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}? Experlmental results on negatlvé and oos;tﬂve 1mnulse

?breakdown characuevlstlcs oe.rod-nlane gans in 6 N, ‘and S:s/V

mixtures-are presenued. together- with tReoretical compueatlo“s o

- -

streamer onset volt tages in these gases.

.o The exnerlm ental results show that in posifiwg rodfplane
éans;-the lmnulse breakdown volitage of nitrogen increases 2pprox-
‘1mately by a-.factor of'tﬁe. with the’ addition of O.lﬁ-tolG;zﬁ-S“
at a total nressure of abou» 2 bar. ) Alsoégat ai total pressure
of 1 bar. the breakdown vo eage of S-é/\ mixtures with 8C% Sé
rises 30% above that o‘ SPé. ‘An attempt is made o expiain_this
aroma‘ous breakdown behav1ou* on. the tasis of the b“eakaown vol-
tage measureménts,-andftemporal and Spetial information on the

growth-of«ionization proVided by photomultiplier and sti l phote-
graphylresults. T
In'theustfeamer onset calculatione 2 new method was deve

loped for <he conmuta tion o... electrlc a_elas, based on app;ieation
of optimization technlques to tne charge simula%ion methed. The
potential distribution of 2 rod-plane‘gap is obtained; and consid-
eration is given to the solutioﬁ of field cohfigurations with norn-
axial symmetry; The new optiimized approach proves to be more

efficient, minimizing the time required to set up and lmplenment

a problem of this kind. . : :

~
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- .. _INTRODUCTION
g

recent'years sulphur nexafluoride (SF;) has found

a number of annllcatqons as a dlelectrlc lﬁsulatlﬁg medlum

in a var ariety of high voltage anaaratus. The high increase in .

- power demand togeuher with Droblems of Tand availability due
To econorical and environmental factors have pecently accelerated
Irgsearch and development.on gas insulated céﬁles. : SFé fer
example, has a number of gdyantages over more conventional oil or

v

solid insu la ie n's&stéms. These advértages inelude ogd vol age
insulation, high ‘current capacity due to low cna‘glng curren
low dielectric losses and superior coollng capac1?y. HEowever,
re-evaluation of some of its insulating properties show that

the dielectric sirength.of SF,, unlike that of air, is highly
sensitive to strong local fields whicﬁ might be present in the
‘cable due to dirf or.metallic-narticles (1,2). In addition, a
number of other 1imit aulons are also lntroducea due to *h@
liquefaction of SFg at Tow temperauures.

FI1hése Drobléms have reéently nrbvi ed a.strong incentive
for the study of mixtures of S~6 and other gases such as Wy ogen,
Nitrogen, Helium and Air (3-6). The use of a mlxhu;e of S‘6 and.

-a cheap inert gas would eliminate some of the problems and also

reduce the cost, provided that the eléctric stiren ngth and other

e)

roperties of the mixiure are not

IJ-

nferior to those of the

|_n

nd

|_n

vidual constituents. 2

-1
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The anESulé}tlon underuaxen by the author. bad as an

obJectlve. ‘the study of the dﬁgleCurrc behavrour of nlxtures of |

-

sul*ur hexaflouride and Nltrogen ( Sr6 / N2 ) under certain

- g

controlled condltlons. These conditions are des;gned +o "
represent part-of'a more realistic system,\SO that quantitative

data produced can be of use to future studles and relaoed aooll—'
oatlons;

-

A literature survey'on"the subject-indicatedlthat very

little'was known about the orooerules of S:, / N2 ﬁixtures iﬁ'

-

non—unlform f’elos subaectea to. impulse woloages. An experiment

\.

was uhen deSLgred where uhﬁ effect of a number‘of variables such
as-tota;.pressuref ratio of the part;al pressures of tho'two
'éaoes and gap length of a rod-plane gap were_étudied under the
. : S~ -
applica?ion of standard impulse voltages.' The hemispherically
capped rod=-plane geometry provides excellen u'condltloﬂs for the

r

study of, ,Lhe effect of non—unl_ormlules in gas insulated systems.

'ﬁ._a-“

Most observations leadﬂng to the knowledge of such mechanisms

as bu”Su pulses, Trichel oulses and streamers, have been conduCoed

in rod-plane gaps, beczuse they provide localization of ionization

(which improves observation), ninimum Interference of the plane

electrode, oonvenience of fabrication and‘acouracy of adjustment.
The experimental lnvestlga ion was mainly directed towa—

zrds unqersuandlng the impulse breakdown behavxour of the SPé/N

AR
mixtures. Imnpulse breakdown measurements of both polar‘

L

conducted for SF6, N, and various mixtures of the two gases con
.aining 0.01% +to. 100.0% SF¢s ovVer a pressure Tange extending from

300 torr to 5 bar, and gap lengths rarglog from 5 to 50 mm (52).

-
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°rev10us work conaucted in this labora tory

j- : \{ ‘

. V“J.

™

(7, 8) lnv-f

olved exnerlmental studles of DC and TmpulseigyeakdOWn of SF6

and methods o’ determlnlng theflelddlstrlbutlonan

dcorona\onset

in rod-plane gans This work, 1ed to a good understanding of

. corona. onset computaxlons in Srs and sxmultaneously indicated

the need of a smmpler and more efflclent-méthod for calculation

of field dlstrlbutlons in rod-plane gans As a result of this,

along with the exnerlmental work in 8:6/N2 mixtures, the author

undertook uhe +azsk of developing or utilizing a more efficient

method for the’ caleulation of the field‘dlstrlbutlon in ‘a rod-

plane gap. This involved the cevelonmenu 0of an improved .tegh="

J

nique (53) for the calculation of electrostatic fields and sééﬁ

_seQuent annllcaulon to uhe rod-plane geometry for computation'

of corona onset and preakdown voltage in 5:6 and Srs/N2 mixtures.

s
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CHAPTER "2 |
Tovz.um\r AND BRJ:AKDOWN MECHANISNS IN v,..'ssé'-AND\a;é/Nz
'MIXTURSS. ‘ o

. ’

.

2t Introduction?'. . .

In this chapter a brief discussion of the mecﬁanisms

gf ionization and breakdown will be nresentgd for SFg, "N, and
F¢f N mikxtures. The rnose of this is uq familiarize the .

reader with previous work in this arga.gnd‘sd* facilitate.the

» . ' e ) e
comprehension of conclusions and mechanlisms presented in later

chapters relating to the present investigations.

The discussion of breakdown phexszfena iﬁ\i?é and

oz
|_ll
m -

2
several review publications

¥ .

kenu short due to the availability o

Iy

and previous work conducted in this laboratory. (7,9). However,

due to the lack of substantial information regarding the ionization

processes in SF6/N2 mixtures, reference 1s made To some work

involving bdbreakdown of N2 contaminated by small traces of 02.

The N2/O2 ionization phenomena have been studled extensively
cver the years and one can benefit by correlating them with
~results from Sré/ N, mixtures, which exhibit a certain degree

0of similarity due to the electpgpegative nature of 05 and SFé.

nf rmation on ionization ana attachr ment coefficier

is presented together with reactlons leading to the formation
of positive and negative ions in the two gases. The significarnce
of these ions is discussed with reference o thelr effect 1

"avalanche formation and spark onset.

4.
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2. 2 Ionlvatlon bbenomena 1n VZ

i

" In unl;orm ‘*eld dlSuerutlons the voluage-currenu

character15u1cs of V follow Townsend 5 sel¢ sustalned dlscnarge

mechanism (10). The breakdown is a natural develonment of the
: N . " -
prebreakdown ionlzatlon curtren g\uhere *He current I is vlven by
’ I, exp(x d) e S .
"I = : e (2.1) C. .

y(explex d) - 1)
A\ |

Yonization coefficient

£
5
o
H
®
R
I

¥ = photo-ionization coefficient

*
o
[}]

gap length

The lonlzatlon coefflcwent is*the most iﬁno*tant factor in

r

elementary jonization processes and it renresenus the number

of elegtroné produced per centimeter by iqnizing collislons.

‘For N, X 1is giqg&\?y the expression (10-12)

J%L =-A exp(.-Bp/ﬁ_) . (2.2)

where p = Dressure

t)
"

applied field

5320 cn F var T - o

o
"

-1 ‘

Y o -1 .
.208 KV em ~ har . . .

u
1]

Ionization of N, results in the formation of the N
+ ' .

the 2Bactlo.: N2+e-— N2+ 2e. The ground state ©

appearance potential of 15.6 ev (13). 4 number oI

. - - . . .
positive lons such as N’ , N, and N can be present in the

e

discharge:ﬂuiconcentratlons will vary with experimental conditions.

- . . + X . -
The most common of these 1S the N, producec DY the *eact
g

4»3

+ %*
Nz"‘Nz"“"(NZ) —--N:,_+O.5ev.

et



+he continous glow and breakdown was init

e . - - -

Lheconcentratlonof‘ﬂh varles wmth d/o and lt nrevalls over .

Vz at low L/D and hlgher nressures (TH) . The 0. 5 av ene rgy

'ls glven out in the 1orm of nhoton emission: The N moleCule

2

cate tne breakdown mechanlsm of S:s/ﬁ ml\uu*es in non—un Torm

. -

. The mechanlsm oz breakdown 0'F VZ in non—uniform field

distributions will denena on the electirode seomeury, polarity,.

i

and gas compositiocn. The latter factor is'very important due

to thHe sensitivity of ion;;ation,phenomena in NZ contaminated
with other gas impurities. ,

Weissler (15).investigzted the mechanism of- breakdown

-

ni-plane electrode arrangement -under DC

‘4»

of pure N, "in a poin

i -

voltages. He reported that in the positive point-plane,
' l

unlike air where one observes a corona glow spread uniformly
over the point, the corona in N2 seemed to be a succession of

nt in 2 -

of

I.ln

electron avalanches that formed at the tip oIl the po

form of a localized spov. As voltage increases the corona
vecomes 2 luminous glow that extends to the cathode region.
+ higher voltage corona sireamers appeared superimposed on

ed with ’urther

J_ln

voltage increase, when +he streamers reached 2 critlcal'number-

and intensity.

Under negative noznu-olare conditions corona onset

-

occu*ed a2t a lower voltage than the positive corona and again

it appeared to be concentrated 2t the front of the spherical

-
-

tip. AT higher v oTtages a2 glow discharge was oose”ved with’

.

t

Has a . number- of metastable and actlve states Nthh can compli-

-



ebreakdown

Crooke.s and Faraday S dark soaces,_nega 1ve glow and oos lve'
column. Further increase of the voltage resulted in a constrlculoz

of the glow, sudden ﬁncrease "in the current and trans;tlon to-

-

Welssler s results showed that no Trlchel oulses or other

“.irregularities were observed due £ the chemical purity ofﬁa;;\

nltrogen. The addition of suall ammounxs of'02Jinto pure Nz'
( 0.1% ) resulted in the -generation of Trichel pulses(1s).

'The choking offect of the spaée charge associated‘with these

- pulses. caused a decrease in the corona current +to about one-half

of its’ magnltude in pure NZ | -S;mllarly, in positive-plane

corona..addlulon of less than 0.1% of O2 into pure VZ oroduéed

"heavy corona suneamers and burst oulses, but the nagn tude of

"h'l'
theooronacurreno remalned the same. The presence of Oé also

helped to snread-theicorona glow‘over the #ip of” the point by
lncreaSLng the efl1c1ency of ohot010nlzatlon (15).

A number of investigztions have been conducted in N2
containing small traces of 0, (0.1-1.0%)(16). Secondary-electron'
coeff lcaents have been calculated for a number of differen

electrode materlals, in order to determine the origin of

anomalous breakdown phenomenz cccurring in the mixture of the

"two gases. In contrast, very little data is available on the

ionization parzmeters of SFé/N2 mixtures and this is expected.

to make difficulf the_interpretatioh of the experimental results.

) 4



2 3 Ionrzatlon and Breakdown Mechanlsms in S:s S -

Among many electronegatlve gases havmng ‘high dlelectrﬂc.
strength, SFé -has the most favourable orooertles “that quallfy lt "

for hlgh voltage lnsulatlon. Some of these propertles are:

v

chemlcally 1nert, non- flammable, incombustible, non—tox1c and
good heat conductor. _ g
Exoerlmental i;lestlgatlons in. non—uniform fields'have
shown that the positive voltage-pressure characterlstlcs ‘exhibit
a pronounced_maximum'at a pressure' pmax_in the range-of.L to 3
bar, deoendinglon the'electrOde configuration. At a pressure
[\\\ Ppin - (sllvhtly higher than P ) the breakdown voltage drobs
suddenly to a conSLderably lower level and then it lncreases again

-as the pressure increases (17). The most widely acceoted explana-’

” tion to date for the mechanism of breakdown in the reglon prior to

pmln(known as the corona stabilised region}, is glven by Foord (18) -
' wig\d later suopor+ed Py Works and Dakin (19) and Howard (35).
the corona stabilized region, streamer onsat is observed to

occur at a’'volzage considerably lower than spark onset. " The
corona streamers are generdted in the high field region close 1o
the anode ‘and move towards the cathode leaving behind them 2 positi-
ve space charge. With the help of photOLOnlzatlon the positive
charge soreads around the ulD of the anode, producing in this
manner a positive charge sheath which chokes further growth of
ionization. The spark initiates when the aﬁalanche-activ;ty
in the cathode reglon 1s producing negative jons at a rate

sufflclently high to neutrallze the positive charge, allowing

streamers to reach the cathode. As the pressure lncreases, photon

\|



- absorption of SF6 also lncreases.reduCLng ohotOLonlzatlon ln

its electroohylM nature oromotes the tornatlon of negative

. of near-zero-energy electrons. - .7
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the anode area, and thus weakenlng the n031t1ve sheath ' L

" -

.Thls brlngs bhe breakdown valtage closer to corona ‘onset and S

above pmin’ spark . onset and corona onset occur at the-same
voltage level L -," R O

«r

- i

In general the Hl”h dlelectrlc surengthﬁor Sfé,ie the °

result of the electronegatlvecnaracterof the gas.. That is, '

~

lons by the .capture of free electrons, berore the e;ectron

. . v

energwes become hlgh enough to oroduce lonlvatﬂon.

nxoerlmental data shows that the electron attachment

,
in SF6 leads to’ the rormatlon of a 1u.ber of egatlve lons,

with SF% and SFS.as therorlncloal species (21 - 24). SFy and 7

SF; are produced by the following resonance capture reactions

-

SFg v e — (SFR T - (1)
) ‘ '(SFg_)* + SF¢ —= SFg+ SFg o (.2) )
* i -

.. (8Fg) — SF +F “ (3)

Reaction (1) requires electrons w1th.energy of 1 ess than 0.lew
and the width of the peak of the resonance 1is approximately .05
ev. (SF%)* is a vibrationally excited ion which can stabilize
through réaction (2), or witﬁ any other background gas. :
Once stazbilized, the Life time of SFg'against autodetachment ’

has been found to be of the order of tens of microseconds (25,27).

<



and of s‘e; at: E/p> 80 ven

Reaction (3) is the result of.a dissociative attachment process

. . . i : i : - % . . R ¢ . . -
that can occur before the (SFs)‘ stabilizes. The activation

- .

‘:energy for the prodﬁction'of'SFg hasibeen.found to be‘o.hjev by

some authors (25) or less than O.lev by others (21). The most:
abundant of the ions is the SFg (28,30). Howﬂvef, it ﬁhs been

shown that the relative concenirations of Sré and S:_ vary with

E/b:(§9). #igh concentrations of SF% occur ‘at: L/p<6®‘ch Yeorr™

1 -1 -

T ‘ torr ~. - : i C
In the positive ion spectrum of SFg, SF the most ‘dominant

5
ion. .Dibler and Mohler. found the first a ppe arance notenulal of

+

SF; to be 15.?:.0.2ev (31}, This value is in agreement with the

results of Ta—Kong:Liw'et-al'fsz) who measured the absorption

-

1

spectrum of SFg in the vacuum.ultraviclet region, and found ‘a ¢

strong continous absorption beginning féirly sharply at 8024°

(15.5ev), and continuing to shorter wavelengths. The reaction -

involved, is a secondary .capture proceéss followed by dissociation.

0 SFPg + e — .(SFE}f +_ée' . (&)
(s75)" + 2¢ — s-.5 P28 (3)

) SFe + & — (SP'é) + e (6)
(SEg)” +:0 — SFy + T + e NG

-

. This suggests that the lonrization potentjal of SFE lies hi ghe

that the dissociation energy of SFg into S?; and 7

The annearance of the Sr5 lndwcates the Degin go_ ionization
in the gas, which will be governed by the values df the ionization
and attachment coefficients (e and "1 respectively). 3oth of -

these coefficients are a function of the fieid strength and
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n -

| the pressure p. Geballe and Harrison (36) ‘and Bhalla and Graggs

(31) havefmeésurgd a/p énd‘q/p as functions of E/p, and (a-qi/p-

.wpan'Ee épproximated.by the linear relation = )
(e-n)/p = C(E/p — (E/o),,) B (k)
. % where C = 27 KV'cm71- ' - T -

= _ -1, -1 .'
(£/p)_,.= 89 KV cn™* bar

Ionization by electron collision will therefore take place in
. the gap region where the:ionization coefficient is equal or

' greater than the attachment coefficient.

-
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2.4 Ionlzatlon and Breakdown Phenomena in SF6/N Mlxtures.

‘bne of the first investigations of SFs/V mlxtures
was thd% oP Foord (32). Uslng,a positive point to plane gap
under DC volteges Foord observed that the addition;of nitrogen
to SFs iﬁcreesed the corona current in-a‘manner proportional
to the partisl'oressure of‘nitrogen,c In‘additiou; by keeping
the oartlal pressure of SF6 constant and varying the total
pressure, it was. shown that the voltage- pressure characterl—
st1cs¢xfthem1xtures exhibited a negaulve slope smmlla. to- uhat
of pure. Sr6 The overall 1ndlcaulon was' that the addltlon
of nitrogen in SF6 reduced ohe dlelectrlc strengﬁh o_ the
m;xture and z speculative explanation referred to a orobabIe
‘reduction, or modification of *he relatlve_;moortance of the-
negatlve lon-forming mechanlsm.

Ho_ward "(20) examined and compared the electrical’

“insulation orooertles oI a number of electronegatlve gases and

theIF mixtures with nlurogen, under quasi-uniform and non-uniform

field conditions. In quasi-uniform fields with AC voltages,
the.dielectric strength of-afmixture at constant total pressure
decreased as the partial pressure of nitrogen increased.

As shown in Figure 2.1a the voltage - mixturé®ratio characteri-
'stics exhibit a considerablejohange-in their slope at about

_10% of SF6 content. In non-uniform fields as shown in Figure

2.1b, it can be seen that the addition of‘EO-ho% of N2 in SFé

resulted in an increase of The dielectric strength of the mfgtUre,

which becomes more pronounced zs the gap length increases.

4
These curves provided probably the ;1rst illusiration of the



o i L 1
120+ - _ - ST - .d=S5 om

BREAKDOWH .VOLTAGE, PEAK KV

BREAKDOWN VOLTAGE,” PEAK KV

o ; 'ji, e ,

Q .20 . Lot 60 80 100
’ PERCENTAGE SFg
100 80 60 Lo 20 0

PERCENTAGE N,

-

Figure 2.1 AC breakdown characteristics of SFé/Né mixtures
(20). (2) 50 mm diameter sphere-sphere Zap. (o) point-sphere

gap.
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D0531ble advantages oF the SF,/N ‘mixtures as. an lnsulatlng

e
- PSR S -

. medium.  However, Whlle quard s pudblication réceived wide
ecogﬂltﬂon for ;information COﬁtalned on the properties of

various elect*onegatﬂve gases. it dld not genewate notwceable
intérest 'in the area of gas mlxturgs.' g
A number of nubllcatlons on mixtures of SF /Nz.and

Sré/alr fo‘lowed(Bq 38) - Most lnvestlgatLOﬂs were cond cted

in uﬁlform or near-uniform fields and ve*y few d

mlttures of Sré/N -with less than 10% of Sr, content.

-

Davidson et al(39) conducted an investigation of

corona and breakaown of S:é/N2 mlxtures in a

plane gap unger static arc flowir g gas conditiens. Observation

‘g
(8]

sitive point-

of the corona streamers showed *hat their amplitude decreased as
% SFs content 1ncreasea and the streamers were highly localized
around the anocde *tip and did not cross the gap defore soark

oy

-

~anset. The amplitude of the streamers~increased as the % of

SF6 content was reduced below 0.1%. The breakdown voltage also

increased by increasing the partial pressure oI SF6 and was
found to be 2.5 times that of pure N, with 1% of SFg content.
Gas flow resulted in an increase of the breakdown voltage in

mixtures contaln ng 1% or less Sr6, and a slight increase for

ujl

vigher SF, contents. This was explzined a2s the result of =z -
4 - =

a

redistribution of the negative ion charge that had an effect on
the shielding produced by the corona space-charge in the anode
region.

Similar results were reporfed or impulse breakdown of

mixtures of SF, and H, in positive rod-plane gaps 0y Farish et-al.
6 -2 : = 5=

(3). They found that impulse breakdown'of-ﬁz is extremely
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Qensitivelfb fhe'adaltion-of small-traceé.bf SFé. For
‘Dressures un to 2 bar the breakdown voltage of- Sr6/1 with 0. 2%
of SF6 was found to be 2.0 times greater'thgn thdt of pure Hs.
Impulsé measurements iﬂ SE}/NZ mixtures ~conducte§fby Saumgartner
(41) did not show any smmllar behaviour.  The *easoh'corithié
is that Baumgartner dld not 1nvest1!ate Srf/V mlxuures with low
Sr6 content,and he conducted the etnerlments in a oua51-un1fo*m
coaxial- cyllnder electrode geomeury narller'work of Baumgartner
(&2) in 1"od—blau'n:: gaps 1ndlca\.ea that the AC breakdown voltage
incrgased 10% abpve that of pure-SF6 with 80% SF6 content. Alsof
it was observed that the maximum in the breakdown voltage-
mixture ratio ch%ractéristics moved towards lower concentrations

’

of SFg as the total pressure of the mixture increaSgd.'

