative impulse voltages with pressure and stressed

electrode area.
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DISCUSSION

NITTA: Have you ever tried to apply your theory to explain the V-t

characteristics published in the literature on various gaps?

JOHANSEN: It is observed that the theory gives results in qualitative
agreement with the reported measurements. However, in the tﬁeoretical
results the formative time lag is not taken into account. Even though
this time lag is small, it makes the comparison uncertain. Next, in
reported measurements, not all parameters are given. There is also a
considerable spread in the measured results. [ think the most important

part of this contribution is that it may be a guide to further measure-

ments.

BLAIR: 1. The analysis we give in another paper (page 360)in this
Symposium makes it difficult for me to accept your explanation of break-
down below the limiting E/P in terms of the statistics of avalanche
growth; we should discuss this when the other paper has been presented.
2. It seems to me that, in your model, formative time lags will be very

small, so that the voltage-time characteristics will be determined largely

by statistical time lags. Do you agree?

JOHANSEN: The model presented does not say anything about the forma-
tive time lag. 1 regard the formative time lag as the sum of the times
it takes for an electron to form a critical streamer, the time it takes
for a streamer to develop into a channel across the gap, and the time

it takes to make that channel into a good conductive arc. Althouph I
consider that to be a short time I think it will have an influence on the

voltage/time characteristic, which is not accounted for in the present

paper.
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PARTICLE CONTAMINATION IN COMPRESSED GAS INSULATION,
LIMITATIONS AND CONTROL

Chathan M. Cooke

Massachusetts Institute of Technology
ABSTRACT

The sensitivity of compressed gas electrical insulation to
contaminant particles constitutes a basic limitation for practical
apparatus which becomes even more severe in compact higher
gradient systems. Though only a physically small perturbation,
contaminants strongly reduce breakdown voltages in the gas gap
as well as across solid insulating supports and are a major cause
for substantial variations in performance. Recent studies on com-
pressed gas insulation which emphasize methods of controlling
contaminants and their effects are described. Remedies include
changes which increase the tolerance of systems to the inevitable
particles and also techniques for rendering them harmless. Al-
though particle motion is complex and often determines whether
or not a particle triggers failure, it can be utilized by appropri-
ately designed electrodes which provide one way entrances into
inactivating low~field trap regions. The results indicate the
possibilities of substantial increases in the reliable gradients
insulated by gases and improved testing strategies for installed

apparatus.

\NTROD UCTION

The electrical insulation strength of compressed gases is subject to
various adverse factors. Among the more important are inhomogeneities
such as conducting particles located in the active insulation region. An
emphasis on such contaminants deserves attention since even single,
physically small particles or multiple particles of still smaller size can
trigger breakdown in the gas at voltages as low as 1/5 that obtained
without the added contaminants.l’2 Experimental evidence increasingly
shows that particle movement can be responsible for substantial varia-

tions in performance so that a given contaminated system might at one
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time withstand a certain test voltage, and at another time withstand only
1/3 as much.3 Testing such a "dynamic" insulation system for defects
is therefore difficult and any breakdowns subject to various interpreta-
tions.4 Particles which are notably more destructive to performance are
typically of extended length and of electrically conducting metal or other
materials such as insulating fibers in combination with fine conducting

powder. >

Practical SF6 gas-insulated power apparatus for 138 to 500 kV sys-
tems commonly employ operating stresses of 30 to 40 kV/cm peak in the
bus duct regions.6 -9 For the gas pressures used in these systems,
this amounts to electric stresses of only about 10% the ideal ionization
limit. Yet even at such low operating levels particle contamination can
be of real concern. Besides the use of clean-room assembly techniques
to reduce the amount of contamination, methods to capture and inactivate

10,11

. 1 ,
particles in low-field regions™ or on adhesive surfaces have been

described. The successful application of particle trapping methods has

been demonstrated for both AC and DC systems. 12,13

This report classifies particle contaminant effects in quantitative
terms and then identifies several factors found to be significant in
achieving improved particle control. Most of the experimental results
were obtained in coaxial electrode systems of outer electrode size from
250mm to 760mm and inner electrode size from 25mm to 250mm. Test
voltages reached 3000 kV DC and peak low-frequency AC of about | Hz.
Sl-“6 gas pressures ranged from 1 to 14.6 atm abs. For reproducibility of
the test results, controlled quantities of particles were injected and

were often of wire or sphere shape.
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PARTICULATE ACTIVITIES
Gas Gap