. Wore recentWyﬁatapaboard Takuma (3 ).etamined the
q;electrﬂc behavzour of mixtures of Srz/V and Sr6/ ir in ong.
rod~plane'gaps (30-5C cm) under Impulse voltages. Their ‘1nd1ngs
show that addition of small percentages of SFé into nitrogen

does Oh/in crease the breakdown voltage of <the mixture‘above that

of pure NZ' Eowever, in Sré/aﬂr mixtures with-0.8% of S“é

_content the ‘breakdown voltage increased by about 80% nigher than

thgt of pure SE6. One llmitation in ‘their experimen®t was that
the pressure was kept constant at 1 tar, hence, any pressure -«
effects in.the behaviour of the mixtures could noz have been
observed. It is also interesting to-nbte that Zor éll gaps
exzmined, the iImpulse breazkdown voltzge of 8“6 #2s lower than
that <:>f:‘~‘N2 and air. | b ‘

2 considerable amount of attention has also been exhibited

in the use of SF6/N2 mixtures in circuit interrupters, where the
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gas mixture is tested ?or ltS thermal conductlv Ty amd arc

quenohl g oaoacmty . Garsono(éi) and Grant et 2l- {5 ) have
'shown that nlxoures of SF /N with 50% S%é content’ have |
suoerlor'arc 1nuer“uoulon canabll ty when" comnared to oure 5:6
Garson tested the recovery voltage caoablllty o synchronous
‘1nterruoter over the pressure range of 15 to 19 bar and found
‘that the rate oF\rlse of recovery voltage lncreased by 1. b times -
when a 50% SFé/V mixture was used instead of pure Sr6 ' -
The mechan-sm of breakdown 1in obe SF /Y m*xuures is still
at the speculation stage and there is no oubllsheo data on
measurements of the effeciive lonloaulon coefﬁicient'of the
different mixtures. Zowever, breakoown results in uniformand quasi

~uniform f1e7os such as the ones presented in

show any 1rregularloles anowsemﬂ-emoﬁrloal relatlons for streamer
onset have been oeveloneo oh&t are in agreemens with experiments.

Talkuma et al.(37 ) orooosed 2 simpte equation that relates -

[

the breakdown voltage of the mixture under unlform field corditi-

f

ons with those of the individual gases. -

Nl

K

. Vm = V2'+ T C(l-K)'(Vl-VB)W (2.4)
where qu7fbn akdown voltage of the mixtu*e .
V,, V, = breakoown voltage of the $wo compenent gases

|
. !

2
K = partial pressure ratio of gas 1 f
c constant, depending on gas mixture and experimental

. -
system.

I.l

maluma showed that for-C=0.08 there is good agreement between

equation (2.4) and Howards experimental results of Figure 2.1z
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Although the agreement with the etnerlmental ”esultsaj;good

the use of equatlon (2 h) is considered to be a rather impractical

approach for~p:ed1ct;on of” breakdown voltage i“'SF,/N"mixtures.

because, it requires ad:?nce k“owledge of voltages Vl and VZ

. for a particular electrdde arrangement

Wieland.(BS).develoeed an improved relation for the
calculation of V -An uniform fields, by showing’ ehat the lonlﬂatlon‘“
and attachment coefalc1ents in a mixture, are a functlon of the
Total pressure, and uhe COEfIlC;enuS of the lnevvwcual components
added in a manner o;ono*tlonal their partial nressu*es.
Baumgartner (38) postulating Wieland's assumntﬂon derived an
expressibn for the calculation of corona onsei in guasi-uniform
fields,-using streamer mechanwsm theory which will be diseuseed

..‘ ate

"S

chapter: _he effective ionization coefficient for

the st/ ﬁlktures as derived by Baumgariner is given by t
re1atloﬁ)2

Nerr

. KA
= 2 1{1,,1K(.-/‘a (“/D)cr T—Iexp(-ﬁip/i) | (2.3)

‘'d

wnere . X ., = effective coefficient of ionization
P = total pressure

ky = (partial pressure of Nz)/(partiai pressure. of Fé)

-1

K = 27 kvt
-1
A = 5320 em ~ bar

— -1 -1
B =208 KV em ~ bar ~ )
(E/p) = 89 KV em™ T par~t. ’

The above relation has not been validated as yet by direct

measurement of the o _.... However, Weilands zand Baumsart 1er's

eff

experimental results show gZood agreement with Townsend's and
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.'streamer breakdo&n'mgchanisms tha% make use of equation (2.5).
-Similary.‘Crichton et-al.(ﬂB‘hﬁ) have used the above etb“eSSLOn

in thelr calculatlons of b*eakdown v01 tage in S:,/N anixtures

.

~in unlform Tields perturbed by a D*OJectlon and coaxial ¢yli dder
electrodes haV1ng a snec1f1ed surlace roughness. ' Thelr analysis
shows a good ag*eement with etne* iments and this _ﬁdlcates tbau

equatlon (2.5) canin fact lead to meaningful results if used

within®  certain consiraints imposed by factors such as

pressure, -gap length and field uniformity.

In Zeneral, the existing information on the dielectric

>

preperties of the SFS/N2 mixtures indicates that certain proper-
. ¢ =

Qrex
ties of the mixtures are superior to those of pure SFs
gen.  This fact JuSulfles the undertaking of sysuemat c gtudies

such as the one presented in this work,  which will nelp to iden-
tify and understand the dielectric behaviour of the mixtures,
especially with respect to basic and apn ied asPecfs such as,
the theoretical prediction and the measurement of their breakdown

voltage characteristics under various experimental conditions.



* o o <
CHAPTER 3
" ELECTROSTATIC FIELD CALCULATIONS

:3.1 Infroauction.

In calculating-eléctric field distributions, analy-

tical solutidn of Laplace'é equation can only be obtained :for

a limited number of electrode configurations with'préctical

(s

‘'significance. Field distributions of some of the geometries
used ih‘high voltage apparatus, such as the hemisphericaily
capped cylindrical point-plane gap, cannot de generéted by such
simple charge distriﬁutions and therefore, cannot be:expressed
in simple énaljtical terms. | |

o ‘ As an aiternativelto purely analytical'techniques,

numerical methods are often used to solve such problems.
» ) - " . .
/ . - . - ) - - - - - .
These include the Finite Difference method, the Finite Element

method, and the Charge Simulation technigue. In the -application

of the finite-difference method, the field region 1s usually
covered with a rectangular grid. In the finite-element method,

the whole region 1s subdivided into a large number of triangular

. - . . . ' . - . . ™
elements, each being defined by three nodes. Within each

-

element <the eléctragtatic potential is a function of the potent-
izls at the nodes, or vertices, of the triangle. It is difficult
to see which one of these methcds is more economical and rellable

due to their basic similarities. In addition, solution for . .

potential or field values in unbounded regions (regions %hat are

.

no%t surrounded by electrode surfaces) becomes intricate and

difficult fto implement.
t

The charge-simulation method is basically a numerical
~—

-19-
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method but it results in an ana_ytlca_ etnressi n for the

.."‘

fi ld.quantltﬂes oflnterest expressed in‘terms-of.a number
of flctltlous charges or finite ch arge dwstrlcutlons., l;
These charges are placed cdutside the reglon where the field

is %o be calculated (that ls,.usually lnSlde the volyge
cccupied by the electrodes); and their exact posltions and val-
ues. are found so that the boghdarf condirione of the particular
_configuration are saflsfied to aa accecéacle degree of accuracy
Usually the metncd of solution usea is a direct one

whicﬁ involves a priori assumptions. about the location of the
4
equivalent charge distribution,which are made on the basis of
experience, and may be different For various researchers. .
The'assumptions determine the degree of accuraCy in the result.
The work'cescribed here makes use of the charge

simulation technique to calculate che povential and field distri-

bution in a rod-p¥ane electircde arrangement. THe limitations of
. J &

the Technique at the present state of the art are examined and ana-
lyzed for pcssible improvement. L new optimized version of

the charge eimUlation technique .is developed, which, with the use
of optimization techniques eliminates the need for assumptions

concerning the position of the charges and oints where the

. o :
toundary conditions are applied. The optimized version has the

ct

oy

D
o]

advantage of minimizing reliance on personal - gxperience and

]

makes the achlevable accuracy optimally related to the computing .

resources of the worker.



"tions.

-

. . - n "
g(r,z) = ¥ P,

number of charges in

where  n:

the system

"m: number ol nts at which the potential is specified
Pyt notentlal coeffig¢ients which aye also written as
; it
!
.. = P{r.,3. oz ) 3.2
P:]l ( Jv“‘] ’ rl’ l) . .(.J )

where (r.;z.) are the coordinates of a2 point

J
boundary and (ri,

on the electirode

c.

z;) are the coordinates of the source point

charge Q..
For a set of m points selected on z surface at DOt&Pulal
1 . )
V(‘}, equation (3.1), when written in a matrix form becomes
3 o 1 [
P D
‘ Pyg Pep o0 o0 Pygl | Qg v
5 2 (1)
"21 22 2
- - = . (3‘3}
=4 . .
P P Q7 7(%)
L nil nn L n

Ordinarily, the number of ‘boundary points m is equal

to the number of charges n._  Given a nartﬂcula* configuration

the coefficients will Dbe. determined by the boundary condi-

P..
Ji

Hence, equation (3.3) can then ve solved for the

charges Q.. .

—, :
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3.2.1 Application to a Rod-Plane Gap. R -

.

One of the first appliéatibns of ‘the charge simula-

o

tion. techuigue in high voltage problems was if'the cal- .

e

culation of the Tield distribution of rodlplane_géps.a

--‘

As Showﬁ in Figure 3.1, there are a number of ways that

one can simulate this distribution. A so}ution involv-

-

ing the charge distribution of Figure 3.1(a) was Dresenteg

by Abou-Seada (46) and earlier by -Leob (47). They used

one point charge and nine semi-infinite line charges. The

solution yielded an equipotential surface with an error of +3%

in . the neighbourhood of the spherical tip{ié). However the

error increased substantially for values of the gap-length to

point-radius ratic less than fifty (G/R 50). This error was

found o be due to 2 system equation slightly different from

the present equation (3.3) (40, 45). Thus, using part of

(r!

T
i ¥

the information given by Loeb and Seada on the positions

-

zi) and'(rj,zj) and then forming the matrix

equation (3.3), the accuracy of the simulated potential

for values of G/R down to G/R = 1 was greatly improved.

.“&{ solution of equation {3.3) proceeds as Tollows.

The plane is assumed to be infinite-at zero Dote“u_al and the

electrode semi-infinite wilth potential V(“) set'uo ‘one volt

Therefore, on the cylindrical part we have ..

»

. -

F(r,2) = g(R,z) z 3 G+R (3.%)

-

On the spherical part, transforming. the wvariables as shown .

igure 3.5 we have .
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. ’ ' + 1 '
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R
/ ‘Boundary .
‘ Points P(r,z) - 1
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NS =
\ Point Charge
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l V=0 ) V=0.
(a) - (b)

Pigure 3.1 Simula‘tioyo‘fjthe field distribution of a
,‘Rod#-PlaneLgap. ‘.(a) U_sing one point charge and.
sevarﬁl line cha:'.rges. (b) Us;ng a number of
ring chafges. and a numbe:;a-of{éemi-in.finite or

segmented line charges.

p
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(r z).-= (siné , G+R- cose) i  4 . (3 5) .

. The analytlc exnre531on for the notentlal ﬁ(r

—

of the nine é;;l-lnflnlte lines and gne po;nt charge w1th
their corresponding image charges, is

| L q
- A z.-i+z'+(-r?+(-z'i+z)2)3 .
Flr,z) = Q; In 2

) L] 2 ] 2 E : .
i1 . zi-zf(r +(zi-32) )J_ Sl

N R 1 L
" S (r2'+<zio'-z)2)% (r OSSR 32
By convention the.radiﬁs'R is set to unity softhat the
gap-length G is'also edua;'té the ratio G/R, whiéh relates to
the uniformitj of the gap field along the axis of symmetfy
Equations (3.4),(3.5) and (3. 6) were used to generate
the matrix equatlon (3. 3), 4 computer Drogram was written
{(in Fortran) for the generatlon ana\solutlon of ecuallon (3.3).
~ Comments and 2. computed example are.lncluded in Appendlx 1.
Having solved for the charges Qi; equation (3.6) can now}be
used to calculate the potential g(gfz)'at any point in the °
inter-electrode area, provided that the simuléted potential
ﬁ({;g) on the bouﬁdary of the électroge‘is equal to one volt.
- In order to check the accuracy of the simulated potential
distribution, the percenf.error
((yabnlﬂed 51mul )/ abnlleal}Cloo (3.6(2))

is calculated for points along the boundary -of tne elecirode.

n Figure 3.2 the

-

The results are shown in Figures 3.2 and 3.3.
.pércenterrorfor various gap-lengihs is plpited versus distance

‘along the cylindrical part of the electrode from the point
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G+R G+1 to G+1+50 ‘that is, 50 radius units away from the tin

the nercent error along the snherical part of the electrode

lS shown in Figure 3.3. Here the position on the spherical‘

~ boundary is given by the radial distance from the z-axis

through equation (3.5). Figures 3. 2 and 3.3 show. 'that the per-
lCenterrorwxftheSimulated rotential along the cylindrical boun—
dary is small when comnared with uncertainty in einerimental
measurements or other numerical techniques, and trivial

along the spherical part wﬁich rebreéehts the region of inter-

. est (Since most breakdown criteria involve calculabions along

the axis of highest field .stress).

-

3.3 Limitations of the Converftional Charce Simulation

Technigue -

In annlying the charge\_imulauion method Lo calculate

fiela distribuuions, the main task is to find the Droner

P

positions (ri,z}) and (rj,zj). In order to gauge the amount,

of effort required to solve the rod-plane configuraztion, a

N

number of calculations were made disregarding previous infor-

-mgtibn on the positionS(rj,sz Different sets of (r;,z;) and

(rihzi) were carefully selected by considering the distribution
of each of these locations with respect to each other, and +o
the electrode.boundary.‘ The results showed that even after
‘the first few aaaustments, the error in the neighbourhood of
the spherical tip was larger’ than 10%

A solution of the field distribution for the case ef

Figure 3.1(b) was attempted using ten ring charges and five



—-26=-

t | 1 1 1 t

3| . CYLINDRICAL PART .
= | - ] ‘ -
=]
o
T ' T

N .
o -
u'?.__
R .
a T AN .
o7 _

% : G/R
- i : 3000
0 i - - 500
- 100
30
]
i ‘10
v 5
3 -.4- )
= ! 1 ! - ! i
'5. 00 g.53 17.00 2s.S0 3400 12.50 $1.00
G - DISTANCE ALONG ZAXIS

 Pigure 3.2 Percentage error of the simulated potential on

eylindrical part of the electrode,

»

for different gap lengths.

o A gieiaith ‘iiliil i “““ .



-27-

.,’\ * )
F 1 T ‘ 1 I. . - . g
| T o : oA
3| SPHERICAL PART
Q . G/R
oT ]
‘ -5
) , #
- . N
| 10
So 30
a
wad | /60\ -
2 y /56'0\ -
_5; O\‘I
v \
S s
ot ] ,
=
(]
o1 . N
2
o . : . '
‘7. 0o B, 17 Q. 34 .o

0.5
REDIAL DISTANCE

-

. Figure 3.3 Percentage error of the simulated potential on

spherical part of the electrode, for different gap lengths.

N

! a.68 0.85 - 1




-28- .

. ) " ‘ B Yo ‘
Seml—lﬁflﬁ‘te line charges. Agaln the results i didgted
.that =2 consmde*able amount of time Nould nave to be snent in
finding a good combination of points (r ,2]) and (r. 37 in
order té h}oduce a unlformly equlootentlal surface.,

-'The.dlfflgulty ﬁcreases when one attemnts to solve ;or

more'comalicated field distributions. Flvure 3.4 shows two
- geometries that are frequently used in high voltage anuaraxus.
The so’utlon of these conllguratlon Nlth the use of the charge
simulation technique, ahd-especially the-one with no-ax1al |
symmeffy (Figure\j.@a),-would have'to'ihvolve line and ring
charges of vgrwable density (45). - As QiTW be shown later,
this reaulrés/a-uhorough :“owlecge of elecurosuaulcs,'anc
perhaps a large amount of_educated guess work. 'hence,‘many

expéf;mehéers might dismiss the techniqqe‘in favour oI other
'metheods. ‘

"However, the, charge szmulat*on techni qué has a éefy
important property; that is, given the positions‘and the
values qharacterizin the charge,distribution, the field axt
any point can Dbe calculated analytically. This is important
because it eliminates the need of a grid node at that point,
and in addition, if a space charge 1is included in the calcula-
+ions, the field at any point will be given by the summation

of the field components due 1o the individual charges constis

tuting the whole system.

-1'

Hence, in view of this advantage and the task of construc-
ting 2 three-dimensional grid if one of the-discretization method
is chosen, an attempt is made here to simplify the. conventional

-

approach using optimization techniques.

b mie
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Figure 3.4 (a) A trigatron, with non-axial field ditribution.

(b) A-high voltage divider, with field contfolling

electrodes.
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3.4 Optimized Charee Simulation Technigue.’
. JLLNLY -

zation

'.ﬂ

| S One of the mos® important parameters in the optim

of any design or processes, is the cho*ce 0'r He ontlm zation
-C”lté”lon or obgectﬂve functlon. i ?hls usua*ly varies accord-
ing to the nature of the problem. The obaectlve funétion

used here is the cumulative squared erro

r, which-is very

simple To apply and is represerrted by

.o '
. te oy (v - g3(x -
3= . B (3.7
- or- U = J;-CV ' ﬁj(r.z))zds

FN

0/\,_‘

where V: is the value of the votential a% the physical conduc-

ct

or positiens,

- v

ﬁj(r;z): the value of the simulated potential

. m: the number of points (r.,z.) on the elecirode bouns-

and S: represents the electrodeﬁ surface.
The variables of optimization which primarily are the
position of the charges and +their values, are subject to *he

- following equality and inequality consiraints.

where I(x.} can be any one of the variables x
or non-linear expression involvinz 2z number of variables
ON- T g
(e.8.; X, ,+xX,+5%x.=F). A4,8,C,D, and * are constants related
Setr KT RpTIAA
to the physical systenm.

The final consideration is the choice of the dptimization
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L technlque or‘algo*xthm The techn*que musg be canable of

handllng hlghly non llnear obaectlve ¢unctﬂors, ecual ty apd
1neouallty constramqts. and Qonstralnus that are descrlbed by
11near or non—llnear functions of the varlables. rurthermore,j
it should be possible to change the constralnts or the objec-
tlve ;unctzon without modlfylng the ootlmg zation algorlthm

'ﬁ The avallablllty of the first and second derivatives
of tbe obJectlve functlon U, wxll determine whether or not
_gradient techniques uhat requlre these de**vatlves will be used
A number of optimization subrputlnes are avaiLablg in the
rORTRAV and WATFIV sc1ent1;1c subrouulne manuals. ‘ﬁosen -
trock's method (%8) is one oI the earlier and most reliable
technlques, buu with a relatlveTy slow rate of convergence.

.

One of the Fast- -converging uechnlquesxa\\zav1qson s method -as
com

Y

nodified by Fletcher andé Powell (350), yined with the Created

Response Surface Technique of Carroll (49).

L4

3.4.1 Application to 2 Rod-Pliane (Gav.

In demonstrating the principle and for comparison purp-
oses, the potential distribution of Figure 3.1(a) is simulated
with one DOlnu charge and n%ye semi-infinite line charges.

For simplicity the potential on the surface of the electrode

is assumed to be equal to one volt. Then for any peint rj,zj)
.on the electrode surface the values of @, and positions (r.,2z:)

must be such that the resulting potential ﬁ(rj,z.)=1. Thus the

values of the charges Q; and their positions (r.,z.) are

[ ]

_asigned to be the variables of op<T zation and as an objective
. N -

function we take the cum mulative squar error, as £ollows.

- - r

ieae e td0a
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m ' . '
=N (1 - gz (3.9)
421 0 , . :

[ 1)

where Q(o,z) is given by‘eguetion (3.8) and m is tﬁe numoer
of points at which the ooteﬁtial Flr,z) is calculated.
Therefore. by choosing several o01nts (r,z) along the
bounda_y of the elect“ode and minimizing the functlon U, the
1'-eqx.u::‘ec'i.f.:lli?and (rr,“ ) are found for which the potential at

the points tr.o) is equal to the. aoolleo UOoEﬂulal {1 volt).

-

A value of m=65 was arbitrarily chosen. This corresponds to
%‘ téen oomﬁus (r,z} on the hemi-spherical part of the

electrode and fifty on the cylindrical part Ifrom G+R to G+R+L3R
(‘or with R=1 from G+i to G+1+Li8).
The problem was solved for two separate sets of consir-

aints. In one set of constraints the positions of the charges

+

are”constrained on the dasis of previous information (&7),

between G+1 and G+1+250 as shown in table 3.1. In another set,

the positions of the/fierges are. arbluraeﬁ}y constrained vetween

G+1 and G+1+48, as shown in table 3.2. this manner, cne can

test of the unigueness of the positions (ri,zi).

The initial values of the optimization variables (rs,zy)
: : i
and q;, were selected arbitrarily within theﬂr corresponding
i —
constraints.

Rosenbrock's optimization technicue (L8,51) is used
P . .t o . = 5P ad
for the minimization of the objective function, modified ace-

ordingly to account for equality and inequality constralnts.

.

e
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\\ The results for two dlzferent gan envths G are shown Ln

igures 3. 5 3.6 and 3.7 where the nercentave e**o” of the

-

. . . L A .
simulated potentlal is plotted versus pos;tlon on the surface

of the electrode. ﬁj(r,z) is calculated for a hﬁmber.of

.

points other than the original (rﬂ;:a) to check for possidle | ,,

. . J ,
non-uniformities of the simulated potential. The resulting
values of the positions (rj,zj) are,éhown in Tables.3.3 and 3.&;
Equipotential'plots for the two different gap lengths are
< . L : .

presented in Figures 3.8 and 3.9. Similarly, Figure 3.10 shows
the potentizl distribution aleong the axis of highest field

strength for a number of G/R ratios.™ ‘
- In general the results indicate that the error for both

- " -

|77
[¢]
H
[
ja
(1]
i
[
o]
M
.
(]
H
(o]
-,
=

'sets of constraints 1 magnitude and that

+there is no unique set of positions for the line charges. Thel

-

position depends on the ratio G/R and the imposed constraints.