Particles are of concern in insulation systems because they may act
to trigger spark breakdown at abnormally low voltages. For SF6 gas in-
sulation, the amount of loss in withstand voltage caused by particles
depends on the particles and on the gas pressure. To quantify this re-
duction in insulation strength the DC performance of three coaxial gaps
ranging in size from 9 to 34cm was studied with and without added parti-
culates. The results shown in Figure 1 were obtained using aluminum
wire particles 6.4mm long, 0.45mm dia. which would move prior to
breakdown development. The maximum reduction or loss in insulation
strength as measured by the breakdown voltage ratio is about 50% at 1
atm SPG and does not change greatly even to about 3 atm. However, by
6 atm the loss is in excess of 80% and remains near that point even at
higher pressures. In other words, much to the frustration of those who

desire compact apparatus, high pressure and hence high gradient sys-~

tems are more sensitive to contamination.
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Figure 1 Loss in SF6 insulation strength due to wire shape particles.
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Numerous experimental studies reported in the literature confirm that
particles can caus~ a large reduction in breakdown voltage. However,
particle movement prior to the actual initiation of breakdown has been
noted to strongly influence performance. An understanding of general
particle activity in gas gaps is therefore useful before considering

possible remedies to the particle initiated breakdown problem.

Modes of Motion

Particles respond to an applied DC voltage in a variety of ways. At

very low voltages there is no noticeable activity, while at higher
stresses movement within the gap and electrical effects are detected.
Three distinct modes of movement have been observed: bouncing in back
and forth traversals between two elecirodes: rapid oscillation near only
one electrode (sometimes referred to as a "firefly" due to the optical
effects it produces): and hovering (where the particle remains in mid-gap

for an extended period of time without contacting any electrode).

An overview of particle response is provided by Figure 2 which indi-

cates the applied electric stresses in each of five coaxial systems hav-
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Figure 2 Minimum electric fields for different modes of wire particle
motion in SF6.
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ing these different modes of motion. Although each mode was observed
to occur for a broad range of applied voltages, the minimum electric
field needed to sustain movements was found to be relative consistent
from system to system. Figure 2 shows these minimum electric fields

for the case of the 6.4mm long, 0.45mm dia aluminum wire particles.

Bouncing motion occurs at the lowest stresses and is independent of
gas pressure. Rapid oscillations (i.e. fireflies) and hovering occur at
higher fields which increase with gas pressure in @ manner to be antici-
pated from gas ionization inception levels. The fields shown are the
applied ambient values at the location of particle movement, those for
hovering being the mid-gap applied values. Minimum fields for rapid
oscillations were the same for both inner and outer electrodes. Thus
because of the coaxial geometry and the preference for this mode on the
negative electrode, several times higher positive voltages were needed
to achieve the rapid oscillation mode in comparison to negative polarity
voltages on the center conductor. The following more detailed descrip-
tions help characterize the three modes of movement, and provide a basis

for evaluating methods of particle control.

Bouncing.-~Particle motion begins when electrostatic forces exceed
gravity and adhesion. Hence, lift-off depends on the applied electric
field, particle shape, particle material, and the surfaces involved. Typ-~
ical lifting fields where there is no grease or other adhesive material
range from 4.6 to 14.5 kV/cm and from 2.7 to 8.5 kV/cm for aluminum
particles of elongated and spherical shape of 0.1 to 1mm diameter. Once
lifted, the particle may traverse the gap, exchange charge at the oppo-
site electrode, and return in a repetitive manner so as to move back and
forth in the bouncing mode between electrodes. The bounce frequency
increases with increased applied voltage. For coaxial gaps observed

frequencies have ranged from 2 Hz to more than 50 Hz. Small electrical
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cwrents result from the charge transported by such bouncing motion and
are on the order of 10-8 amperes for millimeter size particles. The im-
pact forces from bouncing motion have been observed to deform particles

as well as electrodes.

Due to asymmetries in particles and/or electrodes a component of
movement tangential to the electrode surface can be introduced on each
bounce. In horizontal coaxial electrodes irregularly shaped particles
can attain substantial lateral components to their movement whereas
smooth shapes will not be strongly affected and therefore will move in
relatively straight radial paths. For example, spheres would move lat-
erally on the order of only 1% of the gap spacing during one round trip
bounce. Wire particles, on the other hand, were more dynamic and often
travelled laterally a distance equal to 30 to 40% of the gap spacing dur-
ing a single hop. Gravitational forces are significant and bouncing
particles demonstrated a tendency to stay on the bottom side of the coax
under the center conductor. However, while this preference for the
lower side was consistently exhibited by the sphere, the wires deviated
substantially from this pattern because of their greater random motion.

At high stresses they even bounced entirely around the center conductor

to all parts of the coax.

Because particle orientation and electrode surface features will be
different with each impact, every hop may be considered essentially in~
dependent of the last and a randomization occurs. A statistical model
which uses average characteristics may therefore be employed to simu-
late the bounce pattern. Each succeeding position is determined on the
basis of a probability distribution for moving a given distance in one
bounce. An accumulation of position probabilities after each discrete
bounce then provides a method of tracing movement and predicting parti-

cle location afler a specified number of bounces.
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Such a discrete bounce analysis was used to evaluate observed motion
along a coax. In one case ctudied experimentally, a 760/152mm co-
axial system of 1.6 meters length was used. Aluminum wire particles
6.4mm long initially located at the center, required an average time of
30 seconds to bounce out one end or the other when 400 kV DC was
suddenly applied to the center conductor. Films of the bounce action
indicated a bounce frequency of 3 Hz, an average tangential bounce
distance in either direction of 9.1 cm, and a standard deviation of 3.0
cm. The statistical model of this system predicts that 50% of the parti-
cles will leave in 27 seconds. Particie position probabilities calculated
from a start location at the center after 3 and 7 seconds are shown in

Figure 3. Those that have moved out the ends are shown as X's.

Besides the factors of gravity and impact randomization, bouncing
motion is influenced by electrode configuration. A fringing field arrange-
ment can actively move bouncing particles to regions of lower average
field. This results from the tangential component of the electric lines
of force and is easily seen in tests with parallel flat disk electrodes
where particles are literally flung out the side when near the edge.
Planar, non-parallel electrodes have also been used to illustrate the
importance of configuration. Even for relative electrode angles as small
as a few degrees smooth bouncirg particles show a tendency to move in
the directicn of wider gap separation. These forces were demonstrated
sufficiently to provide a pumping action which can move particles up hill

against gravity when the electrode assembly is tilted.

In general the bouncing mode of particle motion under DC voltages
provides a means for extensive particle movement. This movement can
be expected to permit particle entry into most regions of typical bus duct

structures.
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Figure 3 Calculated bouncinhg wire particle position probabilities.

Rapid Oscillation (the Firefly).--Particle motion in a gas gap does

not necessarily involve a bouncing movement back and forth between
the electrodes. Because particle forces result from the product of field
and charge, a variation in charge during transit will also alter particle
motion. This effect is easily distinguished in experiments with DC
voltages where elongated particles are observed to slow down and re-
verse direction in mid-gap. An extreme case of such charge alteration

is the so-called "firefly" or rapid oscillation effect. This rapid oscill-
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ation of a particle near one electrode is always accompanied by ioniza-
tion and emitted light and seems to be related to the particle exchanging

charge in its own ionization generated space-charge cloud.

In SF6 there is a strong preference for this type of motion to occur
on the negative polarity electrode surface at either the inner or outer
conductor of a coaxial system. Particles with large length to width
ratios were more frequently seen in this mode, presumably because they
more easily produce the needed ionization. Interelectrode currents
ranged from less than a microamp to more than 100 microamps, light

emission increasing with current.

The movement of particles under the rapid oscillation mode appears
random with frequent changes in direction. At low electric stresses the
motion is relatively slow and is seen to be affected by gravity since the
perticle remains at the lower side of the electrode on which it is moving.
At high stresses the movement is more rapid and appears less dependent
upon gravity, the particle easily traveling around the center conductor.
This motion can typically result in the particle staying near one location

for an extended period or traveling along the surface quickly, a distance
of 10cm in less than a second.