Figure 3.6 and 3.7 show that unlike the results of Figure 3.3

ches zero as the dis-

)

the error zlong thee cylindrical part appro

tance from the spherical tip ilncreases. This could be due <o

the fact that the position and the value of the charges is an

optimum for the given set of constraints.

Ce

No further attempt was made to refine the model since

‘the results obtained were of acceptable accuracy. Ihe degree of

accuracy of the optimized appreoach at this introductory level

helps to demonstrate the ease and efficlency of this method.

3
o

he objective function was in all cases minimized to

U~0.01 for comparison purposes. The compuuaulon time denends

X!

.

* A combuter program with a sample solu ion is given in
quendlx 2.

a~ -

o
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Figure 3.5 Percentage error of the simulated potential along the
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Fizure 3.8 EculnotentTal plot of a rod-plane electrode
. configuration Nlth a gan length to point radius ratio
G/R = 10/1.
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Figﬁre 3.9 Equipotential plot 0f" a rod-plane electrode
configuration with a gap length to -point-rédius ratio
. G/R = 200/1. .t '
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Figure 3.10 °otenu1al distribution along the axis of .2 *od-nlang gap
for various gap ratios G/R.
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_ Table 3.1. bcnstraints'imnoséd‘ﬁn the variablés of optimization
.3 ‘ (OrZi) = G+R - : | Co . )
G+R’£“(0,Zé) £ 1.5
T g (0,23) £ T
v £ (0,23) £ "
» ‘u é (O'Z%) r "
. G+R+5.0 € (O,zg) £ G+R+10.0
2 _G+R+25.0 = (O,z.}) £ G+R+35.0
G+R+80.0 £ (0,28) * G+R+100.0
_ G+R+200.0 £ (0,25) * G+R+250.0
‘ (O,Zio) £ G+R
- 42Q, £B i=1,2...10 .
;o K E
where B is-a large positive'numbef and A = -3
Table 3.2 Cénstraints_imnosed on the variables 6f optimization
(0,z£) = G+R
- = A < (G
G+R (O'“l,z,..9) G+R+48.0
. ‘(O,zid) = G+R .
- A=2Q; =3 i=1,2...10 "

Tables 3.3 and 3.4.

Optimized Dositions.(g;zi) as derived from
the constraints of-Tables 3.1 and 3.2 respectivelv. '

. Table 3.3 - - " Table 3.4
i ] G=200 - G=10 i G=200 G=10 &
’ 1 1 201.00 11.00 1 | 201.00 11.00
2 | 201.11 11.10 2 | 201.11 11.10
3 | 201.19 11.15 . 3 .| 201.15 11.11
L | 201.55 11.57 L | 201.18 11.38
5 | 202.16 12.18 51 201.35 11.49
6 | 21¢.97 20.20 6 | 201.45 12.22
7 | 228.94 41,60 7 | 202.03 23.55
g8 | 296.06 | 110.99 g | 212.29 |. k6.30
g | 410.80 | 238.59 g | 231.12 58,81
10 11.00 10 1. 201.00 11.00

201.00

3
h\/'/
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\ mainly'on the rate of cdﬁvergence-Sf the‘optimization method

‘used %o mlnlmlze the obaectlve function. Rapidly converging

L -

technlques should be used 1f comnuter time: lS ‘an _mnortant

Darameter. Other factors that could lnfluence the comnut—-.

atlon time are lnltlal values of the ontlmlzataon varlables.

and the effectlveness of the obJectlve ’unctlor- " The 1atterw
 factor is very xmpprtant,-slnce for more complex cdnfigUrations‘
it is possible that the minimum accumu}ated-square errq:‘mai;

R ) , ) .
not be an efficient criterilon. . \\'

3.5 Application of the Optimized Charge Slmulatlo Technigug
to rleld Dlstrlbutlons N‘un Won-Axla_ Svmetry. f ’

-

As menticned earlleF, charge simulation soluuions'of
field distributiéns with ndn—axial s&mmetry are not favour
due to the introduction of variable density charges{ t us
for.éxample cohsiﬁer the frigatroﬁ case_of TFigure 3.4(;3.
Figures 3,;1(a) and 3.1;(b) show two croés—sections of elec- -
tro%e 'A',fone at the soherical'tin, and one at the cylindrical
part respectively. The va.lable densxty rings cwr Fig. 3.1Xg are
‘obtained by dividing the orlglnally charged distribution into
.-two pa;ts, a constant partr and a variable part consisting of
cosinusoidal harmonics wé:H’G;;;own peak values Ap .
‘The chéfge distribution is a2 funcE}on of the angle a and is

given by (45) Lo omy

- -

nNa) Z)\ ‘cos(na) ' (3.10)

where,m. is the number of points (r 125 !) on the clrcum_e*ence

of the ring.
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Pigure 3.11° (a) Cfosé-sécfion of the spherical part

of the electrode V, of figure 3.4(a). (b) Cross-section
of\Qge cylindrical part of the same glectrode. “(¢) and

(4) represent similar cross-seétions as that of (aj,
before and after the optimizatioh of t@e systen.

- (e) Cross-section of electrode V, of figure 3.4(b).
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In this me& the ith rlng conﬁhlns m. +1 number of ~ ’
oharges. In order to determlne the values of these char--_
.ges; en equal ‘number of boundary polnts (r ,z ) should be
nlaced~along the c1rcumference of the electrode, and on the
tlane that-contains the lth rlng |

However, the problem can agaln be Slmpllfled with the

proper choice of optimization parameters. The variable density

-ring.oharges can be obtained as shown in Figure 3.11(5) and |
3$11(d)‘ %;tthls case ‘the ring of radius ry is rlxed and
the centre of rlng rz is free to move on the plane of the Y
‘page.along the r-axis. This movement is cormstrained in a
region r such that | | |

r -
x & r2 1

'}vhere . Ty < TpRER )
T

herefore, a variable density rlng is SLmulated w1th

(3-11)

-

the addltlon of” only two variables, that is the oharge of
ring Tos and its position "r' with respects to the z-axis.

It becomes apparent that z number of new optimization

parameters can be introduced, the naiure of which depends on .

the-particﬁlar-configuration.

As another example, we con51aer the potentlal divider
of.Figure 3.4(b). The field éonflguratlon o u.e doughnut
shaoed electrode at potential V2’ can be simulated with one
'rlng charge as shown in Figure 3.11(e). Assumlng V and 12
to be positive potentiels, the ring charge at VZ will be

slighitly displaced from its original position in-the torroid.

However, since we do not know the exact position of the ring,

- .
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we can constrain its.centre to move between z_-az, where

o)
82<x ;- . The radius r_ could also vary and therefore it will
be set as an optimization parameter, since we suspect that if

the ring moves down, it could change in diameéter. Similar’
‘arguments will aﬁply to the top electrode and fhe system will
be solved simulfaneously. cqnsidering_fﬁe image cha:gesﬁwifh
respect to-ground. . ‘ _ - _ " -

Furthermore, one cah procegd %o simulatelevén more

complicated faeld diStributions.by'theﬁpse of non-linear

constraints, which could force point charges to move on. pred--

etermined contours, and line charges to til%, or, simply change

size and position.

The field distribution of the rod-plane gap (as obtained
by the charge. simulation %technique), was used in the qalcula—'

tion of streamer onset voltages in SFy and SF¢/N, mixtures, . =

which will be presented in Chapter 6.

4

v

4.



0. . cHAPTER(Y

EXPERIMENTAL TECHNIQUES AND PROCEDURES \

-

4.1 Experimental De31gn T

The ablllty of high voltage power equipment to w1th-
stand lightning stroke andswmtchlng surges ls‘usually evaluated'
‘with impulseror chqbped imbulse volfages In this work stan-
dard imnuise voltage (1.5ts front, 50us tail) was chosen to
1 examlne the dlelectrlc behav;our o; the SFs/Nz mlxtu*es.

A rod—nlane electrode arrangemenu was used,for as ment-
ioned earlier, this configuration provides excellentrcqnditions
" for simulation and observéfion of théleffeéts‘ﬁroduced by varlous
non-uniformities. |

| The exnerlmental variables were: the total Dressure of

the mlxture, the partial pressure of the comnonent gases (or % of
Sr6 content in the mixture), and the gap length of the rod-plane
gap. The number of variables was ktpt small so that a complete
investigation of both pdsiti#e.and negative impulses could be made.
This allowed continous monitoring of impuise volfage, discharge
current, photomultiplier current, and photography of the various

-

phenomena under both ﬁolarities.

- In experiments of this nature there i;&usually a trade-off
" between the'eiperimental varizbles and the parameters that one

can monitor. Advance design and the use of factorial experiments
can be useful; however, fhere are limitations in the design of zan

exneriment, lmnosed mainly by the nature of the nroblem that is

1nvest1gated In the present case due to the l ited information

3 N

-45-
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on lmpulse breakdown measurements of SF6/N mlxtures. the ba31c .

_ desmgn lnvolved lmDuTSe voltage and current measurements, and study
‘.'of the temporal growth of 1onlzatlon at dlffe:ent gé@i&engths
and pressures. In: addltlon a good deal of effort was ;nvested

'ln the develonment of the data—acqu131tlon system, ‘which Wlll be

dlscussedln the follow1ng sectlons

4.2 Test Chamber

The measurements were carrled out in a stalnless steel
bressure vessel 60cm high and 36cm in alameter, fitted with a
'hlgh voltage bushlng and four quartz windows. Afcross seetionA
of the maJor components 1is shown ln Figure 4.1. | .
The high voltage bushing is reted,at 115 XVAC in an out-
doors enviroment and'was_succesfully testeé igdoors at 350 KV
of impulse‘voltage

- »
The electrode adgustment was made with the use of 2 micro-

meter screw. Inltlally the vernléf was located on the high vol-
-tage side thfough the HV bushing. This arrangement was found -
inefficient and a new vefniet was cdnstfucted and fitted at the
bottom plate of‘the chamber which is at_ground potential.
The gap-length was adjusted by first lifting the plane until a
contact with the rod electrode was detected with the_ohm-meter and
tﬁén lowe;ed”to the desired length. The zero adjustment was
performed at the operating pressure due to small variations of
the inter-electrode®distance with pressure changes.

| The photomultiplier was an EMI-9781R side window tube.
The.EMI-9781R has relatively high sensitivity in the blue region,

A d
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. Hole . .

: S ©o- i00um |
Mu Metal Shield =

Shield -

E.M.,

Dynode Chain -
Designed for_Fast-
Rise Pulses '

Vernier for Vertical

Pigure 4.1 Test chamber.

Movement
Resolution: 257pm

The photoﬂulfiplier'is-mounted‘in

one of the chamber windows and it is optically aligned so that
the full area- of the PN cathode was illuminated.

S
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low dafk'current' fast resporise time (2 nsec. pulse rise time),,"

and hlgh galn at low overall voltage (tynlcally 750 V).

. The pnotqmultlbller was mounted in- one of. the windows of
the chamber and was ontlcally allgned so that the- full’ area of
the PM cathode was lllumlnated ' '

4.3 Electrode Arrangement.

Both electrodes were m%de of brass.  The upper electrode
consisted of a hé?i-sﬁher}éally cépped-fod of 0.8mm radius.
The lower plane electrode was 12§m in diametér. machined to a 90°
Rogowski:profile, aheras electrically isolated from the rest of
h %he‘chamber which was permanently grounded. Before each sePies
of measurements the electrodes weré polished to a sufface finish
of about 1 micron.

A number of different nolishlng methods were employed in
‘order to determine a convenient and practical way of polishing.
At first ?olishiné powders‘Were used'f:om grade 400yto grade 1000.
Each grade was applied for a period of time until the surface
ghowed a gnifprm roughness and then tﬁe electrode was cleaned
thoroughly wit@ methanol<:;;}ore the higher grade was used. This
method while if gives good results, ﬁroved to be rather labor-
jous. - Great care must be taﬁen to ensure that the ;ur?ace is
absolutely clean before é.higher grade 1s used. The reason for
‘this being that one powder grain from a lower grade can.produce
scfgtches on the surface fhat can be removed only by returning

to that grade.

Chemical polishing waS'qubseqﬁently used. A solution of
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three acids-was used at elevated temperatﬁfe. - - S "f .
acid . B ' . S

% _content

Phosphoric - HgPO, - . 55 o
Acetic - CﬁBCOOH L 25 . 60%T(80°
© Nitrie #'HNoj ' . 20

The heatlng and chemlcal etchlng was - condﬁcted lnSLde.a fume-
hood - The results. lnd{cated ‘that the surface ;lnﬂsh'depeneee
_critically on the time that the-electrode was Lmersed in the
solution. A tynlcal time For a- unleorﬂly pitted electrode was
1'5.miﬁdtes However,‘after the etchlng was comnleteq the sur-

face of the electroae con»amned a*scolouraulons from reszeual

"qoxlues that were ulfflcult to remove- w1tﬁfexgleanﬂng agent

-

Thus, at times furtber DOllShlng w1th a flne powder was neccessary.
. e
'rlnally, it was aecxded that both of the above methods

were too elaborate to be usea ~after each series of etnerlments con-

sidering that the pressure range and gap-length usea, could _nvo1ve

a spark mechanism insensitive to-the electrode surface. ~Instead,

: agter each series of measurements the electrodes were uniformly
. =

-

~polished with an abrasive comnound (Brasso) with maximum grain size
of 20um and then with red rouge lanolng compound of O Spm grainsize,
Thls Drocess provided a Dolﬂeh comnatlble to the urev;ous methods

in a much shorter time,and was. used tﬁ*ough— the experiments.

L.L Gas Mixing Procedure.

The gases were. m*xed by adJus ing the'oressure ratio,

a4

and the f£inal mlxture Was checked. for accuracy using a gas ‘analyzer.
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Figure 4.2. Calibration curve for the HF50 Gas &nalyzer.
The SFs/NZ gas mixture was monitored for N, cgntent in the
‘above shown range. ' ’

The gas analyzer was a HF50 H,/N, mixture monitor, calibrated for
SFé/N2 nixtures. . The EF50 analyzer provides’ a reading of the

% contenﬁ of ﬁitrqgé; by measuriﬁg;the thermal conductivity of
the mixtﬁre—with a.precision thermister.: The instrument had *o
be rebalibrated'@efiodically and a typical calibration cﬁrve is

. shown in Figure 4.2. Three standard mixtures were used for the -

)
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calibratioﬁ. For consecutlve use. aften thE '\\fbraticn curve-r"
was obtained the O% NZ nomnt had to be reset\each tlme before

. N l
- a reading was taken. - The gas analyzer was used ln the range of

\ -
- 10-90% of N2 content and 1t crovzded a measurement of the mlxture

~
| ratlo wzth an accuracy better than +1% Mlxtures contalnlng low )
‘Dercentage of one of the constltuent gases were mlxed under vacuum
-,condltlons The chamber was first evacuated to 0.01 Torr and
'the lower constituent was admltted to ‘a nartlal nressura corres-
condlng to the desired mlxture. The second constltuent was then :
added to the predetermined total nressure. A thermocodnle vacuun -
gauge was used to measure the low pressures rathe* than a me”cury
gauge to avoid: any ccntamlnatlon of the test cnambev with mercury

vapour: ) _ )

_ Measureﬁenﬁs in nitrogen aad'SFs-nitrogeﬁ mixtures were
made after evacuating the chamber.to 0.01 Torr, flcshing it with
nitrogen and subsequentﬁy by evacuatdné to 0.1 Torr. The nitrogen
used was highlpurity while'the SFé'was commercial grade $8.8% pure.
The gases were dried_and filtered through 1 micrcn‘filte; prior £o
admission into the chamber and in'addition a small amount o% _‘
activated alumina Qas.placed at the base of the chamber'to.remcejf//
chemically active compounds produced by the discharge. : £

L,.5 The Voltage Supply and the Data Acauisition System. -

' The schematic diagram of the voltage supply and “the measur-
ing system 1is shown in Figure 4.3. The impulse generaton was:-
adjusted to supply an impulse wave of 1.5/5Cusec. The voltage

was measured with an R.C. Haefely type divider. . Additional vol-

. tage signal division inside the control room was obtained using
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microwave attenuators whOSe oerformance was found suoerlor to
that of conventlonal dlvzders. ';_ -

- The 50% lmpulse breakdown voltage was obtained using
.the."uo and.down" method. For each breakdown value, at least
25 1mnulses were applled at a VOltage close to breakdown
The current shunt used for the measurement of breakdown current .f
was a "squirrel cagé" type (64) constructed of carbon resxstors

- The photomultiplier and the current 51gnals were fed .
into a R7912 Tektronix transxent dlgltlzer The .R7912 Trans;engi\\
dlgltlzer l§'a high speed signal acqulsltlon instrument capable
of operating in either the analog.or digital mode. Acqur;éd wave—
forms up to S00 MHZ {or 1 GHZ direct access) are converted to a

., more useful speed and format sultable for v1ew1ng on & standard

" video monitor. Incoming s1gnals can be viewed on a monltor

and simultaneously stored on video tape.. The Memory Controllerl"
(or 1350 memory display unlt) provides all the controls nece-

ssary to“load the R7912 memory. It can ®en read datz from the
memoxry and convert'it to'x—y analog data for driving non-raster
sdisplays. The storage display (or 603 storage monitor) is
connected ﬂebthe 1350 control unit and simultaneously interfaced -
‘w1th the 4631 hard copy unlt, so 1ncom1ng szgnals can be viewed
on the dlsolay and subsequently stored in a hard copy form. _—
This tyoe of arrangement is not only-convenient, but lt .

allows the sterage of a large number of waveforms that can be

used for statistical study, which is essentizl- in most high“voltage

measurement
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h»B Shleldlnz of the Annaratus ; o he L o ".~ ‘_

The measurement o; ranldly changlng volt ages and cu/rents

. reculressneCLalmeasurlng technlques and - nrocedures Oneratlon

-

of an lmnulse generator glves rise to electromagnetlc lnferference

caused by tranSLent cotentlals and by strong electromagnetlc fields

-

assocxated with the charging and alscharglng of stray canacxtances

.to ground. -Th ray cacacltances are malnly dlstrlbuted capac-

ltances to ground along the Imnulse generator, tesu chamber, and -
lnterconnectlng leads.' Because of the hlgh *ate of VOTtage change,

the charging and dlscharglng currents may reach peak values of

some Xiloamperes (65). Thus, electromagnetic interference will
‘be generated either through the.air or from transient potentials
.caused by the return of these currents to the generaters ground_ng

_nlate (or groundlng roas) through the grounq impedance. Even at

fairly log_ground lmcedance equalizing currents will be drlven
through the entire ground system and result in unwanted noise.

In .order tqQ reduce the noise input to the measuring system.
a numhen of precauticns were taken; .
1. A shielded room was built to try to prevent the.electro4
magnetic fielde from nenetrating inadequately shielded
instrument cabinets. The walls, floor, and ceiling of the
shieldedcage (12'310'x10 ) were made of double copper mesh
which was electrically connected tc the grouna plate of
the ‘impulse-generator.
2. All measuring instruments were located inside the cage

and were powered through an isoclation transformer placed

between the page and the mains. However, it was found
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' -~ -that the qver-all.shiéldiqg was inefficient due to noise

transmitted through.the powef limes. ° This conducted

- interference was suppressed by'conventional RFT nower-

1

line filters.'_ In order to achieve hlgh qual*ty wide-

-

band attenuatlon.,*he filters were nosmtloned in the power

lines feedlng the cage and\in contact with the external
, _ — .

»  wall of the cage. . S

3. Hultlnle g*oundlng of the measurlng cxrcu1 generates
. ' - currents on the cable ShLEldS, which induce noise in the

-smgnal_qla.canacitive counling. This tyne of interference

L8

was.atfenua ed to 2 large extent by reducing the grounhding
paths to a oractlcal mlnlmum A copper sirip (1m wide)
. . was connected to the ground plate éf_ihe generator and
‘ extended to the Ease of the test object as shown in F§gure
b4, The cage was int;oduced.to'thé ground cifcuit by‘a
éimilar copper sirip connected\to its base aﬁd extending
in the interior to provide éarth—tans.for the measuring
equipment. The signal cables were ;riaxial and a typ- .
ical ground connection is shown in Figure b.%;
Since electromagnetlc lnterference enters. 2 measuring
system in its radiated and-conducted form, and because each of’
the above measures provides an attenuation rather thar comnlete‘

suppression, the nerformance of the present system can be claimed

taply as "adequate" for the-type of measurements involve@.

L
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Figure 4.4. Schematic diagrarg ofthe grquriding system of
the impulse generator facilizy. Ty%q.cal ground connectlons
; p ; :

of a triax-cable and measuring instrument are shown, together

with the generated ground loop GL. &
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L4y 7 ‘Corona Onset Voltage Weasurements

-

" The corona onset voltage measurements were nerformed
_under dlrect voltage condltlons .The detectlon c;rco;t_con— -
“: sisted of a 10 Kﬁlofohm resistor in series with the‘test g2p~
and an oscilioscope, thaf moni;oredlthe VQltage drop ecfoss-
Athe resistor. - A pair of fast responding diodes.connected_
‘ back to back were also 1ncluded in the ¢1 rcult to orouect the

osc1lloscooe from overvoltages that could result from hlgh

‘ breakdown cprrents. .

?he high foltage supply was a Deltaray HVDC generator
_with an output voltage.of 0 - 1000KV, outpot current 0- 2 mili-
‘amperes and a superimposed riople w%:hin 0.01% of the output
voltage. - | o ’

The aﬁplied voltage was raised up to 90% of the onset
vaiue at a rate of 10 KV/sec and thereafter at a rate of 6.5:
KV/sec until the onset voltage was detected. The coroﬁa onset
voltéée is defined here athhe voltage at which the first "voltage
juﬁp" is detected on the oscilloscope. The corona onset—voltage

values presented in this work represent the mean value of at

least ten individual measuréments.



- CEAPTER 5. ... . .
EXPERIMENTAL RESULTS

In thiS»chanter. lmnulse breakdown measurements of

both nolarltles are. nresented for. SFG, N2 and mixtures of the

twn gases.. Mlxtures contalnlng 0.01% to 100.0%‘SF6 are lnvesti-
gated over a nressure range extendlng f“om 300 torr to. 5 bar -
and gap lengths ranglng from 5 to SOmm Resulis dn the temp-

oral growth of ionization are nreqéi?eq through nhotomultlolle“
_and ulscharge current Q§asuremenus Further information on

the spatlal.growuh of impulse coronas and_sPark‘trajéctories g

in the inter-electrode area is given in the form of still ‘photo-=

graphs. D : I )

o The 50% breékdown voltage (VSO) fof.most measurements
had a stardard deviation of less than 10% of Vgq-  Repeatabil-
Ety of results was in most cases good. However; for SFG/N2

miXtufes under certain mixture ratio and total pressure condi-__
tions, the repeatability of the results was relatively poor;
Hence, unless otherwise stated the repeatébility of the results
will be consideredas being within experimental uncertainty limits.