Hovering.--An additional form of movement, the hovering mode,
occurred when an elongated particle was aligned radially in the coaxial
gap. A hovering particle would remain in the mid-gap region for an ex-
tended period of time without moving close to either ziectrode even
though a DC voltage was applied. This was observed especially on the
lower side of coaxial systems with outer to inner electrode diameter
ratios of 5 to 10, and at positive voltages above gas ionization levels.
It appears that an equilibrium is achieved in which gas ionization and
slight radial movement allow the particle to charge and discharge SO as

to just balance the force of gravity. This was the least stable form of
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motion, though on occasion lateral movement also occurred. In one such
case the particle was seen to "float" down the mid~gap region and on

out one end.

Dielectric Support Surfaces

A solid insulating surface which spans across a gas gap can intro-
duce new features to the breakdown process. For example, it may pro-
mote discharge development due to vapors, or it may hold static charges
and solid particulates for substantial periods of time. However, for a
number of clean epoxy materials used as mechanical supports in Sl-"6 gas,
there is no evidence that breakdown necessarily occurs at much lower
stresses on insulating surfaces than in the gas gap remote from such in-
sulators. To the contrary, surface flashover gradients have been found

to be comparable to those for gas gap breakdown. 14

The influence of contaminants on dielectric surfaces is clearly sig-
nificant. Particles can initiate surface flashover whether loosely held
by electrostatic forces or firmly fixed by adhesive. For single conduc-
tive particles, surface flashover occurs at voltages comparable to those
when the same particle is in the adjacent gas gap, although somewhat
lower results have been found with rapid polarity reversals for the firmly
affixed situation. Currents which decay, currents which are steady, and
ultimately surface flashover can ali be induced by elongated fixed partides.
The rapid decay of initial currents observed for constant unipolar DC
voltage indicate surface charging of the dielectric may act to suppress

steady gas ionization.

Experimental studies were conducted with 6.4mm long aluminum
wires attached to the equator of a cast epoxy post-type spacer to demon-
strate the ‘characteristics with contaminates held in isolation midway
along an insulating surface. Though initial currents would decay, steady

currents could be maintained at elevated voltages. As depicted in
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Figure 4 the pressure dependence of the current-voltage relation for such

an attached, floating-potential wire is similar to the familiar positive

point-to-plane characteristics.
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Figure 4 Gap currents for wire particle fixed to spacer surface.

The presence of particles can greatly alter charge accumulation on
dielectric supports. Under relatively low voltage conditions, our recent
studies have show'n suriace charges on clean epoxy posts in coaxial
lines accumulate at a moderate rate, form a relatively smooth distribu-
tion and are of polarity equal to the center conductor, IIcwever, as

seen in Figure S the charge accumulation pattern is very different with
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Figure 5 Fields from static charge accumulated on a spacer during 1
minute at positive 200kV DC voltage in 4.4 atm SP6 .

metallic particles on the surface. Not only are there sharp peaks in
intensity, corresponding to the wire positions, but the polarity is also
reversed. Thus even though the center conductor is positive the insul-
ator surface becomes charged strc:igly negative, and vice versa. Sub-
stantial alterations in the stress distribution can therefore be anticipated

wheil contaminates are present.



174

The triggering of surface flashover by single wire particles can occur
for a wide range of particle positions. However, low voltage breakdowns
were often observed when loose particles move by chance to regions
where the surface stress was highest in the absence of particles. In
the two cdnfigurations depicted in Figure 6, the particle was located in
a high field region and flashover voltages were low even though the

discharge path was relatively tortuous.

The motion of loose particles in a coaxial system is also influenced
by insulating support spacers. Bouncing particles could readily move to
and stay on such supports. This behavior seemed more notable when
residual charges and gradients in electric fields are likely to have been
on the surface. Rapid oscillations, i.e. fireflies, were frequently seen
to approach the vicinity of spacers, and then to move away without

‘touching or hopping on to the insulating surface.