. a
Uncertaiﬂjy‘bars,'are’inclﬁded in areas-where‘fhe error was
relatively large, or in cases where the .error bars could have an
"effect in  the interpretation of the resulis.

. . _

5.1 Breakdown Characteristics of SFé under Negative and Positive

Impulse Voltages.
The breakdown characteristics of SF6 were examined

separately from those of the SF6/N2 mixtures.  Unlike N, which

-58-
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" has unlform breakdown voltage pressure—characteristiée ﬁnder ;
both oolarltles, Sr6 ‘was exoected to exhlblt a dlscontlnulty 1n;*
thebreakdownvn;mage—oressure characterlstlcs 1n the oressu“e
range of 1 to\3\%§; (17,19,57).

By aoplylng negatlve lmpulse voltage on the. rod electr-
Iode ‘and varying the gap length, the breakdown voltage gap

length characterlstlcs of Flgure ‘5.1 were obtained at varlous

. -gas nressures. One observes that the slope of the curves lS\\h—#’//

larger at the lower gao length reglon. ThlS is because at
hlgh gap lengths the corona onset voltage depends mﬁ!ﬁly on the *°
radlusfof the hemlsoherlcal tip of the ‘rod electrode Hence the
corona and spark onset voltage pressure characteristiQS'have.a
saturatioh tendemcy at higher gap lengtihs.

| Figure'5q§h§llustrates the negative impulse breakdown
voltagempressure characterlstlcs of SFyg for dlfferent gap lengths
The 50% breakdown voltage_lncreases with pragsure. uniformly

over the pressure-E

of 1-5 bar. There was very little
scatter in the values of Vso'an@ the degfee of.reproducibllizy .
was relatively high. ) | ‘ | '
*The measurement-of VSO was made with 2 Tektronix 549 sto-
‘rage oscilloscope. The signal prior to its lﬁput to the oscillos-
cope was attenuated 897:1 with the high voltage divider and 10:1
ingide +the cage with a mlcrowave attenuator The overall divi-
‘sion of the signal was tested with the aid of low voltage cali-
bration pulses (100-500V). ,This method, while acceptable

for high voltage dlvlder callbratlons, has been c”iticived for

its effectiveness to present 2 veallstﬂc sztuatlon where the in-

put signal has high dv/dét values. . A5 an »dded means of checking

b oA s ikt
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5 %o 50‘mm.
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the measured breakdown Voltage level ar- comoarlson is- made .

"'of the oresent measurements w1th resulis’ obtained by howard

_ 10mm and 2 -50mm gap. It is seen that 2 corona stablllzed e

- P

(20) and Sangassad (55) under similar etoerﬂmental oondltlons,

As shown ln Flgure 5 3 all results compare well through out
the presgﬁre range and for both gap lengths

Posxtlve rod—olane results are shown in Figure 5 & .

where the breakdown voltage is olotted versus oressure for‘a

regior{ appears in the 50mm gap- for ‘pressures less than P

min B

'The breakdown voltage ncreases rather rapidly Wluh pressure up -

to Pm y whlch corresnonds to a local maximim in the voltage-
pressure characteristlcs followed wiih a negatlve slope in uher
P nax Pmin region. Past P'. , the breakdown voltage 1ncreases

again’'with ‘pressure but, at 2 lower rate of increase: For th

10mm gdp., the voltage maximum and the corona stabilized region

seem less distinct and shifted towards hlgher oressures.

This is in agreement with results presented by Works and Dakin

(19), Hazel (7), and sangassad (55)-

Ir comparing the curves of Figures 5.2 and 5.4 one obser- "

ves that breakdown under the same gap-length and-pressurewcondif
tiofs was always lower for positive impulse. in addition, no -
voltage maximpum was observed under negatlve polarity in <the
oressure range of 1-5 vbar.

Iu sould be no»ed that a voltiage maximum for negative

'd

arity does exidt but, it occurs 2t a higher pressure than
5. .
f the positive polarity (?8)

'd

v

»
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the corona stabilized  region is not as well defined

for the 10mm gap.
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admxtted into the test chamber,

“imum of one hour before ahy br

T -5

5 2 Nezatlve Imnulse Breakdown in. SFOZEz Mlxtures

The SF6/N2 mixtures were mlxed by the orocedure

descrlbed ln the prev1ous chabter . After the two gases were

he mlxture was allowed a2 mln--

alkdown measurements were taken
" rlgure '5. 5 shows negat‘ T oulse breakdown voltage'

data obtalned at a total nressure of 1 bar for dlfferent mlxture

.ratiocs and gao lengths. 'Each curve renresents the breakdown

voltage of 2 mlxture plotted as 2 function “of mixture ratio.

The latter was varied from 100%. SFg to 100% N, for a fixed gap

length. ‘The curves of :lgure 5.5 ’ollow a pattern reoorted
arlier by noward(ZO) (rlgure 2.1) and Weiland (35),for quasi-

uniform and uniform fﬂeld gaps. |, As the % of SF6 content is

reduced, the dlelectrlc strength of the mixture decreases av a2

constantfrate down to- about 10% of SF6 ‘and thereafter the rate _-

of decrease_beéomes_more rapid.

.Figure 5.6 nresents breakdown data for different mixt-

.

ure ratios ln a lomm gaDp, at-oressureslranging from 1.0 to 5.0 bar.
Starting at the low pressure, end, one observes that for, Dressures
b to about 3.5 bar the breakdown voltage—mlxture ratio relati-
onship is similar to that of Figure 5.5. However, at 5.0.bar

of total nressure the dielectric strength of the m1xture shows ’

an unexpected decrease at relatively high contents of S¥g- This

“effect 1s more pronounced in loenger or less uniform fleld gaps,

'as shown in Figure 5.7, where breakdown voltage aata obtained for

a- 50mm gap are plotted. In this case the dielectric strength

' of the mixture is drastically reduced as tHe content of SFg is
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:-VSO was generally lower than 5%.

- .-69—

reduced from 100% to 80%.

Although the curves of Flgure 5.6 lndlcated a trend of .

.loss of dlelectrlc st*ength at hlgh nressure and/or gan length.

the sudden dron/%xhlblted in the 3.7 and 5.0 bar curves of
Flgure.S.? wes not antxelpated.. Due to the lack of nubllshed ‘
data relating tp‘this effect, the repeatablllty of the break-

-dewn resdlts in. this region was-methodicallj tested, and feund"
. e R : ‘ s
to be satlsfactory Similarly, the scatter in the values of

-

~
~
N

'r

5.3 Positive mnulse Breakdown 11 Sré/N Wlxtures

The breakdown characteristics .of DOSltyve rod-plane gansf

in,pure Srs have been’ studied more lntenslve;y than those of ne-
gative polarity. Several investigators have shown that the non-

uniform field breakdown voltage-pressure characteristics of pure

SF6 exhibits a negative slope al‘the lower pressures. The

phenomenen has been ascribed o a space charge modification of

“the ;leld (19)

Flgure 5 8 shows the breakdown character*stlcs of
SFé/N2 mixturés for a2 10mm gap and pressures in the range from
1.0 to 5.0 bar. At the higher pressures the brezkdown voltage

mixture ratjo relationship is nearly linear with a plateau

between-approximatelj Lo to 60% SFé;cbntent. At %the lower (~\f

_pressures, notably at .l bar, a new trehd,beg;ns to develop. \

The addition-of a small amount of N, to SF increases the break-
down strength of the mixture above that of pure SF & Figure 5.6

shows that thils anomalous increase becomes more-nronounced and
X . . ]

. v
-
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rather unoredlctable as the length of the rod—plane gao
1ncreases (or the field dlstrlbutlon becomes less unlform) In .
* the extreme case, the dlelectrlc strength of mlxtures composed
of some 50% to 80% SF6 wlth 50% to 20% of N, at a pressure of
'-1-bar approaches the dlelectrlo strength of the same mixtures
"at a pressure of 5 bar. Figure‘5.9 also shows the break-.
down values for pure N, (dark points on the vertical axis) at
5.0, 4.0, 3 0, 2:0 and 1.0 bar .in descendlng order.
- It should be noted that for pressures above'Z bar, the’
breakdown values in pure nltrogen exceed the corresoondlng
values in mixtures comoosed of 20% and 10% Szé ~ The anomalous ;
behavlour of the breakdown characteristics in mlxtures of high
and low content of SF6 may be better apprecmated from Fagure
5. 10 -in which. the breakdown,characterlstlcs for pure N2’ pure
SF6 and for different mixtures have been plotfed versus the
" total oressure. . At lower pressure (below 1 ba_), the curves
for the mlxture w1th hlgh Sr6 content exhlblt the famlllar
steeo lnorease in breakdown voltage with pressure, generally
described as "corona stablllzed breakdown” followed by the
negative slope at hlgher pressure. Addltlon of 15% of nlorogen
-to. SFs causes a, 1arge increase in the dielectric strength.
t pressures higher than 2 bar the breakdown voltages

of the gi%; 85% and 65% SFg mlxtures-drop below. that of pure
SF6 and continue to do. so up to 5 Yar of total pressure.

At lower SF6 contents and pressures above 2 bar (Figure

5.10) the addition of some 10% %to 20% of SFg o Vz causes a

reduction in the dieleotric‘strength, a2 phenomenon not recorded

"
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orev1ously in the llterature. Addltlonal studles were

p

:ftherefore undertaken ln mlxtures contalnlng less. than 10% of

SF6.
' The content of Sr6 was varied from 10% down to 0.01%.
As the content of SFs was reduced below 10% at first the

‘breakdown characterlstlcs followed the Trend shown in Flgure‘

5. 10 that lS. the oeak breakdown voltage ocbserved at the lower

oressure contlnued to fall wlth decreaszng the content of Sr6

_As ‘the content of SF6 was reduced below about 5%, the break—‘

“down, strength of the mlxture started to lncrease, reachlng a

strength well in excess of that of oure Sr6 as shown in Figure

ty

5.11 and 5.12 The- hlghest streng*h was observed ln a mixture

of 99.8% of nltrogéh and 0. 2% of SF6 Further decrease of

' SF6 content lowered the peak breakdown values. Comoarlson

of the curves shown in Flgures 5.10 and 5.11 show that the max—'
imum strength in mi xtures contalnlng a fraction of a percent
of SF6 occurs at z oressure of about 2 bar, while in mixtures
composed of high SF¢ contents (h igher than about 5.0% SFs)

the voltage maximum is observed at about 1 bar of -total pres~
sure.  For mixtures with less than 0.1% of SFg, the oeak:of
maximum voltdge is shifting to hlgher pressures proportionally

to the Dartlal pressure of SF 6

Figure 5.12 shows thet the addition of 0.2% of seélto

L
- nitrogen approximately doubles the strength of pure nitrogen at

about 1.7 bar of total pressure,‘an effect similar to that rece-
ntly reported by Farish et-al.(3) for mixtures of SF6 HZ‘
At pressures above 2 bar the pattern of the breakdown
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characterlstlcs as shown in Flgure 5 11 becomes complloated T
and unoredlctable. While “the scatterlng ln the values of
) VEO was small, the reoeatablllty of “the measurements was very

noor . However, lf the breakdown voltage nattern in thls

region is h ghly sensmtlve to the mlxture ratlo, then the re-

Deatablllty of the results cannot be orooerly examlned 51nce
the error lnvolved ln oroduclng a 0 05 Sr6 mlxture could
as hlgh as ten to thlrty oercent

. ‘ Under positive oolarlty-and‘both long.ard short»éaos, it
was observed that, tbe measured breakdown values for dlfferenu
mlxtures were 1nfluenced in different ways by the lmmedlate
hlstory of the gas. Phenomena such_as res;dual gas lonlzatlon
and electrode and gas temperatures caused by orevrous soarks
were found to affect the breakdown values of dlfferent mlx?ures
. differently. To minimize such effects, a-time interval of 1
,mlnute between consecutive impulses was adooted ‘.This time.
was found su ficient to give cons1stent results |

5.4 Temporal Growth of Ionization.

The temooral growth of ionization during and dollow1ng
breakdown was lnvestlgated malnly with the use of a ohotomulul-
oller‘. Each ohotomultlnller s;gnal is a-typical trace,_rep;es—'

dnting at least § to 10 51mllar traces " recorded

-

for each

different set of eondltlons The ohotoeleotric records were ,
'sunolemented'WLth current measurements during the. spark develq-

Dment The maln emphasis in these measuremenus was oléoed on

b;Eakdown rather than nrebreakdowr nhenomena Hence the currenf
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measurenenos were not pursded to a great extent.

5system whlch has a sensmtivity of %the order of nanoseconds is

" records durihg the breakT

[Ta
-

I\'-n-u_t—*

l
tl -?8—' . _.i: -7 -‘ ~o
| _ S

The ohotomultlolﬁer-transrent dleltlzer system used in -

these exoerlmente is des&gned to glve a hlgh devree of temporal

‘ resolutlon The results presented in this work show the como-

- lete photon ac~1vmty in [the gap from orebreakdown 'to recombin-

ation process whlch take place in 2 time lnterval of the order

of mxcroseconds .~ Therefore interference of the measurlﬁg , .

minimal.

g

5.4, 1 Growth of Ionlzatlon in Necative RodePlahe Gaps.

Figure 5. 13(a) shows typical pnotomultinller current

down of 2 5mm gap’ "at a oressure of 1 bar

. ih'mixtores ranglng from 100% SFg to (607 of nltrogen

" In pure'SF6 at breakdo n, the sharo rlse indicates the form—-

ation\of the leader ‘stroke, followed by.the~ma1n stroke which-

- is barely dlstlngulshable and a broad pulse a few microseconds

sater. ‘Slmultaneous curreno records showed no significant

.'current Tlow correspondlng to the last pulse. (rlgure 5 1?fd)).

Dale (Sh) obtained similes ohotomultloller traces from soarks

in air gaps. which he .also phouographed Wluh the use of a streak

' camera. The- streak oho»ograohs did not record any llght during

K .- &
the las<t- pulse and Dale concluded that this oulse WaS' a saturarwon

”fect of the oho»omultloller tube. In the l_ght of these result

L]

a nomber of tests were conducted by the author to determine the
origin of this pulse. The results of these tests (see Aooendle

suggest 2 similar ea@uratlonaefreou as that’ oescrlbed by Dale.

-.
-
roe : . "t '
. . . : -
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. As the gan was - lncreased from 10mm to 50mm, corona nulses

were obserVed in mlxtures of qlgh nltrogen content, but the over-
\
all oatte'n of the nhotomultloller pulses remalned unchanged

5.4.2 Growth of.Ionization in Positive RodFPlane'Gans.

Renresentatlve ohotomult plier records o_ positive lmnulse
'rod-plane gap’ dlscharges in ‘6/N2 mlxtures and in the consul*uenu
‘gases are 1ncluded in Figure 5.14(a) to (c). At a pressure of
1 bar the photomultiplier records were very_similar to those .
observed under negative pplérity {Figure 5.13 (e)).

P(bar) | ! B(bar) | A _J{ 2(bar) |
|\ 5.d i AL L Uk d | _b.d I/
- . NS | - L . a -
\ 3t/ N LY » | sl 1/ .
Ny _H f\\\ —4" — . o . .
o | 2 Ao TN [3d VN
. . 25 0ps) L 10us. |_blousq
JWAANE NEEEAEEE
ST TN [ - N 74
/N ha [ N LR bl /TN )
I~ PNt the) Y r |
uG N ‘11() 0.05% SFg  1l(e}  SFg
Fig.S.M Effect of pressure on the, phoforulciplier e

pulses {n Ni, in Ny-comtaining 0.052 SFg
and in SFg reapecrively. (a) Nai (b) Ny -
SFg aixzure: (¢) SFg . o

.

The photemultiplier,t:aces observed at a total pressure of
about 2 bar in pure nitrogeﬁ, in nitrogen containing a small amo-
unt of SFG'(O.OB), and, SF, are represented with *he second
lowest trace in Figures 5. 14(a) to 5.14(c) respectively. As it
is ?een addition of a trace of Srs to nitrogen at that uressure
caused an lncreaee in the magnitude of voth the corona and the

leader stroke_pulses.

§7 . : N _ _ : -
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The time lag between tbe corona ou?se and the 1eade* y

stroke 1is c‘osely relat ed to t“e stauisoical time lag ;o:

breakdown. Corona discharges take place in the front of

- | . : a .
the impulse wave close to the peéak voltage, while the leader

stroke reoresents bridging of the gao by the discharge at
breakdown " No exact measurement of time lags was nade, but
statistical time lags were observed'to be lonhger at low ‘pressure

and small gap lengths. .

5.5 Spatial Growth :of Ionization.

_rical tip.  This observation suggested that under certa

. During the course of breakdown voltage measurements

in SFs/NZ nixtures, ‘observation of the electrodes after 2 series

of breakdowns showed tha*t the rod electrode was at times pitted

or dis-colourized a_opg the c¢ylindrical part, awéy from the sphe-

conditions, depending on mixture 1"e.'tio and’ pressure, the spark

was forced to ‘initiate away from the tip of'the electrode.

On the tasis of those observations a still amera. was in tro—
duced into the system. - An FTb Canon, 35mm sin gle lens reflex
camera was used with az 50mm macro lens. *.* The camera was moun-

ted on one of the test chamber windows. Photographs of spark

trajectories were obtained in Sré, N, and 5:6/N mixtures, and

impulse coronas under be<h polarities were zlso photographed

whenever vossible. The magnification in a1l th g 1llustrations

is approximately 0.9 times that of the real object:

\
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5.5.1 Spark Trajectories in NZ,;§F5.'andeF6/N2 Mixtures.

Spark discharges in nitrogen were photographed under .
'both nolarltles in the Dressure range of 1.0 to 5 0 bar. '
Under negatlve polarity, the snark naths were sllghtly curved
as they approached uhe nlane eTectrode. irrespéctive of gas:
pressure. Under prositive polarity and low pressure, the
sparks followed the minimum path distaﬁce along fhe line of
highest field strength. = As- the preésure inéreaseq the spark‘
trajectories curved in a proportional manner.

Figure 5.18 shows two typical discharges at 1.0 and 5.0
bar of nitrogen. These photographs indicate that there.is a
certain relationship between the gaé pressure and the‘number'
and distribution of the positive ions in Nz. At hiéher pfessu;
res, the space chargesurroundimgthe andde is épparently larger
"and corona stfeamers that would ordinarily move towards the
cathdde are retarded and choked, until the volt age becomes
high enough for them to reach the cathode by g*aveTI ng around it.

In SFSW photographs of discharges under negative polari-
tw'didhot show any defini@e trend as the pressure Varied. For
positive rod-plane, nrevgéus investlgauvons (18,,,,56 57) have
either indicated or shown that the spark trajectories are highly

curved in the corona stabilized region (around Pmax Figure 5.4).

The photos taken here are in agreement with these observations.
At 1.0 bar where Pmax odcurs, the spark‘advancéd from the tip

of the anode to the cathode zlong a highly curved path. As the
pressure increzsed to Pmin (1.7 baf) the curvature 6f the paths‘

decreased, and for pressures higher than Pmin-the spark paths



that the effect respon

were moderately curved. ' Two typical spark trajectories in 1.0
: d JS I J

-

and 5.0 bar of_SFé-are shown in ‘Figure 5.19. Most of the sparks
in SF, travelled along the line of highest field strength for a

few millimeters before they finally curved.

" In comparing Figures 5.19 and 5.18 one observes that

while in N2 the curvature -ncreased with D*essure, in Sr6 the

~ -

spark paths reached-maxlmum curvaziure Ln the region where corona

onset preceded breakdown. Also, curved spark paths are in both

cases associated with locally maxinunm breakdown voltage._

Spark discharges in SFs/N2 mixtures with high SF conte-

nts.d‘d not show significant differences from pure S7 Ix However

investigati ng Sré/V mixtures with less than 1.0% Fé,_a nos<T

unusual nhenomenon was observed unae* DOSlt’Ve impulse conditi
ons. . The polnt of spark Lnltlaulon on the rod e%echroae moved
T‘tiﬁ as the pressure varied. An extensive
/N, mixtures with 0.1 and 0.2% SFg, showed

1sible for the movement of the spark which
will be refered fo as "creep effect", has a definite denanaence
o the partial pressure of SFg. as well as the total pressure
of the mixture.

) With reference to Figure 5 lﬁ,une breakdown voltage-pres-

sure characteristics of the various mixtures have a positive

slbpe 2t low pressures, followed’by 2z negative slope and there-

e

after the breakdown voltzge remains at a low level without a de-
finite trend. Spark trzjectories at the high pressure end initi-
ated at the point and reached the plane elecirode viz moderately

- -

curved paths. Reducing the pressure to the region of the nega-
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tive slope,.the’snark lnltlatﬂon DOlﬂu moved away from the

'snhericaiftiprm~ the voltage. maxﬁmum(l 7 bar ), the preep‘dis-‘

*ance a_ong the rod‘electrode reached a maximum value and the
snark uraJeCuorles 'a maximum curvature.' Iin reducxng the Ures-
sure below 3 (to about 1.0 bar), <he creep dlstance was redu-
ced\to zero and the curvature of the uraaectorles was mlnlmlzed
' A tynlcal set of results.for an SFé/N2 leuure;Wlth 0.1%
SF¢ is shown in Figures 5.15 and 5.16.  Photograph 5.16(b) dis-
plays the naximum creep distance and curvature.® Oﬁservations

of the rod electrode after the measurements showed that, at 1.7

- L

bar the creep cilstance was as high as 3. 5 to 4.0 cm. o

s

These results indicate the existence’oi a space charge

SU””O“Pd-“ the rod electrode and provadly extending to <he inter-

. s . .
e;ectrode area. Also, while the curvature of the trajectory 1S
associated with Pmax' the creep distance Seems o depend orr the

partial pressure of SFg. Figure 5.17 displays now the creep’

distance varies with the percenizge content, or partial pressure

of SF6.' Ag it is shown in nbo»ogranh 5.17(4) the creep distance

is reduced to zero at about 7.0% of Sr6 content.

5.5.2 Impulse Coronas in SF6 N, Mixtures With Low SF6_Content.
- Lmnulse coronas were _hotographed in pressure reglons
and mixtures in which corona onset Dreceaed spark onset. Ilford

£ilm 400 ASA was used and in mosT cases +he negatlves Were push-

* Note that the spark ends at the edge of_the plane elactirode

'V w
X
&

2
¥

}

.-_‘...:..i...\



*

~processed at 1800 to 2000 ! ASA. . The 1ens used was -2 Caﬁon “D.~

ﬁL1 8 Figure 5.20 shows two, nosxtlve 1mnulse coronas in an
SP /N mixture with O- 2% SFg at 1. o and 1.7 bar of total p_ressuré._
Both coronas show intense streamers concen rtrated around theféphe-'
rical tip of the electrode and unlike nure N, ‘and ST one can
obéerve streamers of moderate intensity surrounding the c&lin;
drical part of the.eieéffode. :'At 1.0 béf'the corona streamers
grow in the direction of the plane electrode, coinciding with
the tfajeptory éf the .sparks at this pressure which have low
turvature and zero creep distahce. While *the coronz pulsé.at
-1.0 bar 1s generated at a voltége cfoser 0 breaxdown than that
o

of 1.7 bar, the streamers assoclated with the latter have a

considerably higher luminosify.
- . Pig gure *5.21 showé a positive and a negative corcna
pulse~at-1.7 (Pﬁéx) fo:ha 0.1% SF¢ mixturg.’ The positive coro-
\ na is’simil&r-té that of Figure 5.éo(b). ‘ ;he intensity of the
s
streémers is somewhat‘higher, but again no.lon rangé streamers
are observed.- One wou;d exﬁect that streamers extendin to the
cathoae should start above the tip, with 2 c}eep distance egqual

to that of the discharge. The negative corona, shows a flare-

like character and advances to the anode in a curved path. )
‘ \ : . .o - . . Van :

5.6 Coronz Onset Measurements.

The coronz onset measurements in SF
mixtures will be presented in the next chapter for comparison wiih
the theoretically calculated streamer onset voltage.

3

The lowest corona onset vol Tage measured was that of

nitrogen. It is interesting to note that mixtures with low SF6
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-ccntent uhat exhlblted a DOSLtlve lmnuWSe breakdown vo’tage at

A}

nlgb nressures consi derably 1ower than’ nitrogen, have an bnset

-

voTtage at these nressures higher than‘that-of_nitrogen.

~

. » This 1s shown in ?lgure S. 22 where the breakdowr and onset

»

‘voltage of a SOmm gap in 0. 2m SF5 mixture and nitrogen ar e plot- .
"ted versus pressure. . As it is seen, the onset voltage of.fhe
0.2% SF5 mlx*ure is sllghtly nlgher than »hag Or.nlurogen and
c01ﬁ01des wlth the breakdown voltage at the higher pressures.

This behaviour.is similar to that of pure SFé and orte could at-
“tridute the vol vage maximum to a corone stabllized breakdown
nrecess. However in a‘further discussion (chapter 7)1t is
suggested that there are some basic differences between the mechz-

ism resnonSLble for the brezkdown voltage Deas of the 1 to 0.01%

8:6 mixtures and that of Sré.
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(c) P,=3.7 bar

i . v

Figure 5.15. §051u1ve 1mbulse ofeakaom of a 50 mm rod-plana

gap in 3F, / ture with 0.1% SFé content. The eff;c£ of N
the total pressure P{\on the spark initiation point 1- crhow.,
for'pressures of 5.0 to 2.0 barﬁreSpecfivel-



Pizure 5.16. In contlnuation of Figure 5.15 the effect of .

~urtner reduction of the total pressure P, is shown in FI

” *t

(o) to (n) for pressures of 2.3 to 1.0 bar respectively. tro-

tozrzpns (f) and (g) are taken under the sgﬁg_cohdit

ionc, oo,
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k in (g) ended on the wall of the chamber,



gure 5.17. Positive impulse breakdown o

gap in mixtures of SF6/N2 at 1.7 bar of’
Shotogravns {a) to (d) show the effect of

on.the spark initiation point at
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Figure 5.18. Pogitive impulse breakdown of a 50 mm rod-plan
gap in Nitrogen. ' The effect of pressure on the sparx moven
through the gap is shown in photographs (a) aﬁd (b). ° Thic
indlcates a debﬁndence of the positive charge concentration

ne cas pressure.’

I
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"(b) SFg. P=1.0 bar
- - Son
re 5.1G. Pésitive impulse breakdown of a 50 mm. rod-plane’
in 5Fg. The unustally high curvature of the spark trajec-

2t 1.0 bar (as compared to that of Figu

d to the presence of the corona stabiliz

| |

sure. : \g\k
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(b) ©0.2% SFg, P.=1.7bar. . '

Figure 5.20. Positive impulse coronas in an SFé/Ng mixture

with 0.2% of SF, content. Photographs (a) and (b) show the

"

6 .
difference in the position ahd intensity of the carona stream- .

ers, as the pressure increases from 1.0 -to 1.7bar reSpectivelyq
. . - . _ .

"
- B .. .
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(a) Ppé;tife : c : o
kﬂb) ‘Negative ' :

.
. *

v oo >

Figure 5.21. (a) Positive impulse corona in an SF6N2 mixture
with O:i% of SFé content and at a total pressure of 1.0 .bar.
(b) Negative impulse corona under the same mixture énd

pressure conditions.
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Figure 5.22 Positive rod-plane impulse breakdown and DC

corona.onset voltage-pgessure characteristics of nitrogen
and 2 SF-N, mixture with 0.2% SFg. ~ Note that although ' &
%he breakdown voltage 0of the 0.2% SFé mixture is cqnsider-
ably lower than that .of nlurogen for pressures hlgher than

2 bar, the corona onset vol age of the same mlxture is

higher than the onset voltage of nitrogen.
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| CHAPTER 6 ‘
THEORETICAL ANALYSIS OF .DISCHARGE CHARACTERISTICS IN
‘SP.6 AND SF¢/N, MIXTURES. '

- - L
-

The aim of this chapter is to present an informative

description of the mechanism of breakdown. operative under the

fpresent ekpgrimehtal conditions, ‘and to calculate a number of

parameters associated with corona and spark onset inSFg and in

SFs/Né mnixtures. . _ )

. The streamer mechanism is briefly discussed and reference

-

is made to various sitreamer formation criteria.. 1In calculating

streamer voltages in rod-plane gaps, use is made’of the optim-

-

ized ‘charge simulation technique developed in chapter 3.

Finally the %theoretical results are discussed in conjunction with

" experimental results obtained in this work and elsewhere

6.1 Streamer Mechanism.

-

The streamer mechanism was developed to explain certain

phenomena that occur in electrical discharges and are net accoun-

‘ted for by the Townsend mechanism. The Townsend thedry is’

1imited to uniform or near-uniform fields and constant voltage
conditions during the prebreakdown developments. . It is a relat-
ively slow mechaﬂism that requéres the generation- of successive
avalanches prior to spark onset.  In this sense, it fails t¢

explain a number of phenomena, such as formative time lags of

the order of 10-9sec that occur in various overvolted gaps, and

most of the observations associated with non-uniform fields of

[y

ose
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ymetr*cal or- asymetrlcal electrodes.. = -

L4

The streamer theory is based on the assumntlon thas
the discharge lnltlates w1th a singlé avalanche, whlch leads to
the formatidn.of a fast moving plasma channel,that_brldges the

gap and producesa collapse of the applied.voltage. The main
. &8
-+

‘contributions to -the developement of the-thebry are those of
'Raether (11), Loeb (30) and Meek (58). Raether investigated
both anode and ca*hode dlrected streamers in un*form and sllghtly
overvolted gabs. 3y measurlng the number of cna*ge car*le*s'
in a single avalanche he showed that avalanches in a Townsend
discharge have 2 carriér number 106, while streamer avalanches
(p roduced with a certaiﬁ.amount of over-voltage), have a carrier
number of the order of 168, ' ‘ - '
This additional space charge and the field produced by if
‘were regarded as the reasons for the ﬁransition of the avalznghe
to an anode or cathode directed,streamer; A Stréamer that moves
from the anode to cathode for example, requires the -initial
avalanche to reach the anode with a carrier number of Nc=1g
‘The rear portion'of the avalanche enhances the field in that
Fregion andaitractsnhotoelecfroﬁs which create new avalanches
that attach to the 0ld one and rzpidly extend the plasma to the
cathode. A condition automatically develops for a streamer
formation; that is, the distance between the ef%ctrodes and <he
aplied voltage "should be suff1c1ent for. the carriers of the
avalanche to reach NC=108.
Meek developed his sireamer theory from observations of

2 cathode directed positive corona streamer and Raether's obser-
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vations of mid-gap stfeamere.l ‘When a foltage higher than the
.‘minimum breakdoﬁn-voltage ﬁas abﬁlied 2cross the‘electrodes,
the mld gan streamers_lndlcated that the field of fhe space.
charge of the avalancne is of the o}der of the annl*ed f’eld.
before the ava_anche reaches the anode.” Meek then considered
the tran51tlon from an electron avalanche lnto a streamer to
oceur when the radial flgld Lr produced by the positive ions'
at the head of the avalencne.ls o the order of the ex*ernalWy
anblled field. ‘ - ‘ '

While bOuh Raether and. Meek ”ecogn ed the need bf photo-
electrons for *he streamer nronagauﬂon, they did not conduct any
'calculaulons anOlVlng photoionization. Loeb (30) developed
a more.explicit theory of sireamer onset by introducing photo-
ionization in *the calculations via the absorption coefficient v.
Accompanying the ionizatioﬁ of an avalanche that yields N ions, °
there is an £.N number of photons geﬁerateg. The absorption
coefficient v will determine how many of these le photons will
be zbsorbed within z region close to the evalanche-and the fracti-
on £, of f.ese photons that‘will lea@ to lonization. Heﬁce on the
_ basis of eonstants such as the probabilities fl and f2, and the
absorptidn coefficient u, Loeb dereloped an explicit relation
for the threshold of strezmer propagation, apﬁlicable for gases
in which theee parameters are known.

In more recent years there nas been a considerable number
£ publications dealing with a varietyof refinements of the strea-

v

mer theory. The influence of different secondary processes

m—

nas beeesinvestigated for various gases, including eXectronegative
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1nsulants such as SF6, for a number:df electrode‘arrangemeﬁte

and gaps ranglng from meters to mlll*meters.

| To summarize, some of the nrenertles of streaﬁer Ereak—
down\incﬁude, concentratlon of the. dlscharge in 2 nar*ow channel
wath branches and - abrunt changes ln ‘direction, high discharge
currents before the avalanche scace charge iffuses to the cauhode
(negatlve cathode), crocagatlon of & streamer without any. cont-
ribution from the cathcde, hlgh speed cronagatlon that results
iv short formative time lags, and absence of this mechanism‘in.

rare or atomic gases.

- : _ | .
.2 Annf“‘atlon of Streamer Theory for Calculating Streamer

Onset Voltages in S¥, and Sfél;g Mixtures.

The main feature of the streamer mechanism is the pertur-
bation of the applied field by.the,space charge of the‘lnitlai
zvalanche and the effect of that perturbationofzsubsequent ion-
ization. A number of sireamer onset criteria in SF6 have been-
developed over the years, most of them basec on analyt*cal calcu-
.lations of Raether, Loeo ana Meek. Loeb and Raether performed
2 number of calculations on the Ln¢luence of the space charge oI
the icnization coel fficients ané successor avalanches. Relaﬁi#ely
recent comcuteracce551011ity nas allowed many workers to carry
out many ‘of these anaiytical calculatﬂons and in zlmost all cases

+there is reasonable agreement with experiment. However, most of
these calcu‘atﬂovs apply to uniform or quasi-uniform electrode
geometrles. The reason for this is that under non-uniform fields

" the mechanism of breakdown in SF6 is far from beilng c‘ear. There

-
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is'a I%ckgi‘knowledgetof cbnstan%S‘Sgch.és: secqﬁdary iﬁ#izatiqn
qoefficients;.ab§orgtion'coefficiénts, 2he varisus probgbilities'
of excitation, attachmen%.and detachment under these conditions.

Variablesmb#suredupder uﬁifbrm fielq éonditioﬁﬁ do not show any

unusual pressure behaviour that would account 1

the negative

slope of the breakdown voltage-pressure characferistics of SFg.

Hence calcufations that make use of uhifqrm figld and low press-

e data should not be expected fo exhibit a be fioﬁr as complex
as that o§ the 5?6 breakdown voltage-pressure éh racteristics. |

This is shown in a recent atiempt of Khalifa et (60) to cale-
- ulate positive spark-breakdown of'Sfé in non-uniform fields.
Using Loeb's sireamer criterion‘as pfesented Ty Nasser in his book'

(63), and ¢, n w(p), £,, and £,* derived under-unifprm field

"2
N ‘conditions, they obtdined 2 monOuonlcally increasing breakdown
voltage-nressure characherlstﬂc., .Khalifa's relaul n does-not
apply tosnon-uniform fields any mdre than Ylt a's simplistic
relationship (59) which is'used for quaSL-un1+orm field distr-
ibutions, and was shown by the authors to be within 10% of their
o own calculations. ,
In the following section, streamer onset calculaticns in
SF¢ are carried put using the onset crit teria of.Pederson‘(él.éz)
and Nittza (59). Pederson's criterion is also used for caleul-
ations in SFé/N mixtures, with Saumgartiner's effective lonization

coefficient for SF é/V as given in chapter 2. L

states and . //,“\\\h_
o ‘

1]

the ratip of excifted to ionized
the probabllity of photolonizat

Hy, W
S
"

AV
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6.3 Streamer onset Voltage Calculations in SEg.. N, and SFééﬂZ

As mentioned earlier,'Raether proposed that avalanché

to streamer onset Wlll ‘oceur when the number of cnarge carriers
8

in.a 31ngle avalanche reaches N -10 For SFé. t“e‘uoual number
" of free electrons’ w1ll be glven by o T
: x _ |
N = N, exp( J (a-n)dx ) o (6.1)

-~ where N _: the initial number of electrons

o .
@ : ionization coefficient’ .
n : ‘electron attachment coefficient - o
in Raether's criterion, N= N,= 108 ‘ Tnls number was shown
to bde independaht of the gas and £ lela uniformity. Nitta (39)5

using Raether'scritefionemd-aséuming that the field distribution
near the surface of the highly stressed electrode is the same as
that of two concentric spheres, with the radius of the inner
spﬁeré equzal to the radius of curvature of the highly stressed
electrode, developed the following relafionship for predicting

- alh s e

streamer onset or breakdown of SFs in quasi-unlfo”m fields.

v, = (z/p)cr u-p-G- (1+_R ) (6.2) ig
- -1 S -1 !
Wherefa;(E/p)cr : 89 KV em™ = bar : N
u : utilization coefficient.
P : gas pressure in bar

G : gazp length in cnm

2 -

k « 0.175 baré cm3

~and R : the radius of curvature of the highly stressed electrode.

L]
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Tbe calculated values of breakdown‘voltage-v -were
found to be 1n good ‘agreement with experlmental results of

rod-plane, rod—rod and sphere—snhere electrode arrangements in

D ressures less than 5. 0baz~(82) The only unknown in the above’ '
y equatlon is the utilization factor u whlch is equal to the

) (avera%e fleld)/(maxlmum fleld) or E v/ nax® E___ is the

max

-fleld at the surface of the hlghly stressed electrode,. which in

this case is the hemispherical tip of the rod electrode. In the
present calculations, the field along the axis of highest field

strength-in a2 rod-plane gap is given by,

o 92 . Rt (2! +z)/((* +z)2>"2‘ (3] 1-2)/ (2} )2
%} = .
‘"‘ L e (G spmer (D) )‘5

R 1 \ . . Z

L]

c(zl-w )7 ((zl+z> SEA
The above eguation is a derifative of.equation 3.6 with respect
to z and the values of the charges Qs and thelr position_zi are
those obtazined with the charge simulation technigue. Emax is
obtained by setting z equal £0 the gap length G. Figure 6.1
shows the field distribution along the z-axis of a rod-plane gap
for different G/R ratios. & reference table of utilization
factors up to G/R=500 1s presented in Appendix 3.

Pedersen (61,62) Droposed 2 semiempirical ouanultaulve

breakdown crlterlon on the basis of Meek's (58) streamer onset

relationshlps. Iin an approximated foxrm, this is given by,
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Figure 6.1 Pield distribution along the axis of a rod-plane gap
for various gap ratios G/R.
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& (e-A7dz =K ) ' R _‘(6.&J

0 . ; |

‘'where -2, ¢ critical length of fhe'ayalaﬁchk

K+ a constant equal to 10- 5 . - T
ients can be expressed

‘The 1on1vatlon and attaghment coeffic
e relation

. as functlons of the pressure and the. applied fleld by th

(see chapter 2.3)

(«on /o= C(E) /o= (B/o)e) (&5

where L(Z) is the fleld along the z-axis given by the ecuaulon
tlaues the fl”Su

(6.3). At the pomnt 24 where an electron ini

avalanché, equation (6.5) can be written as

EEI PR LICOVEICR R o (6:8)

The above equation is solved for 2z, using the Dichotomous tech-

t is by a unlvarlant seanq%) egua-

nique (tha Having found 2z,

tion (6.4) can be Wr’ttenlfluhe form’

f D C (n(z)/b-—(n/p)cr = K
Zg _

where G is the value of 2 at the surface of the he T

aluated and compared to XK.

" mhe LHS of equation 6.7 is ev

to 18.0, but in
is a mere-

* °ede*sen had lnltla_ly given K 2 value equal

(62) he showed that K=10.
Note that with ﬁ-18.0 equation

1) with No=1

a later Dubllcatlon

annronrlate value for Sr6
(6.4) is equivalent to eguation (6.1

L}
1
a "'L'.""":"A’{&w%?" .

Tonfaw.,
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or lower value uhan K will lndlcate if the voltage aoolled T
the electrode wn.l1 be lowered or lncreased resoectlvely . Af
change in the aoolled voltage Wlll result in.a onange of the
values of the field u( Vs hence, eouaulon 6.6 is solved again
for 50 and the orocess is reoeated When the LHS ‘of eouation
6.7 is equal %o K, the aoolled voltage is eoual to the breakdown
or streamer Onset-voltage'ol Sré, for the oartlcular rod-olane
gap (defined by G/R) and pressure D. ' .

Calculation of streamer onset VOluage in nitrogen and
‘_Sré/V mixtures. were carried cut in a e_dllar lasnlon.'ueing
Pedersen's crloerlonOI gquation 6.&. _ Equation 6.5 was subeti-
tuted by equation 2.2 for nitrogen and equation 2.5 for SFg/N,.
miﬁtures.f . B - T |

-

6.4 Comparison of Tneoreulcal znd LXDErl mental Results.

Y

.

characteristics for nitrogen and SFé in 10mm and 50mm ga2ps and .
pressures ranglng from 1 to § bar. ., The exoerimental results
show that the negatlve corona onset voltage is in al1 cases lower

than the positive onsgh voltage.

As it is seen in Figures 6.2 and 6.3, the theorétical
1ih
R
Moo

show that in SF6 the theoretical results are algo -considerably

strezher onset voltage of riitrogen is at best 50% lower than that

of the negative corona onse Similarily, Figures 6.4 and 5.5
. ) . . .

lower than the experimental ones. An error analysis 1s 1n

order at this.point to determine if such differences be*ween the

theoretical and experimental results are due fo errors involved

% .

Figures 6.2 to 6.5 show the’corona onset voltage-pressure.
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Figure 6.2 Experimental and theoretical corona onset voltage-
pressure characteristics of 2 10mm rod-plane gap in nitrogen.
The theoretical results are derived from equation 6.4 with K=18

and @ as given by egquation 2.2.
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Figure 6.3 Experimental ana theoretical .corona onset voltage-
pressure characteristics of 2 50mm rod-plane gap ln nlurogen.
c The theoretlcal results are derived from equation 6.4 with X=18

and o as given by equation 2.2.
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Figure 6.4 Experimental and theoretical ‘corona onsét voltage-
pressure Shaiacteristics'o; a 10mm *oa—glane gap in SFg. Thé
theoretlcal values of the onset voluage are calculated with
both Nitta's and Pedersen s criteria using eguations 6.2

and 6.4 respectlvely.
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Figure 6 5 nxuerlmentalamd.theoreulcal corona onset voltage-
N

pressure characteristics of 2 50mm rod-plane sao in Sré The

theoretical values of the onset voltage are calculated with

“both Nitté‘s and Pedersen's crite;ia using equations 6.2

and 6.4 respectively.
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in the migsurement or calculatlon of the corong onset voltage,

or, the fallure of the streamer onset crlterﬁa to make an accurate
\
7 nredlctlon of the streamer onset voltage under the bresent expe-’

rimental conditions. .
Experimental errors could invol¥e uncertainties introdﬁced_

in the system by such factors as,. voltage measurement; accuracy

of £ap length pressure measurement ‘dimensions of the rod elect—

rode, and other less deflned narameters such as impurities in the

'gas volume and‘the electrode surface. ' r*om ‘the measurable para- o

meters, the magnltude of the measured voltage is the largest

‘s1ngle source of uncertainty in the systen.'* ”he output of uhe

HVDC generator (Whlch was measureq with a ngltal vol»meterxcon-

nected uO'ﬂuagenerator s feed-back loop) was callbrateu with 2

high vﬁlqage res13tance divider. The accufacy of the HV divider

was bettér uhan la and nence the total error in the measured

values of the output of the HVDC generator for a fixedlgap.length

——

and pressure, is exoectea to be less than 3-35%.

-

In the theoretical calculations errors can arise from
mis—representation_-of the eiperimental system by & semi-infinite
rod electrode and an infinite plane electrode. . Kuffel and
Husbands (80), Binns (81), and Singer (45) have studied the’
:_effect of nearby earth objects to 2 spark gap, voth from a2 theo-
retical and experimentzl point of view. Their results show
That for-the present experimental system, inclusion of the P
chamber walls in the calculations would have reduced the theo—
retical values of the onset voltage hy as much as 1- 2”"@ In
addition,the flnlte size of the plane electrode is expected to.

p 4
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. result in lower fleld factors and therefore lower onseu voltages.'
Xra t nste1n(83)has showa that for a 51mllar electrode arange— |
~ment, the error in the calculated values of the utlllaatlon factor.

was less than 0. 1 £or d/D less than,q.l‘(d-gan length, D= dlamee
ter of the nlane electrode) and 3.0% for &/D=0.4, whlch-corres-
oonds to. a 50mm gap in the oresenu system. These'arguments;

indicate that the theoretlcal results could be 1n error by as l

. much as 2- Sﬂ and that a more rigorous analysis would have decre—
aseo the oresent values by that amount.