Besides intiuducing variations in initial test results particle effects
can cause changes over the long term. Particles which eventually move
to more sensitive areas such as high field regions on the electrodes or
dielectric surfaces may ultimately reduce the insulation strength of a
system. On the other hand, movement of a particle to a less sensitive
region can result in improved insulating strength. Control of particulate
movement thus affords the opportunity for increasing both the reliability
of testing and of long term performance. Though it is tempting to solve
the particle problem by simply eliminating all contamination, this is
usually impractical and allows no margin for error that would introduce
a particle. In addition, due to the dynamics of some equipment, parti-
cles will be generated on the interior necessitating particle contrgl. The

next section is devoted to the consideration of various control techniques.



Figure 6 Spacer surface flashover initiated by loose wire particles
(indicated at airow). in 6-8 atm SF6 , negative conductor.
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CONTROL OF PARTICLE EFFECTS

Particle effects can be controlled by either of two substantially diff-
erent methods. One approach seeks to make gas-insulation systems more
tolerant of particles, while the other involves methods which remove or
prevent particles from entering sensitive, active insulation regions. To
increase the tolerance of a system, one or more of the following techni-
gues can be employed.

1. dielectric coatings
2. different gas compositions
3. improved support spacers
Particle removal and elimination on the other hand may make use of:
1. adhesive surfaces
2. ionizing radiation
3. barriers
4. particle traps
Results of our studies indicate that improvements can be achieved by

both the tolerance and removal methods.

Particle Tolerant Support Spacers

Because particulates can be attracted to make contact with and even
be held by solid insulating supports, the surfaces of these insulators
take on special importance. One feature commonly considered in the
design of insulators for open-air service is surface contour. However,
in the hermetic, high-gradient environment of compressed gas insulated
equipment conditions are substantially different than open-air so that
fundamental principals need to be reexamined to determine what surface

characteristics are important.

Perhaps it is because gases are so :ﬂnsw"e to excessive electric
fields that commensurate gains in withstand voltage do not follow dir-

ectly with increased end-to-end path length provided by corrugations or
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other contour forms. As seen in the previous breakdown pictures, the
surface flashover path can readily dip into a corrugation and move uphill
against a reverse ambient gradient, passing a potential well to continue
to the finish. Thus it can be exnected that once a discharge is started,
it will follow complicated paths where necessary to complete breakdown.
In some instances this can include the puncture of intervening solid

dielectric.

The minimum insulation strength obtained with four different post-type
insulator configurations under rapidly applied DC voltages is depicted in
Figure 7. Gas gap and worst case surface flashover voltages without
added particles are shown as the dashed lines. When 6.4mm long alum-
inum wire particles were added, surface flashover occurred over a broad
range of voltages. The minimum flashover values for each of the 4 con-
figurations are within the hatched regions. A distinction is made between
two types of initiation; in one case the particle was seen on the surface
as the voltage was increased and in the other the particle was seen to be
moving in rapid oscillation on the inner or outer conductor near the spacer
prior to ultimately triggering surface flashover. None of the desigas were
very superior over the entire pressure range. However, the two shapes
in the Figure on the left, WO and SU, generally failed at lower voltages

than the two on the right, SD and F2.

The results indicate certain gains in performance can be made and

provide design guidelines:

1. There is a trade-off with corrugations. Due to
intensified regions of electric stress, the un-~
contaminated insulation strength of the spacer
is lowered in order to increase the contaminated
strength.

2. A longer surface path length does not necessarily
incrzase the contaminated insulation strength.

’
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3. Insulating surfaces should avoid high stress
regions where an elongated particle can reside.
For example by sitting across a distance amounting
to ambient equipotentials of only 10% the total
voltage, such particles can cause a 5-fold reduction
in surface flashover voltage.

Because supports may be exposed to a variety of voltage transients and
waveforms after particles have collected on the surface, it is important
to include investigations of time dependent effects to confirm the per-

formance of tolerant designs,,
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Particle Barriers and Traps

In practical gas insulated equipment such changes in geometry as
corners, connections, and supports can produce localized regions of
higher electric stress. Systems with some particle tolerance may result
from methods which prevent movement of contaminant particles into the
sensitive regions thereby improving overall performance and reliability.
Barriers are therefore of interest to generally limit movement or to move

particles away from certain regions.