- Thus the dlfference between the theoretlcal and experi-
mental results .of nitrogen (Figures 6 2 and 6.3) is too large

to be accounted for by & systematlc error. ',Slmllarly. Figures
6.4 and 6.5 show that for SF6, though Nitta's equation gives sa-

a

uleaC'tOI‘:y results, onset 'values by l°ec1ersen' s criterion are conslder- b
. ably, lower A small dlflerence was’however anticipated; strea-
mer onsetx ‘voltzges 1in Sr6 derived by Nitta's or Pedersen's crite-
ria could be either lower or even higher than the experimental
~ones (82), depending on uniformity apdrsurface condition of the
electrodes. A good agreement is usuzlly expected for electrode

' geometrles with quasi-uniform llelo olstrlbutlon in figure 6.6
streamer onset Yoltages calculated with eouatlon 6.4 (K—18) are
compared with Sangkasaad‘s experlmental results. InA the cé&se

of the quasivuhiform rield gap (d=10mm, r=10mm, d/r=1) the cal-
culated streamer onset Voltage is in goodlagreement wlth the expe-
rimental spark onset. For the less uniform Z2D (d=20mm, r=1mm,

d/r=20) although the calculated corona onset does not seem to De

considerably lower than that of the negatlve and AC onset the
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Pigure 6.6 Comparison of Sangkasaad's (54) experimental results
of breakdown voltage and corona onset of 3?6 in red-plane gavs,

with gtreamer onséet values calculated By equation 6.L,
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dlfference le annroxlmatel 50% at 1 bar of nressure.’
In SF,/N mlttures t calculatlons of the streamer
onset voltage are carried out in a similar manner .Pedersen's
crlterlon of equatlon 6.4 is used with K=18, since as shown in
Plgures 6.4 and 6.5, this gavean lnbetween value of onset voltage,
with resnect tc onset vol‘tages ob"calned w:.th 1\-10 5.and V;tta s
etnre551on of eguation 6 2 uquatlon 6.5 was substltuted by :

' naumgartner s effective ionization coefflclenu of equation 2.5,
Whlch relates the effective ionization coeffmcxents of the dif-
ferent ST /N mixtures with those of st and nltrogen through a
weighting factor that depends on the partial pressure of the
component gases. This means that foé one hundred percent of
elther SF6 or nltrogen the calculated values of +the streamer
onset voltage will be the same as uhose derived by, equations
6.5 and 2. 2 resnec»lvely o

"Thus, observaulon of Figures 6.2 1o 6.5 should 1na1cate

" the degree by which the Gorona onset voltage in Sré/N mix-

tures. can” be predicted, a2t least in the nel ghoournooa £ 100%

SF¢ or 100% Nz: Figures 6.7 and 6.8 &

trate this by show-
*“ing "that if the behaviour.of the corona onse voltage for varicus

SF6/N2 mixtures is similar to the pattern ekhibited in the break-

-

down characteristics of the.ﬁiktures under WATRerf conditions
(Figure 2.1(2)), one should eﬁpect the calculated corona onsel
levels to be as accurate as those of the 1nalv:.aua_ gases.

The agreement between the exnerlmenta* resuTts and

equation 6.4 in Figures 6.7 and 6.8 could lmg%ove if Pedersen’'s

ecriterion resulted in a more accurate prediction of the corona
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The theoretical vaiues of the cnset. voliage are calcul
Dedersen's criterion (equation 6.4, with K=18 and z- as given oy
gquation 2.5) ‘and also Takuma's empirical.equation with C=0.08 and

c=0.4.
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_onset voltage in the individual gases'under the same experimental

'_conditions.‘ An etamnle of thls is given in Flgure 6.%, in which~

-

a good agreement lS shown- between etnerlmental and theoretlcal
results for. Sré/N mlttures in a oua51 ~uniform’ ”od-nlane gap. .
Results of comparable accuvacy can a_so be obtaleed for the
present eleetrode configurations by making use of the emnlrlcal '
eguation of Takuma and Watanabe (37)( eouatlon 2.4), whlch makes
'uéé of the e\nerlmentally found onset vol ages of 100ﬁ.bF6. '
100% Né and the nartlal Dressures of the “two gases. The con-
stant C in eguation 2.4 zcts as a form factor Jha regulates the
qconvergeﬂce of V. %o vy (N, ), as the partial pressure oI SFg is
decreased. Takuma and Watanabe showed that for C=0.08 there is-

a good agreement between equation 2. L and Howard's experimental

results of Figure 2.1(a). owever for the results Uresenuea
" f ' ‘
in Figures 6.7 and 6.8 1t wa found that eguation 2. ves a

.1

igure 6.10 shows the cr*t cal length of +he avalanche
2 plotted for different SFé/Né mixtures for a 5mm gap. As it

is Seen, the critical lenguh Zq ig relatively small o

H

._l
o
O
A

?6 and it increases azbruptly as the Sr, co%‘e“ s recduced
below 5%. Table 6._ shows the streamer onset vol tage and the
'qu ical length of the avalanche 2. for . 10mm a2né 50mm gzps in
SPé/N2 mixtures. For 100% N., z_ is of the same order oI magni-
tude as the radius of the hemi-spherical tip of the rod electrode
_(R:O.Smm), and much smaller than R as the SFg content of the

mixture increases. mhis indicates that for nighly diverging

fields the onset voltage depends mainly on +he magnitude of the

-
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using equation (6.7)
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-Table o.1.. Strgamer onset volt;&e Vonset and&p;;u}cal'
length of the avalanche ;C'for 10mm and 30mm-gaps in
'§F6[;2 m%kfu?és at a $otal n;eséurééﬁf'l.o bar. .
._10 mm zap Utilizaton Factor = 0.096 -
o, = - ; - .
% SFg oaset™ "’ g (mm) :
010 = 3158 0-95_68
5.0 5408 0.1118
10.0. - soL1 T 0.0937
20.0 6608 - C.0773 \
Lo.o 7475 0.0836 .
60.0 8085 0.0383
80.0 . Bu6s 0.0511
100.0 8800 0.0475
50 mm gap Utilization Factor = 0.024
% SFg Vonset(v) %o (mm)
c.0 Lav7 " 0.9778
5.0 7294 0.1162
10.0 8000 0.0%67
_ 20.0 8913 0.0798
40.0 10063 0.0658
60.0 10825 C.057¢8
80.0 11381 0.0522
100.0 11841 ~ 0.0490
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field in the nelghbourhood of the rod-electrode. ﬁ'The max imum | ‘- 3

field however, ‘varies very llttle for thh values of G/R (see

‘table of Appendix 3)‘and hence‘the onset voltage-gap~length

characterlstlcs are expected to saturate as the gap length G

.

’.1nc;eases. Thls can be seen in. Table c 1. where the dlfference

:

in tHe values of V between the 10mm and SOmm gaps 1s rela-

_ onset
tively small. ’ - ' | .

5.5 DlSCUSSlOﬂ

-

The charve s;mulatlon meuhod, combined 5f?h ODulmluatiQn
techqiques to solve pedersen's criterion .for sereane* onset vo‘*-
ages was found TO be efficient and laulve1y ‘easy to implement.
Unlike other techniques .(7) that require a good.es%imate of the”

breakdown voltage to assure sonvergence, the present methed con-

.

.,;'.

verged to the right value irrespectively of the initial value of

the applied UOveﬂulal ‘Computing time'for the solution of equa- .
%io% 6.7 was relatively small and could de Pecucea further by
replacing the Dichotomous technique (*hau was,usec in ecuaulon
6.6), with the Fibbonaccil or the Golden Rule methods. - .The adva-
ntage of using the charge simulation uecnulcue %o calculate the
field distribution of & na_u1cular electrode geonet*y, 1s that,
streamer nodell_"g can be nardTea in a2 gquasi- analyulca, manner
Apart from czlculations using Nitta's and Pedersen’s
relatione, the author carried cut calcelations based on & num-

ber of other models such as, Meek's critlc cal field criterion (587,

-
|

™

Khaled's ring charge model (71}, and 2 nybrid of the Tweo.
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ln Stecs. assumlng that it lS concentrated in snherﬂs of lncrea-

' _sing diameter. -The lonlaatlon ‘and attachment coe:fmcxents&were

f

calculated ahead of every scMEQe taklng lnto account tne ceruub—
ation of the fleld from the accumulating charge. The results
- 'showed that in all nodels (including Nitta's and Pedersen’ s)
the calculated onset voltages were w1th1n a. few cercent of each
other, thus nresentatlon of elaborate modelllng was - con31dered .

~

unrecessary. ' . . S - )

The results:preséntedcin Figuree‘égé and 6.3 show that
for nitrogen, the calculated onset voltages using equation 6:&
were at best SOﬁ.lower than theiexperidental'oﬁes. This large —_
discrepapcy ca&not be accounted for by errors in” either the
experldental or the theoretical resulte. However .-The effect
of paramet%rs such as impurities in the gas vcluﬂe and on the
electrode sorface is not very clear. The engineering nature
of the e\cerlnent Qld not a_low high purity condis cns that could'
nave resulted from degasing of the electrodes and evacuaulon of
, the chamber to nressures better than 10° -5 torr. - 4s described *°
in chapter 4, measurements inglOO% N2 were taken afier évacuating
the chamber to 107 *-1072 torr, flushing'it with nitrogen and
then evacuating. 1t again. | With this procedure, possible traces
of O2 or residuzl traces of SF6 are expected to be present in
amounts less than 0.01% of the minimum working pressure (760
torr).
Weissler's (15) corona onset res&lts of nitrogen in ‘
point-to-plane gaps (ranging from 3.1 %o 4.6cm) show that the

negative onset voltage of pure nitrog (B?OOV) is increased <o

11300V with the addition of 0.1% 0,. - Similarily, the results

-




Tl L -~ D . . - -
- UL . - - *
e T Tt @ e ————————— e BN T e B 1y et o may e b e ¥

'noted that Welss+er s results (15) and those of the Figures °
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of Pigure 5.22 show that the onset voltage of nitrbéen-

- o - R
inecreases substantially with the addition of 0.2% SFg.

. ‘ . . _ : :
So, although an increase in the experimental values of -’

thé nitrogen onset voltageﬁcén be expected due to impurities

in ‘the gas volune, lts magnltude cannot be determlhea due %o
1,

their undeflned character and amount. nowever 1t ‘should be

6.7 and 6.8, lndlcate that the . onset voltage wncreases as the.
percentage of the lmnurluy increases and thus the increase of
the onset voltage for impurity conuents iess than 0.01% is not
expected to be high. In conclusion, the d1£¢erence between

the ‘experimental and theoretical results of Figures 6.2 and 6.3

'is much higher than any onset voltage increase that one could

eXpect from impurities in the gas'volume.

Figures~6.4 and 6.5 show that for SFg the.éalcglated'
oﬁsef values are within 50 to 10% of the measurég oﬁe; for the
10mm gap and-50 to 20% for the 50mm gap.’ As it is seen, the
calculated onset voltage -pressure characterlsblcs -are lower than

J-

the experimental ones and.have aubrox1mately the same slone.
As a resul of'th*s, thé(gzgéx@nancy i% higher at the lower
pressures, with a maximum deviation of 50% at 1 bar®

© .The incapablility of making an accurate pre&iction 6f the
onset voltage in ni%roéen and at lqw_pressuregﬁdf SFg, is refle-

cted in Figures 6.7 and 6.8,\§here:the onset voltages of a 10mm

and a 50mm gap are plotted for different mixturé ratios,  These

*esu‘ts indicate that the calculaued onset characteristics using

Baumgartner s Lonlzatﬂon coefficient of eouat*on 2.5, exhibit
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-abehav1ourswnlla~ to that of the etber méntal'*esults, diéﬁz

nlaced however by an amount relatlve to the. 100% SP, and 100%. .

N, onset levels. .Inladdltlon, the use of Takuma and Watanabe $

-, empirical relation of equation 2.4 showed that different ;orm
factors (constants C) are requlred to it the present *esuTts

of Flgures 6.7 and.6.8 and Howard' s experimental results of

Figure 2._(a) (;?) Baumgartner's coefficient of equatlon

2.5 has ‘a ;_xed relatwonshln between the partial pressures of

the two gases and thelr corresnondlng lonlzatlon coef¢1c1ents

and uhus, ‘it makes no orov;smons for any anomalous. behaviour
of the onset voltage be*ween 100% Sr, and 100% 1 Vz.

In conclusion, it could be ‘stated that the usé of
Baumgartner's ionization coefficient is lim ed to nifor_
and probably quasi-uniform field configurations. Tuture
imprgveménts.in the calculation of onset voltages in S?s/NZ

mixtures are expected to be associated with experimentally

;
measured ionization and attachment coexl fficien<s.

LT

et e R S e mmtwmesmmeamen s vt
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CHAPTER 7

_-* DISCUSSION AND INTERPRETATION OF THE EXPERIMENTAL RESULTS.

o i The results of fhe presént'work indibate that the dielec-’

. tric bvehaviour of different'SFé/Nz_mixtures under both impulse
polarities is much more compiex than that of the individual compo-
nent géses in their pure form. In generai,_SFé m;;tpfes lack
“investigation and relatively little is known of the various reac-
tions and‘reaction'rates between SF6 aﬂp different gas“moieéules;
SF¢ and its ions (SFQ; SF» F’.-SFa,r?;i SF3 and SFp) a?e.nBt
expected to react chemically with nitrogen.. Charge transier
(72) and three body-reactions will however involfe both molecules,
but the significanée 6f suehsfeactiﬁns is pot known. Charge
transfer reactions in particular, are of little importance under
impulse voltage cOnﬁitions_dup to the quési-sxatic‘nature of “the
charge. It is also impor t to note that the rate of two body
reactions in-SFs such as, the associative and dissociative attach-
ment reactioﬁs presented in Chapter 2.3 will proceed at a rate.
independent of the carrier gas. The collisional stabilization

- of SFg:at pressures of about 1 torr occurs so fast that the natu-
re of the third body {nitrogen) is not very important (25).
Davis ‘and Nelson (85,86) have shown that the apparent rate const-
-ant for the production of negative ions in SF6 nmixtures with low
: .SF6 concentrations remained constant for a variety of different
SP¢ mixtures (including SFg/N,, SFg/H,, SF /He, SFc/C0,..).
Factors that are expected to play an important role in the

L4

dielectric properties of the ' different SFé/NZ mixtures will depe-
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The nitrogen molecule, although notlas oomplex as the

SF6. has metastable and active states ‘which could,affect the

secondary lonlvatlon process of the flfferent mlxtures.- The 'ﬁﬁ
nitrogen metastables have been long known to interact with gas
impurities such as mercury (74) and oroduce a Pennlng effect,
large enough +o alter the value of the flrst Townsend coeff*cx-.
ent of lonlzatlon -The metastable states in nltrogen* have a
relatlvely long 1ifetime (1 2 sec), that allows them to .store
energy which ig released upon ‘a ‘collision in elther'the gas
volume or tThe surface of the . electrodes From the latter type
- of colllslon, secondary electrons WIllﬂﬁf emitted w1th an energy
and eff1c1ency deoendlng on the nature of the electrode materlal
andé the energy of +he metastable state. In the gas uolume, a
‘collision or'aﬁ absorption of 2 photon Qlll usuaily result in
an enersgy transfer of a radiative emission. ‘
Sfé exhibits a relatively low photos 3 orption in the
visiole part of the spectrum. " It has however,—a numbexr of
bfoad absorption peeks in the ultra violetl region, followed by
an absorption continuum that starts sharply at the ionization |
wavelength (7804°%) (28, 68, 69). The relaulvely high absorotlon
¢

of SF6 and its variation with pressure and mixture ratio could

sntroduce significant chapges in the ionization coefficients of

3

#*  Some gf the metastable states are: ABZ; = 6,1ev, 3'32; = 8.1lev

/ al Zu= 8.3ev and alﬂg = 8.5ev. Potential curves for 12, Né

and N} are also given in reference (70).

A
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the mixtures, by enhancing the'eEfecte of secondary mechanisms:

such as phot01on1 zation and thus altering the space charge dis-

»

Lhe number of unkﬁowns lnvolved in the interaction of SFé

-WLth nltrogen under the dlfferent e\nerﬂmental condltlons rule

_eut a quantitative interpretation of the results. The discus-

‘ 'eion in this chapter includes ‘'negative polarity effects, nega-

tive coronas, positive nolarity effects in nixtures with high _-
and low SF6 content. posxt;ve coronas, ‘and quaﬂwt tive interpre-

+ations when rasulis obtained in th*s work (anu/ or elsewhere)

2llowed.
' P4

f
L,

5.1 Negative Rod-Plane.

v -

‘The negative rod-plane data shows that at low pres-

sure and gap iength, the b;eakdown_voltage'of the mixture 1is
nearlyipropertional to the SFy content. At h;éher gap length
and pressure, as shown in Figure 5.7, the.SFé/NZ mixture looses
most of 1its dl‘ferentlal strength at relatively nigh contents
of SFg- T+ is not known why such little =zmounts of nitrogen
can result in such a‘dramatic Gecrease in the breakdown voltage.
& somewhat similar behaviour Has been noted to occur in
mixtures of ﬁZ/O (Loeb's discussion on results.of Huber, and
Monr and Weissler, reference (18) p. 2Ll ) . The breakdown

1tadge of -the NZ/OZ mixtures was.found 1o decrease slightly
in going from 20% to 70% 0, Loeb's interpretationLof this

effect is pased on the suppression of the negative lon sheath

the gzs

through a reduction of the photoionization in

»ear had Bl

P T L P
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| Under the nresent exnerlmental condzt*ons lt 'is not
. known lf tbe nhotoxonrvatlon in the gas volume has elther been
aecreasedor~1ncreased w1th the addltlon ot nltrogen in SF,.
Blalr s et-al. (66,67) absorntlon measurements of SF /Vg mixtu-
res with 0%(100% N ), 10%. 20% and 100% Sr,.at 1 ba:'é} té*al
bressure show that the annavent absorntlon coe¢41c1enu o¢ the
mixtures (in the range of $004° to 1SOOA ) increases w1th the -
content of Srs. - -7 ;s however does not lmbly that tne nunmber
of Dhotons absorbe per unlt lengtn curlng the ionization n”o~
cess will be a maximum for 100% SFg. Nitrogen, has a large
"number of electronﬂc transitions in the VlSlDle -uliraviolet
region and aaaﬂtlon of iltrogen into SFf cou‘q increase the .
total photon emission in this region. Thus, a mixture that
has for example 20% SFg coulﬁ:aﬁsorb‘more-phdtons in a certain
region of the spectrum than pure SFé 2% the szme totzl pressure
(67). Lhe photomultiplier uraces of Pigure 5.13(c) sﬁow that.
’ I
~the corona pulses becomevmore visible as the percentage content
of'ﬁitrbgen in the mixture increased. This indicates that the
llg 1T emitted in the visible range during the formation of the
corona streamers has increased, since SFS is optically transpa-
rent in this region (29) and the reduction of its partizi’ pres-
éure is‘not exnecued to alter the absorptiohn chaﬁacterWSuwcsfi
the mixture. i
Figure 5.21(%) shows that ionization starts at the tip

of the cathode and electrons are initially repelled along the
lines of force in a space charge perturbed diverging field. '

SF, will form most of its negative ions in the field rez- .
6 .



R P . . m S T

oﬁs'where the electrons move-slowly enough to hndergo reson-

ance canture reactlons. whlch require electron energ*es less.

than 1 ev. These electrons are produced either by nhoto-

idnization, or, they are created by decaying streamers and

have escaped recombination. If the number of negative ions

was proportignal to the amount of SFg in <the mixture, one would
expect the breakdown voltage to increase proportionally to the
nercentage of Sr6 The results of Figure 5.7 lndlcaue that

this is not true for hlgn values of pressure and gap length.

‘where the breakdown voltage drops sha_ply as the percentage.

of SFé is reduced below 100%.

A reduction of the mean free path of photons with the
addition of nitrogen“coulefhaﬁe accounted for the sudden dro§
in the breakdown voltage, through a decrease of the photo-
ionization in distant.regions where the photoelectrons would
be slow enough %o produce negative ions (18). " However as

~ . - - .
previously indicated, there is. no detailed information on the

' absorption coefficients of the different SF6/N2 mixtures to

either substaniiate or refute the latter argument

.Apart from the effect of,phetoionization ont the rate of
pro&uction of negative ions, one should also consider the
probable chaﬁges in the rate ef_their destruction. It is
possible thaﬁ the rate of detachment oI electrens ffom the SF6
negative ions has increased greatly in the presence of 'the

excited or metastable nitrogen molecules. - Massey (75) indi-

cates that one of the most efficient detzchment reactions is,
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. ‘ - * .
or Si% +_N2 — SF6 + N2 +7g (7.1)
. * - - i A ’ ’ l -
where N, is an excited, or metastablg nitrogen molecule. The
. ‘ o -

above reaction occurs when the.enepgy;of Nz "is @ighéf,than
the e;eétron affinity of SFg (or SF;), and tﬁe excess energy
is transfered to kinetic gnergy éf_thé'released.electfon (75) .
The free electron wi in host cases be baptured througﬁ an
attachment process or it will récombine wi%h a poéitive.ion.
v 'This hoWever depends on 1i%s eneréy, the méan free patﬁ between
"~ collisions, and the direction of the applied field.  That is, =
the significghcé*of‘the detachment process as a2 whole will ve
expected to vary with gas pressure, partial pressure of SF6

and polarity of the gap. : . .

LS
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?,2 LThe Negatlve Imnulse Corona.\

The negatlve corona of Figure 5.21(p) provmdes a
reasonable illustration of the spatial’ growth of the COrona
streamers under negative impulse conditions. Photograbhs o
'obtalned by Watanabe and Takuma (5) under 51m11ar condltlons
show that-the.flare—llke~character of the streamers is not

- afifected much by the changes in the gap length of~tne percent-
. . ' ’ . - '

-

age‘content of SF6.

The initial streamers (first generation). propagate to-
‘wards the ancde along a curved péth due to the pertur?aticn of
the 'applied-field ©y a space charge. Moving in a“diveréing
field, mutﬁal repulsion forces them to diffuse in'space and
create the flare-like éfféct. During the expansion of the in-
itdal streamers, the small gap between the spacé charge and
the cathode is bridged.either by slight movement of the positive
éharges or.field emissign. . Some of the electrons are then exp-
ected to flow lnto the space charge to neutralize the positive

-

ions. The” sureamers of the first generation stop propagating

-

the poiﬁt where the electrons do not have sufficient en eﬁgyto

ionize, due to the weakening external field and the retarding

effect af the positive space charge. appears, ocne of
the streamers in the flare develops conditions that prolong -
its lifetime and expansion into the gap. This streamer will

be the only one that is effectively conducting and electroﬁs
from the cathode wzll flow unrough producing a luminous condu-
cting channel of plasma. Depending on the resistivity of

+his channel some of Tthe cathode vaoltage will be conducted <o

.
{o
&
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‘the head of the streamer, which will become an effectlvé ca-
thode and the whole process will be rebeated

The streamer generatlon flnally stops Nnen “the
fleld ahead of the streamers is not suff1c1ent to 'sustain
lonlaatlon. In this case furfﬁér propagatlon into the van
can only be obtalned by lncreaSLng *he applled voltage untll
the streamers reach the anode arfd prov;ce favorable conditions

for spark onset.

7.3 Positive RodaPlane -'SF,/N mixtures with Less than 1%SFg

SF6/N mlxtures w1th low SF¢ ‘content exhlblted a
number of unusual Uhenomena under positive lmnulse conditions.
Figures 5.11 and 5 12 show thatatTOw'nressures, the dieleczric
strength of mixtures with less than 1% SF6 increased well above
that of nitrogen. The breakdown voltage-pfessuré character—-
isties of these mixtures show a2 voliage peak similar 1o that.

" of Sr6 unaer OC ‘conditions (7,17,19,3%2, 56) _Unde; impulse
voltage conaltlons this peak is not as pronounced as that of
the DC voltage (Figure 5.4 and ref. 19), or that of the SFS/Nz
mixtures with less than 1% SF6 (see Figure 5.12).

The breakdown voltage-pressure cqaracterﬂstlcs of
these mixtures suggest that the breakdown mechanism could be ;
sxmllar to that of Sré, yet a numoer of other observations
1nq1cate that there are some fundanen'ta1 differences in the
temporal and spacial behaviour of the jonization, prior to and
during the breakdown. )

The creep effect shown in the jliustrations of Figures
% SF

5.15 to 5.17 occurred only in mixtures with less than
. o

£6
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and it is- related to the voltage maxlmum of the DOSltlve

1mpulse ‘breakdown characteristics. Cookson. and Wootton (?6)'.
‘have recently renorted a SLmllar gffect in mlttures of SF6 ~

in rod-plane gaps under AC voltages, but due to the llmlted
'lnformatlon in their report with regard to the conditions of
occurrence, one cannot comment on any similarities. In comp-
arlng snark traaectorles assoc1ated w1th the creep effect and
spark traJectorles in SF6 under Lo h impulse (Figure- 5 19) and
DC condltlons (7,54), it is seen that the only szmllarlty is
that in 211 cases the curvature of the uragectorles becomes .

a meximum at the voltage peak of the breakdown charactgrlstlcs.
Sparks'that'éxhibited'a creep'effect have a maximum path length
.-twice as long as that of the sparks in SF6. AlSo, comparison
of the illustrations of rlgure 5.17 with rlgures 5. 10 and 5.11%
shows that the magnl*uqe of the voltzage Deak ‘decreases DrODOrul—
onally to the creep distance. © Thus, unlike Sré, uhe‘mechanism
responsible for the voltage peak in SFé/Nz mixtures with less¥
than 1% SFévis'directly related to the ionization process that
forces the spark to initiate away from the tip of the electrode.
In addition the photomultiplier results df Figure 5.14 show that
the magnitude of the ‘corona pulses and <the statistical time lag§
of the 0.05% SF6/N2 mixturé, do not'resembl; those of 5?6, but
the ones of nitrogen. . The SFg traces (fig. 5. lh(cggjshow rela-
tively smail statisticzl time lags (2 to 3ps) and//he llgi;
emitted during the formatlon of the corona streamers (not inclu-

ding ultra-violet) was too small to be detected.

The observations of the creep effect along the rod-
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of a soace charge around the .

tip of the anode that- oroduces a choking or retardlng e¢fect

on the'cor

belli
are
Loeb

char

eved to be comnosed ‘mainly-o
too few to form smgnlfloant
(16) for mlttures of N /02,

ge sheath would requlre at 1

'electronegatlve component. The

charge (that is a breakdown voll

etoected to be: orooortlonal

in P

reas

the

The oosf%ive coronas of Figure 5.

sﬁre

igure 5._1 the breakdown vol
es as the percentage contert
The oresence of a posi

sphérical tip is the resuTt

amers do indeed surround the
eWectrOQe as far as 3 to I cm aw
g wher

-case

ona stéamers ln that area. This spdce charge is

f positive ions. TWegative lons
space charves. 'As argued bf‘
the formation .of @ negative“
east a few percent of the

effect of a negatlve soace

age.increase) is in general

to the S?é content.' But as shown

tage between 1 and é bar.inc-

of SFg is reduced

ulVe charge in regions away from
of lonlzatlon in that area.

20 and 5.31 show that corona
cylindricai part of the rod-

ay from the tip. Thus, in the

- . -

e breakdown ocCCurs with a certaln creep dﬂstance, the

pre-breakdown streamers that reach the catnoae should also start

resu

ographic evidence of such sirea-

was recently obtained by Watznabe and Takuma (5).

will +ake place-in the regicn

ighest * fieid strength(soherlcal tip of +he anode) by elec-

sre then created away from the

at a distance related to the meanl free path of the photons

above the tip of the rod. Phof
mers

The initial ionization
of hi
+ron collision. Photoelectrons
tip,
-1/um; where L is the photonlabs
The photoelectrons tha

1%t in further ionization by

J

ortion coefficient of the mixture.

+ are produced 1in 2 region where )N will

collision, generating new ava-

u
o
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lanches and thus new nhotoelectrons further away from the tip.
The initial boundary of the z-n region for a space charge -free

env1roment lS deflned by the radlus z +R. where zc is' the criti-

cal length of the Tirst avalanche and R the radius of the spheri-

cal tip of the rodaelectrode. Table 6.1 g&f%s the values of
24 for a IOmm and a SOmm gans in Sré/N mlxtures at a total bres-
_sure of 1 bar. Photoelectrons generated inside 2o w111 leau

to further ionivation while photoelectrons generated outside 2

-t

c
will undergo cabture and create 1egau1ve ions through an associa-

-tive or dlssoc1aulve autacnmenu nrocess (reactlons 1 and 3 of

- .
. ~

page 9). . | B ' | )
The ﬁeap free path of the photons A fof'Nz,'SF,;and 16%
~and 20% Sr6 mixtures at 1 bar of uOual pressure are obtalnec
from the absgrptlon coefflc1enus of - uhese gases as given Dy
Blair‘et-al.(66,67)._ In nitrogen the average absorption coef-
ficient for wa&eléngths vetween 10004° to 15004° §§§U.6mm_

Addition of 20% SF6 increases this coefficient approximately by’
' -1

an order of magnitude to 6.7my ~.  These coefficients correspond

to mean free photh paths of kN2=l'7HMI and KZO%SFs

From Table 6.1 the values of z_-for nitrogen and 20% SFg mixture

=0.14 mm,

are 0.98mm and 0.08 mm respectively. Therefore radiation in
the above range of wavelengths will be absorbed mostly outside
the ionizing zone, thus if it does result in the ionization of

already excited molecules, the gener2ted photoelectrons will be

'

#* The coefficients of individual lines could differ censiderably,
for example, for the 108440 nifrogen line iy =2.8mm and -
A =0.08mm - -2
20%8?6 0.08mm .

° ';% .
- -
. [

;: b T
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path of
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cantured(1:1the case of a mlxture) to- broduce 1egat1ve ions. :

-
. o -

Photors of blgher energy w111 be absorbed 1ns1de the loanlng Z0=

-'ne* Simpson. et al(69) have measured the absorbtlon cross sec-“

tion of Sr, in the far ultravzolet reglon ane found that an .

.absorotlon contlnuumbeglnssharply azv 15 5ev with a Cross sectlon

of_lo'lécmz.‘ Thls:cross sectlon oorresponds-to a mean photon

+

- ngéom;§a<mr%(m£> Co@

16

1/2.7-1017-10"

0.0037 mm

where N is Loschmidt's number and

g, 'is the absorption cross section. _
Table 6.1 shows that'for SF¢ z oS0.05mm ¢ hence for SFé,'as well

ag nitrogen (00), mosu of the absorbtlon in the far ultraviolet

-

"reglon will take olace inside thé%aonlzlng zone.

2

In general, energetic radiation (above 10ev) will be
absorbed both 1n51de and outsmde the ionizing zone and this after,

211 is one of the basic assumntlons of the streamer uheory (30)

" However,as it is shown above, the mean free path of the photons

can vary significantly with SFé content and this could have an

effect om the photoionization process of the different mixtures.
- j‘- - L} - - - -

Loeb (30) investigating the importance of secondary mechanisms

in non-uniform fields, suggested two types of nho»oxonlzatlon .

E

action ln uhe anode depending on the absorntlon coefficient of

\u,m_the mixiure.

" 1. If the coe?flclent of ebgg_ tlon for photoionizin
actlon is of the: order of lOcm (ionizing free path
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; N anode surface occurs: (BurSu oulse or Gelver counter
actions.) - . '
2. If the coeffLCLent of absorption for: ohotoﬂonlvlng'
‘acelon is of the order of lOOcm-lor less with aooro-
- orlate geometry, a self-sustalnlng orocess proaects .
radlally into the gan by ohotomonlzatlon and space-

charge actlon leadlng to breakdown.. (Streamer actlon) "

For nltrogen w1th smadl lmpurltles of SF,,XSF /N ‘is expecteduo
2 o

-

be relatively long This could result in ohotolonlaaulon of
SFyg molecules that are in the nelghbourhood of uhe ionizing zone
but relatlvely dlstant‘from the . origin of 1on1,atlon. : chhf
uyoe of ono»omonlzlng actlon could soread raoldly over the_anode
shrface, sucoressznc further 1on1~atlon until the space charge -’
moves away from.the‘&nooe, or the voltage is hlgh enough for the-
breakdown streamers to lnltlate away form the t;p of the anode
and reach the cathode by travelliﬁg around the e;ace charge.
ThlS type aof actlon is expected to depend malnly upén the nature
£ the gas volume, ‘yet the effects of the electrode surface

r

should z2lso be conSLQered and in oartlcular the ohotoelectrlc

.emission from the surface of the.brass anode. = -

-«

1f one assumes- that the brass electrode has +the work func-

»

tion of copper (W~xk4.5 ev), then photons with wavelength h=2755ﬂ?f

are needEE\to prod%ge photoelectrons from the ancde. in addi%on
the ionizztion potential of the Cu vapour is V.=7.7 ev and toat
corresoonda'to 1610A°-photons. Emission data (87) shows that
bOuh the above wave’engths arg well within the emlission spectrunm

of V (and thao'of SF6 and Srs/V mixtures 67)) Hence elect-

" ron emission ?rom the anode Nlll deoend on the value of the sec-

Sk

19

BRS¢ My



Al S
L)

RaLE S St

T T S ks o

-‘4' . -136-.-

ondary nhoton emission coeff1c1ent y ‘ The ed Ifect of Yi (seco-
ndary ion emission coeff1c1ent) should be small due to the Stath'

nature o: the space cnarge under 1mnulse condlulons. The V_lUES:

'of these coeffmcxents for a brass or copper anode in both SFg and

st/N mlxtures are unknown.‘ However, Yi and Yy in mixtures

of SF /V with a small trace of Sr6 are not etoected to-vafy_eig--
nificantly from‘tﬁose of pure'Ne. *:S;nce lonlzat;oq aﬂove'the
tig is not present in pure N, (or.pure'SFé). it is‘less.than"
%ikelj'that 2 small trace Of_S{é in N2 WilT a1 ter the surface
properties of the_anoce to such an extent +hau-corona streamers
on the cylindrical paft of the electrode Wlll be produced by some

effieient-yb mechanieﬁ alone. Hence, alihough the surface of
the anode will be active, the main .source of the free electrons
that are recu ired to lnltlaue the ienization in regions'surround-
ing the znode is believed to be photoion;zatién‘of the SFg
impurity in the gae volume,. . :

As mentioned earlier, the ionization could spread around
the sur?ace of the anoae,lf the lonlz_“g radiation has a relati-
vely long path and if it is absorbed in the neighbourhood of the
lonlzlng zone, so that the generated DﬂOuOGlECurOHS can gzin
enough energy between collisions to ionize. The lack of abserp-

tionn measurements in SF6/N2 mixtures with less than 1% SF6 does

not allow’ much speculation as o the type of radiation'involved

-
o

* In mixtures of. 2/0 with z platinum anode the additi oh

l—h

"9
5.0% 0, in N2 resulted in a decrease of y, by a factor of 5 and

an increase of Yo by one order of magnitude. (reference (10)

page 433).

-
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- generates 2 positive space charge around the anode which lmpedes
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+in- this process. However under the assumptlon that the ohoton

.
paths are relatlvely long, the lOHlZlng radlatlon can not be

_frgm the far ultrav1olet reglon since both SF¢ and nltrogen have

relatively hlgh photon. ‘absorption coeff1c1ents in thlS reglon (69,

90) If the lonlzlng radiation has a wavelength it the region

" of 9OOA to 1500A° thls would mean that a two (or more) sten ioni-

_ zatlon)nrocess is 1nvolved. In thls case both the oartlal pres-

-

- sure of SFg and the total pressure of the ‘mixture are exnected to

have an effect on the spread of the 1on1zatlon The partial/pres-
sure of SF6 ‘will regulate the 2bsorption of the nixture in the

ultrav1olet region and the total pressure will have areffect on

" the probablllty of exc1tatlon by collision, that is needed to

" complete the two (or more) step ilonization process.

| Under DC conditions (88), the breakdown voltage-pressure
oharacteristics’of SFé/N ‘mlxtures with less than 1% SF6 show 2
behaviour similar to that of the impulse voltage, but with almost

Zero creep distarce. That is, the space. charge has orobably

drif ted into the lnter-electrode region away. from the anode, but

it is still effective in ralsxng the breakdown voltage.

In conclusion the 1ncrease of. the dieléctric’ strength of
mixtures’ contalnlng small traces of §F6 at low total pressures,

is believed to Dbe the result of a ohoto*onlzatlon process that

further ionization. The density(and +the extent of this space
charge dependﬁon the partlal pressure of SFé and the total pres-
sure of the mixture. mhe creep effect indicates the extent of

the space charge above the tip of the anode and the creep dlst—

ey t oy ] - grhaliy il possvinigpn WenabaCl SRR AL T T S T T L LD MU T T
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ance 1is exnected to” vary W‘uh dl ?erenf lmnulse fronts.

7. h POSlthe Rod- PWane - SF6£§2 mixtures with'SEéfConfeﬁt

Higher than 5%._ | L . o

Under DOSLtlve lmpulse condltlons SF6/N2 mlttures w1tn
ﬁigh SF, content exhlblt a similar behaviour to that of pure
‘SF6 As shown in Flgure 5.10 the corona stabilized” reclon
irr the mixtures occurs at about the same nressure as thau o? .
SF6 The shleldlng of the anode seems to be SO exfectlve ld\
oreventlng gtreamers from reachlng une cathode that at Pmax
the breakdown voltage of mlxtures with 60% - 95% of SF is
higher than that oF pure SF6\ |

| On the basis of the a15cussmon in the'previous section,
the addition of nltrogen into Sr6 can a¢;ec poth.the rate
production of negative ions, as well as the distributio of
the space-charge in +the anode reglon. Howéver as shown in
Figure 5.9 thé breakdown voltage-mixture ratio charactéristics

are fzr too complex for one to aqwemnt their interpretation
on the basis of the present information. .

A%t higher pressures (Figur 5.8 and 5.9), the break-
down voltage drops with percentage of SFy in 2 manner similar
to that of the negative noIarity (Figure 5:7}. But unlike
the negative breakdown Yoltage-pressure characteristics, thé

brezkdown voltage of th%§50 mm gap (Figure 5.10) for pressures

oy

.0\

nigher than 2.0 bar and mixtures witnh less than 20% SF., drops

pelow that of pure nitrogen. This ,suggests

ct.

that the effective

coefficlent of ionization of these mixtures has increased above
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» that: o? Sr6 or nltrogen.‘ uowever, it lS interesting to

note that the corona voltage of ~a mixture etblbltlng this

‘ ,._i;i‘i~:~z‘mi‘«5‘3a i

Zéeffect is higher than that of nitro en. This is shown in®

Y

Figure 5.22 “for a 0.2% SP mlx*ure. In pure nitrogen, breax-

down occurs at- voltages nlghe* than the corona qnsed voltage
through a corona stablll"ed mechanism. Addition of small
,amounts of Sr6 seems to reduce the e:;mclency of the corona
stab111zed orocess at the higher pressures. That 'is, the
initial corona sireamers nave sufF*cient'intensity aﬁd length
soon aftertheyare generaoed to leaa to 2 breakoown uT
furoher soeculaclon along these lines woulc reguire a more

detailed study of the temporal and spatial growth of ioni-

zation under both impulse and DC voltage conditions.

3
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CHAPfER 8

CONCLUSIONS . . L7

1. -In negative rod-plane gabs, and for lcw.values of :
oressure and gap length, the breakdown voltage of the Sré/N
mixtures decreases at a slow rate as the cercentage of Sr6

’content is reduced- from 100% to about 10%.° Lower contents of
SF6 result in 2 higher rate of the dlelectrlc strength loss, .
which becomeS'a mlnltum for 100% N,.

2. Under negative impulse conditions and high values.
of”oressure and gap length, the‘breakdcwn voltage of the mix-
tures decreases’ s1gn1f1cantly at relatlvely high contents of

‘SFé.‘ In a case of a 50nm1rod-clane gac and 5.0 bar of total
pressure, most of ‘the differential strength of the mixture is
lost as the SF, content reduces to 80%. The process responsible
for thig effect is by enlarge unkncwn - A reduction of the ne-
gatlve):cace charge with the adoltlon of nitrogen could account
for the sudden drop in the dielectric strength but exoerlment-
al evidence relatlng to sueh mechanlsm is not avallaole

3. Tor positive rod-plane gacs in Sré, the lmculse
.breakdown voltage -pressure characterlstlcs exnhibit a voltage
‘maximum 31m11ar to that of the DC charac»erﬂstlcs, which is
attributed to 2 corona stablllzatlon process. The voltage -
peak occurs at about the same pyessure and has a2 lower magni-
tude, due to“the limited tiue ailowed for the Fformation and
-dlfqulon of the space charge.

- ”g. In positive rod-plane gaps, the breakdown voltage-

pressure characteristics of mixtures with more than 5-10% of
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'SFS exhibit a voltage_maximum. at;about the "same pressure as’

that of SFg.. - The magnitude of the voltggo pegk"varieo_with
thé oefcenfage'of SFG.-aﬁd‘it‘ig higher than that of SF, for
mlxtures with 60% %o 9? SF6 - This effect is believed to be
the result of an intensified corona stablllzatlon mechanlsm
due’ to an lncrease of the ohotozonlzatlon in the. gas.

' 51 Under DOSlthe lmoulse condltlons the addltlon of

small oercentages of Sr6 (1. O%) in nitrogen result in an in-

'crease of the breakdown voltage for total pressures ‘less than

2.0 to 3.0 bar. - At a total pressure of 1.7 bar a mixture

with 0.2% of SF, exhibits a breakdown voltage approximately
double that of nltrogen.

~

6. The increase of positive lmoulse breakqown voltage

_1n SFs/N2 mxxtures w1th less than 1.0% Sr6 is manlfested as a

‘movement of the lnltlatlon point of the spark.along the rod

——

electrode. This movement which is referred to here as "creep

effect”, 1is the result of a shiélding mechanism produced by a.

‘positive space charge, which is generated by ionization that

extends above the spherical tip of the rod. The extent and
effectiveness of the space charge are conitrolled by the pres-
sure of the mixture and the partlal pressure of SFg.

7. The positive impulse breakdown voltage of SF./N,

‘mixtﬁres with 40% to 0.05% SFg and total.-pressures higher than

2. O to 3.0 bar, is.lower than that of nitrogen. At 5.0 bar
of total prissure the breakdown voltage with 0.1% to 0.2% SF6

can be 50% that of Nz

8. Tre solutlon for the potential distribution of the

gacaay =1
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rod-plane configuration with the, nresent‘ontimized approach,

inéicatéé fhat thé“t ime requlred in setting up a n*oblem of
“this kind is drastlcally reduced, and it lS pelieved - to be the
'shortest wher comnared to any other tecnnlque achievi ng comna*-
_able‘accurac . When compared with uhe conyentlonal;cha:ge,
‘simulation appfoach. we find‘that'uﬂngcessary guess-wofk is
eliminated, and some §f the insight required'in solving such
broblems is replaced by comnutaulon'tlme. | | L

9. The streamer onset calculations in SF6 and S:,/W
mixtures suggést that, although +the ionization and atftachment
coefficients of the mixtures.are calculated from those of the = *

individual gases, the \dev*ee of nredlc ion is of the same order

.as that oP Sr6 Thau 1' e region where the varibus
breakdown c*lterla are apnllcable (cua51 -uniform ;leldS). thel
comparabll;uy of theorgtical ana exne*lmental results in Sr,/
N2 mixtures is about the sgme'as that of SFéz' For non—uniform.
field electrode configurations such as the ones used in this
work, the calculated corona onset voltage is in poor comparison
with the exnerlmentally measured one. Further imnroveméhfs

in this arez are expected o include. experimentally measured
ionization and attachment coefficients for different SF /N,
mixtures. _ ' RN )

10. In general, the benavdoup of the SE‘G/N2 mixtures
under both iﬁpulse polarities is found~{o be far more complex
than"that of the individual gases. The results of this work
suggest that certain Srs/V mixtures have an _mnu1se breakdown

strength superior to’ that of SFg. However, ?f%i?e *he si {j;:\ .