Particle motion may also be turned into an advantage. Where traps
are employed, movement can cause the particles to enter regions where
they cannot escape or act to trigger failure. Low-field particle traps
achieve this result by use of cavities or other electrode configurations

which sufficiently reduc the field in a local region where particles can

migrate.

Par':cle Barriers

The influence of barrier structures on particle motion can be compli-
cated. Typical barriers in our investigations have included metal rings
slid into a coaxial line arrangement. For DC voltages vertical face rings
with a half-round radius on their tops have not been found effective in
restricting particle motion. Aluminum wire particles placed on one side
of the barrier were not excluded from crossing to the cther section of the
line in either the bouncing or rapid oscillation modes of motion. Although
there was a tendency for the particles to stay in the vicinity of these
rings during rapid oscillation, wire particles at negative polarity on the
center conductor in SFg could move near, hop up onto the top and move

on over to the other side of such structures.

However, a simple structure for preferentially moving particles in one
direction has now been conceived and reduced to practice at MIT. In

this barrier structure the ring form is still used, but rather than being
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symmetrical as in previous devices, this ring is tapered so thatthere is
a relatively long ramp on one side and a sharp drop on the other. Parti-
cles in the rapid oscillation mode of motion demonstrate a strong prefer-
ence for walking up this ramp to the higher field region at the top, move-~
ment off the ring being easier from its sharp face. By creating a prefer-
ential direction for particle movement, the tapered ring acts as a particle
pump. When such assymetric rings are located at intervals along a

coaxial line, a distributed pumping action can be achieved.

The causes for this pumping action seem to be associated with the
mechanisms for the rapid oscillating motion itself. The assymetry in the
applied fields results in assymmetric, ionization induced space charges.
The particle being repeatedly charged and uncharged then experiences a
net lateral force. The angle of the ring's taper was not found tc be
especially critical, one minimum length would rcquire that on random ex-

cursions the particle does not walk all the way back down the ramp before

returning to the top.

Though it is reasonable to combine particle pumping with particle
trapping configurations to more effectively move particles to trap regions,
this combination was generally not needed in the experimental studies.
The usual technique was to instead inject particles near the areas being

investigated.

Particle Traps
Our recent studies have also emphasized contamination control by

means of low-field particle traps. The size, shape, and interior of a
trap can influence the electric field distribution and were found to be
important in determininj particle trapping characteristics. Since a par-
ticle must travel to a trap before it can dromr inside it, these studies dis-
tinguished between trapping behavior observed with the two types of

particle motion, bouncing and rapid oscillation.
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As noted earlier, the trapping action of a low-field particle trap relies
on sufficient reduction of the field in a localized region to prevent further
activity. Calculations for various cavity configurations indicate that it
is not difficult to achieve such low fields. Even values well below the
experimental level of a few kV/cm needed to elevate elongated aluminum
particles are easily produced. TFor example, the field strength at the bot-
tom of a slot shaped trap of depth D and width W is reduced by about 10
raised to the -1.36 D/W power. A ten thousand-fold reduction therefore
occurs for a slot just 3 times deeper than ite width. The efficient trap-

ping of particles in practice thus centers around promoting their movement

to the trap and into its interior.

Elongated aluminum wire particles can easily be activated into either
bouncing or rapid oscillation motions and thus have been used to obtain
data on relative trapping efficiencies. Testing of a variety of different
trap designs in coaxial electrode systems with DC voltages showed that
particles did not always have a tendency to fall into traps. Especially
under conditions where rapid oscillation motion exists, the particles can
"walk around or hop over hole shaped traps with a diameter larger than

the particle length. In contrast, a bouncing particle once headed for a

trap would always drop into it.

Measurements indicate that the area of a trap's opening is most
significant with bouncing particles. Substantially all bouncing particles
would be trapped within seconds when the trap opening area in the gen-
eral vicinity of the bouncing reached about 1% the total area of the outer
conductor. Though »articles in rapid oscillation in effect "walk up" to
a trap and then fall in, the length of the trap edge was not the only con-
sideration. Edge contour was also influential, relatively sharp radius
edges of less than 1/2cm on a trap lip being about twice as effective in

trapping fireflies as :arger radius edges of 2 to 5cm. Still further gains
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could be made by using even sharper edges. Figure 8 shows measured

trapping efficiencies for hole and slot shaped traps under both modes of

motion,
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Figure 8 Particle trapping in coaxial electrodes.

Trapping of particles in the bouncing mode can be effectively modelled.

The procedure follows that outlined previously in the Section on bouncing
motion where no traps were employed. The particle position is traced on
a bounce by bounce basis. The portion of particles that land in trap re-
gions are accumulated and removed from further activity in the gap. By
looking at the total fraction trapped after each bounce, a distribution of
times to trapping for a given configuration can be determined and com-
pared to measured results. Figure 9 provides a ccmparison of trapping
times in a 760/254 coaxial electrode test system having 19 equally
spaced, slot shaped traps that were each 6.4mm wide by 25cm long.
Within 5 seconds 90% of the particles were trapped. Studies with sev-

eral arrangements did not show a strong influence on trap effectiveness
for SI‘6 gas pressures from 1 to 4.4 atm,
Motion pictures of particle movement and trapping within the experi-

mental test system indicate that the model is a reasonable representation

of the physical process. Once established, such a model is a useful
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Figure 9 Time for trapping bouncing wire particles.

simulation tool. Not only can estimates of time to trapping be made, but
also many other parameters can be studied. These include influences on

trapping efficiency of trap size and distribution within a bus duct and of

particle starting positions.

In a trap configuration designed to be effective for both modes of
particle movement, relatively sharp trap edges and suifficient trap area
were included in one design. This system used a series of 3 long slots,
2.5cm wide and 2.5cm deep, separated by 46 cm. Within 30 seconds,
97% of the bouncing particles and 78% of the rapidly oscillating particles
were trapped. This demonstrates that good efficiencies can be achieved
in a single design. Nevertheless it may still be advantageous for more
complete particle removal, to energize the system at different voltages
and waveforms so that a greater confidence in the trapping procedure is

obtained. It may even be useful to periodically repeat such a procedure.

In conclusion, the control of particle contamination can lead to very
substantial gains in the electrical performance of compressed gas insul-
ated equipment. There are several modes of particle motion which result
in substantially different particle movement patterns. Such modes of move-
ment are influential to particle control and need to be considered when

evaluating control techniques. Improvements to performance can be
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achieved by raising the tolerance to particle contaminants or by actively
controlling and trapping them. Better designs for support spacers, barriers
which control particle location, and more effective low-field particle traps
can each be useful for limiting the effects of particle contamination in
compressed gas insulation. Ultimately, the goals of more efficient and
reliable insulation can be expected to depend upon the better control of

contamination.
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DISCUSSION

NAKATA: Our cxpericnce during the development of the {IVDC gas bus was
that particles go into the rapidly dancing state at the conductor surface
(at voltages higher than the full gap traversc voltage) predominantly at
the negative clectrode. Thus for the motion picture you showced, the
rapid dancing particle did indced occur at the outer enclosure(which was
negative relative to the positive central conductor). Further, we find
that when the central conductor is negative, an untrapped particle could
cause stress inversion such that particles alrcady trapped in long traps
1/4" wide by 3/4" deep would be re-levitated. Ke will show this hehavior
of polarity and particle motion with a film at this symposium. When the
central conductor was positive,we could not cause a similar re-levitation.

Have you expericnced such polarity effect or re-levitation?

COUKE : The induced removal of particles from your traps may be the result
of an insulating layer, perhaps from oxides on the metal surfaces which
ablow the particvies te acquire substantial amounts of charge. Our studies
indicate particies are always clevated vhen the charge and field produce

forces sufficient for lifr-of ¥, whether in & trap or wot,

IO Lo AlD the particles vou mentioncd were 6.4 om wires and
vou showved the offect of veltage on the type of motion. Do veu have
information poput the offect of size of the particle on the motion?

2 vas the simuiation of particle wotion that veu talked about for n

-

particle with bouncing wode?

COOKE: article size and shape can ¢hange the relative stresses at

which the different modes of motion sccur. Both vapid o.ciliation and