~
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'o;ty of the SLngle comuonent gases, the use of mlxtures Wlll

4.

‘ 1nvolve a much more 1ntr1cate set of constralnts, regardlnv
lparameters such as- unlformlty factor of the system, partla_
pressure of SF4» and total pressure of the mixtureagkf

8.1 Suggestlons for Future Work

- The results of ‘the present work lndlcate that SF6/N
mixtures could prove to be an 1nsulat1ng medium that is desmraf
ble both tecﬁniéally and econémically. Including fﬁis work,
there are relatively few 1‘n\J'es"cj.ga't:io.ns‘orﬁ. the-nrooérties of
the deferent mixtures and a great number of suggestlons for
Tuture work could be made, ranglng from arc quenching nroperules
to.thermal conductmv;ty of the mixtures. ‘For this reason, the
suggestions presepted bélow are limited to material alang the
lines of'the:present investigation.' ' -

— Breakdown voltage measurements in SFB/Né mixtures under
both AC and DC" voltages have not been p'izrsued to any great detail
and this could justify a'numbercu?genéral systematic studies in
_both quasi-dniform and non-uniform electrode arrangements.

o ?udy of different corona modes and their variations
with percentggé of_SF6 content.' This typerof'information could
provide a better undérsfanding of some of the effects obser-
ved in the present work. For example, when small amounts of
SFé—are added to nitrogen at total pressures nigher than 2 bar,
the breakdown strength of niﬁr%gen is found to decrease. This
suggests that corona sireamers soon afier their onset have /
.enough intensity énd length to bridge the gap and lead to a ‘

breakdown. 'Knowledge of the evolution of the corona pulses

L
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durlng the short time lnterval prior to breakdown could ald
the understandlng of the effects nroduced by the SF,;lmDurl-
.ty, and DOSSlbly nrov;de certain clues relatlng to the mechanlsm
of breakdown under these condltlons | '
— Breakdown studles of dlfferent SF6/N2 mii%ures‘with
.1mbulses of varlable front, ranging from standard impulse to
. swmtchlng surges. Thls study w1ll not only provide useful
data on the behav10ur of SF6/N2 mlxtures under swmtchlng surgés.
but it will also relate to some of the. arguments put forward in
tﬁis work with. “egard to the‘"creen effect” mechanism. Appli-
catlon of slower impulses are expected To result in lower creep
distances_due to movement of the snace charge away from the
ano¢é. |
- Introauctlon of a chromatogfanher for-the analysis
of nlxtures containing small percentages, of one of the comﬁonent
gases. Mixtures with small bercentages of SP6 under negative
.impulse.pOIarﬂuy should take priority in this study, a3 the
authér belleves that?%bere mlght be an anomalous behavmour of
the-breakaown voltégg\gf n%troggn with impurities of Sr6 (or SF¢
and 0,) less than 0.01%. |
- Spectroscopic-stuﬁies of~SF6/N2 mixtures are 1in greaf
need, <O provide information about the jonization, attachmeht,
and swarm parameters of the.different mixtures. éuch informa-
tion is expected to elucidate to some extent the iréééular beha~-
viour of the dielectric strength of the mixtures and lead o

improvements in the calculation of- the corona and spark onset

voltage.
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APPENDIX 1

CO“”UT?R PROGRAM FOR THE POTENTIAL DISTRIBUTIO! .
' _OF A ROD- PLAN“ GAP USING THE C.%RCL SLWUH.T ON
| . _ TECHNIQUE. ~ .

- - . ) - ® l.-. -3
The following progran represents a solution of equation

el

3.3 for nine semi-infinite line charges and one point charge(&6).
h , - =) ) =) )

Ten‘boundary,points {rj,z.) are used, *ee of which lie ©

-

the spherical part of the boundary and uhe remalnlng seven along

the cylindrical.part starting at z=G+R (see.Flgure 3.1(2)).
The problem is solved on the basis of une following data.
1. Radius of spherical tip R = funit (cm)

10R

2. Gap length G
3. Gap potential GPQT = 1V
Having sclved equation 3.3, the value of the charges

Q. (i=t1,2,..10) =are substituted in eguation 3.6. The pote-

.-

H
(8]
L
',—l-
3
1
fl
vy
[{+]

ntla_ G(r 2) can then be calculated at any point (
ﬂnuer-eWeCuroae region and along +he boundary of the electrode

+0 test for the accuracy of the simulated potential.

Qr

N
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MATN DATE = 78037 ‘ 21713749

POTENTIAL OISTRISUTICN OF A RUD-PLANE GAP

T PA

DOUBLE  PRECISION ZS+TS+T1.0S1N.DCUSyXS(20) +OLOGIXCHPNI10).PSF0(10)

DOLBLE PRECISION X1eX2,PT,PE+TS1,TS2,PLL(20)

DOUSLE "PRECISION A(Q)‘219)-PUTIJOJoVOLT(IOOozﬁéy?Y(IOUl-V(10.l0)

DOUBLE - PRECISION PA4 PR, PZLULLC) s YVNITALITILFE

DOUSLE  PRECIBICN ZEDAAAP, - . P?.VTOTAL,zz.zzz.zzz;.zl.xxLAO)'
DOUBLE PRECISTON BsC sDeE»F G+ P JiR3SeTeXe¥Y V1 wWVW2:VasPzPay VA RR
DOUBLE PRECISION BB.CC ODEEFALFA2,FA3FALLVRIVZILPALPAZIPAS”

DOUSBLE PRECISION GPL , PTRAD.GPOT +PQTFCRLFLCFCRs GA(30). .
DOUBLE PRECISICON XL+ 2SO PRESSAPPLV.FZ.FLEZ, RDsXUaY0 2
DOUBLE PRECISISN ETOT.ERADWDEXP,0AIS .

DQUBLE PRECISION EENT ,EANCD,FZ1 ,FZ2,2P(50),CRG(50)+0Z"
DOUBLE PRECISION DLOGLOWDSQRTHTT1,TT2.,FCT.CL :

OIMENSION XCD(IOC).YCQ(100)-XCDI(60)-YCDI(&O)-xCOJ(ZOJ.JCDJ(aQ) .

D}MENSIONbNALTILOO-ZOJ '
READ IN THE FOLLOWING DATA
GPL = GAP LENGTH = IN CENTIMETERS

GPOT = POTENTLAL ACROSS THE GAP - (1 VOLT)
READ (5+111) GPL +PTRAD «GPOT |

111 FORMAT (F8.2/FS5.2/F8.2)

558 WRITE (6+3) GPL+ATRAD,GFOT

8 FORMAT (1HO./+28X«1GAP LENGTH =1 /7 222X+ "POINT RAOLUS
. lo//!ZZX.'GApPOTENT[AL ="F792//’

- .- . / '
INTRODUCE TrE POSITICNS (0+2')=A(L) OF THE SEMI-INFINLTE
LINE CHARGES. AND THE PCINTS (Rs2Z) ON THE BOUNCARY JF THE
ELECTRODE WHERE THE BOUNDARY CTONOITIONS ARE APPLIED.

TT!
TT2

-

0.CS00 e e ..
0.100 .
- TS1 (180.000/3.1415500)*T%1 )
Ts2 (180.0D0/3.,1415900) *TT2 : _
. G=GPL/PTRAD é e B - -
F=G+1.000C o : . :
A{1)=F . -
2)=F+. IDU "
=F+.20C . ,
=F+.5D0 .o . CT
=F"'lo°Do : A )
=F+5.000Q _ '
F+24.000 4
F+3%.000 ) . kv‘
F+239.000 :

Wi n

T

P T

GoNGthpupn—~0Ee~0inel

Prrerk)p
et N At s Tt W et e e B bl Wt

I

+1.000

+4.000

+14.000

+33.000

+139.000

+439.000
G+{1.000-DCAS(TT1))
G+{1.000=-DCCS(TT2))

FORM ﬁATRIX QF CCEFFICIENTS

P N Y Yl alaloiatale el
HeTMTAMANA

NNNNNNNNNP Y

.COMPLTE V(
12 FORMAT (°*1
ARITE (5,1

G
/ .47X11HA014X1'V(0"0F +s1.tA)")

DGO 14 J=1, : !

R = 0.00 - B -
X=A(J) ° ' - \\

B=X+G - .7

C=xX-G

D = F =G .
E=F+G .

vi= DLD_G((8+DSORT(R¥R+B*B))‘/(C*L)SQRT(H*_Qf(:*C))) & .

Qs
Yo/ /
2) G
S

I =10
V(Il+J}=V1]

WRITE V(0,6 A({J})

PTRAD = RADIUS OF THE HEMISPHERICAL ELECTQDDE - IN CB+l IMETERS

-1 'F7-2

A{JY) AND LOCATE PUSITION‘IN MATRIX OF uZFFICLENTS
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nan

ann
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‘MAIN .. DATE = 78037 . . 21/18/%u
~ WRITE (6+13) A(J)+V(L+d) T NS
13 FORMAT (%07.62X,F6.1.13X.F1C.8) - - -
14 .

CONTINUE . . . e e -

"

conpurs_pco.c)'Anq LOCATE PGSITIJN IN MATRIX OF COEFFLOIENTS | . °

I =108

J = 18 n

P=1.000/(DSART (Rtn+otoi)—1.000/(3=QRT<R-R+E=E))- -

V(Iled)=P -~ . A . _ ' . _
wWRITE P(C.G) . .- _ . ' S S L

WRITE (6.15) G .P o '
15 FORMAT (P00 s/7 +a5X,aHP(Q +Fb6a 1|3H} —oFLl 33 . .

WRITE (&,21)
21 FORMAT (! ['o//-QX-lHZ-5Xc9HV(I|Z Al)tZXcQHN(l 2 Az) EA PHVY (1+ Z A2 i

1le2XeSOHV(1+s2Z Al ) 42X, 9HM(I.Z AS).ZX QHV(le AG)-ZXQQHV{;oZ A7)ea X5 e
“2V{leZ AB)+2Xs9HV{1.Z A9)) :

1

COMPUTE V(14Z(1) ACJ)) AND LICATE POSITIIN IN MATRIX uF COEFET's  ~r

DO 23 I=1.6 ) ‘ o T
. DO 23. d=1.%
IF{1-8} 801.802.&03 ,
801 R = 1.300
.. S0 TG aos - . A . ' . '
 B8G2 R = DEIN(TT1) : : . . - -
G0 TO 8¢s - . |
EQ3 R = DSIN(TY2) : y
‘8CS vy=Z(1) ‘
. X=A(J) oo T -
B=X+Y . . . -
C=X=Y ) .
D=fF=Y . ’
E=F+Y
vis=s DLOG((B+0$DRT(R*R+B*B§J/(C+oaQRT(R:R+C=C1)) )
VLT .=V . = -—- -
23 CONT.INUE

WRITE V(1.Z(I)-A(J))

WRITE {(6+2S5) (ZLI)alV{IeJ)sd=14F):1=1.9)
25 FORMAT ("0t .0X+F5«1+s2Xs9F11l.3)}

WRITE {6,26) _ )
26 - FORMAT. ('1'.//051Xv5H(R Z)vl4x'6HP(R Z))- .

COMPUTE P(LvZ(I)} AND LCCATE POSITION IN MATRIX OF CILFFICIENTS

c0 28 = 1.9

J =10

iIF(I-8) 901-902'903
901 R=1.000.

GO TO §CS

SC2 R = DEIN(TTL}
GO TO &0S .

S03 R = DSIN(TT2)

s0s ¥ = Z{1)
OD=F-Y .
E=F+v . .
p=1-000/(DSQRT(R*R+D*O})-1 QDO/ (DS QART(RER+E*E) ) .
V(I.Jd)=pP )
WRITE P(L1.Z(0)) * "; .
WRITE (6.,27) Z(1).P

27 FORMAT ('0',48X,3H(1l++FSe1411),10X,F10.3)
28 COANTINUE

WRITE MATRIX OF COEFFICIENTS

. WRITE (6.51)

51 FORMAT (70*'.//+48X+41HMATRIX OF CDEFF[CI-NTS PJI (EQUAT [ON 3.3) .-
1/620Xa (1) 49X4'(2)1,
19X-'(3)'-9X.’(4)'.QX-'(S)‘.GX.‘(O)'oQX"(7)'s9X.'(8)'.3%-'(9)'.QXv
2°(10) - . . .

WRITE (6+52) (Le{V(lesJ)eJ=1,10),1=1,10)

S3 FORMAT('0C*,1H{,12.1H).10F12,.8) ‘<

! o -
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- , MAIN - * DaTE = 78037 217184y
WRITE (6.61) . X : S - . S
51 FORMAT (91¢.18Xs20HPOTENTIAL VECTOR VJ.7 1} :
c o R . )
& .- FORM THE AGTENTIAL VECTOR VJ . , . .
C s . . . _ )
C. . DO 73 I=t.10v - e | o . -
71 U(1)=1.000 .- o )
73 CONTINUE . : o _ s
c ' : . - .
< WRITE THE. POTENTIAL VECTOR VJI .
'c . : .
. DO 74 I=1.10
74 WRITE (6,75) Utl)
75 FORMAT (10%.22X.F3.1), _
c i ‘ . :
¢ SOLVE FOR POTENTIAL COEFFICIENTS
C ' . -

CALL DSIMQ(V,U+1040) : L , - .
WRITE (6.81) ‘

81 FORMAT (*1%.//7+3CX'CHARGE VALUES OF THE NINE LINE CHARGES AND THE
~ 1 PQINT CHARGE') : ’

.

C‘ . - N .
C WRITE POTENTIAL CQOEFFICIENTS
c .

00 88 I = 1.10 ) -
83 WRITE (6.,8a8) Il.u(I) . . ‘ : '
G2 FORMAT (10%+48Xe5H{0.2% v 12,1H) 42X, LH=42X4F11.0) -
88 CONTINUE . ' ' :

DO 2321 = 1.5

233

HHX
nhin

102

e
(1]

—tnl O

10S.

o
in
1}
[
-
0

DLXOHNLDD
+ 1

G <0

- XS
S+0
X

NIEHNS
r

I)*DLOG{(XS(J)*ZS+DSQRT(RR+(XS(J)+ZSJ*(XS£J)+ZS))J/
QRT(RR+(XS(J)—ZSJ*(55(J3—ZS1!))

Oo-C |

(10)#(I.ODO/DSQRT(RR+(XS(i1J—ZS)*(XS(1IJ—La)) -
RRf(XS(ll)+ZS)*($S(11)+ZS)))
[0

4

vVTaTA

[\

-

L ]

o

Q

o
WrNOZ~~

(]
(»]
»
o
A m
on
oA
|
armo~in u~

VTOTAL = VT
103 CONTINUE
VOLT(TIIsJJ) = VTUTAL .
Zi = 2§-61.00C . -
IR (F=Z1) 200.200,201 .
201 COYTINUE
IF(25~G) 212,212,213

L+POTI(K)

212 2S = 2ZS=-G /100.00D0 : .
I1 = [I+1 :
IF(II-100) 10541C5.231 .
213 CAONTINLE .o ) . .
ZS = 2S+1.00D0 , . . .
II = TI+1 : ' .
.GQ TO 105

‘231 CONTINUE
. IF(R-5.0D0) 202,202,203
202 CONTINUE '
R = R+3.5DC

RR = R=R
JJ = Jarl
GQo TO 102

203 CIONTINUE

. WRITE (6.1C8) ) ,
106 FORMAT (+1%.35X,49HPUTENTIAL OISTRISUTICN IN INTER-EL=-TRUOE REGIO
LN o/ 7s@XsBHZ / R3SX+3 '

lHo.o.ax.EHo,s.ax,aHl.o.ax.3H1.s.dx.aHz.a.ax.znatsn_ﬁx.;ns.o.ax.:n:.
25-8x&%ﬂ.0-BXﬁ%M-S|SXJ%5-3) S *

. -

0
»
Fal

Ea— N AR A
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_ MATN “OATE = 78037 - - _21/187ae . - PAC,
xnxref{6f1o#) (YY(II}-(VGiT(rI-JJ).JJ=1-11)-II=f6100)“'Q '

1C7 FORMAT ('0%,F7+2, 11F11.4)
. DO 403 LI = 1.100

VALT(II-1) = VOLT(IIW1), : P .
XCI(II) = yyeluy S ' . . .
. YEO(TI) = 140D0=VALT(TII1) ..
403 CONTINUE _

WRITEL8.+55¢) . ) _ . 7 : ‘
S96 FORMAT('1'+25X . POTENTIAL OISTRISUTION ALONG THE AX1S JF ALGREST F
LIELD STRENGTH®) . . AR : ) _ h
. CALL PLOT 3(XCC.YCC.100) S . .
© 500 CONTINUE - : .

-

o : ' - .o
C " COMRUTE POTENTIAL DISTRIBUTION CN CYLINORICAL PORTION 4F SOUNDARY
c . ' :
. © R = 1.000 . : : - '
: RR = 1.000 _ : . ‘
Jd =1 . .
Zs = F ‘
11 = 1 - : .

S 60 TO 105 | : ‘

200 CONTINUE i . . '
< -
<
C

WRITE ‘(£.206) ) : . . . S

206 FORMAT (+1',25X, *PQTENTIAL DISTRIJUTION ON CYLINDRICA. PURTIUN OF
1 THE BOUNDARY'.//+S8X.'R = 1e0" 5/7 253X+ 2544 7% tPOTENT LAL")
WRITE (6.2C87) (YY(I1),vOLT(I1.,1),11=1,60) :

WRITE POTENTIAL DISTRIBUTION ON CYLINDRICGAL PORTION CF BJUNDARY;\;;’///

207 FORMAT (101 ,50XeF7.2,5F11.4) . )
DO a0l II = 1.60 . . . X 3
VALT(II+1) = VOLTIII1) ' T .
xCOI(II}g: YyY¢e1in) ' ‘ :
YCOI(II¥f = (1.00C=VALT(1L,1))*=1r00.000
401 CONTINUE . ’ ) N
_ Jd = 1 o _
< .
< COMPUTE ZS AND R COORDINATES" OF 'SPHERICAL PQORTICN OF SMUUNBARY = — T " "~ 7
WRITEt6,1801) . . : .
1801 FORMAT( 1" .30X"F0Q TIAL DISTRISBUTIGON ALONG THE CYLINORICAL PART
10F THE BCUNDCARY') ‘
CALL PLOT 3(XCOL,YCO1,6Q)
Il = 1 L . :
DO 259 L = 1.290 . _ ) »
T1 = 2.1415900/(2.900%2¢.000)
TS = Tl=L
- R = DSIN(TS ‘
7S = G+(1.000-DCCS(TS)])
Yy(II) = 28 .
XX{Il) = R
RR = R=R ) .
C . _" .
C _ - COMPUTE POTENTIAL DISTRIBUTLUN ON SPHERICAL PORTION oF BAJNDARY
C ‘ o .
DS 258 I = 1.9 ’
4 = 11+1
POTLLY = XS(Il*DLOG((XS(J)+ZS+DSQRT{RR+(XS(J)+ZSJ*(KS&J)+ZS)J)/‘
l(XS(J)-ZS+OSQPT(RR+(XS(J)-ZS}#(xS(J);ZS)))) .. :
28 CONTINUE ‘
FOT(10) = XS(10)*{1.000/DSART (RR+({XS(L1)=2Z 1 {XS(1l)=aal} -
21.0D00/0SART(RR+{XS(11)}+ZS) *(XS(11)+2Z35) 1))
VTOTAL = 0.000 . -
DA 109 K = 1.10
VTOTAL = Y TOTAL+FOTIK)
109 CONTINUE
VOLT(1I,JJ) = VTQTAL - o .
IIT = I1I+1 -
o229 CONTINLE _ ) _ .

~

faXala)

WRITE POTENTTAL DISTRISUTICN ON QEHERICAL PGETIdN OF owJINDARYT
. , “ .
ARITE (6.320)

320 FORMAT {"1%.,40X, "FCTENTIAL DISTRIBUTICN CN SPHERICAL PuRTION QF TH
1= BOUNDARY'-//.SOX.”ZS'.9X.'R'}7X.'POTENTIAL')
ARITE (&,321) (YY(II).XX(II).VOLT(II.l)oII=l|20)

321 FORMAT (101 ,87X+F6e2sFl1la4sFlled) -

DO 402 Il = 1,20
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. . . MAIN < DATE = 78037 . 217138740 - P
VALT(II-1) = VOLT(II.L)  ° .8 - o : '
c o YCCJIII) = (1.000=VALT(ITs1)) *100.300
XCOJ (11} = xx{I1) . 7~
402 CONTINLE . L
T WRITE(6.1302 ‘ - -
1302 FORMAT('1? +30X.FPOTENTIAL DISTRISUTION ALCNG ThE SPHExLICAL PART OF
1 THE BOUNDARY') - -~ . i
CALL . PLOT 3(XCO0J.YC0I:20)
.. 3toe ; -
"END
b )
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DSIMQ

SUBROUTINE DSIHQ(A B.N.KS)

73037

o b T ST T e e e, 3

.~

FOR ThE cDLUTICV GF A LINEAR bYSTEM GF =QUATIQNS

- DESCRIPTION OF PARAMETERS

A =MATRIX OF COEFFICIENTS STURED CCLUMNWISE

3 =VECTOR OF UNKNUOWNS,

REPLACED 8y THE

» FINAL SOLLTION VALUES (VECTOR X).
N =NUMBER CF ECUATIONS‘AND VARLABLES

KS =0UTPUT DIGIT

0 FCR NORMAL SULUTION

1 FOR SINGULAR SET OF zQUATIONS

DOUVELE PRECISION A{1002

TOL = 0Q0.00¢Q -
KSE = 0
dJ = =N

‘DO 65 J=1..N
LAY = J o+
WSJd = JS e NeL

BIGA = 0.000
IT = Jd=- J

Q@ 30 I = JWN
IJ = IT + 1

IF(DABS(3I GA)-DASS(A(IJ))) 20,30.30

BIGA = A(1J)
CONTINUE

'IF(DABS(BIGA}—TUL) 35. 35.40

KS = 1

RETURN

I1 d + N*( J— 2)
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A

. GAR LENGTH -
PQINT RADIUS

H

GAFFCTENTIAL =

- 11.0
11e1
11.2
11.5%
12.0
200G
35.0
100.0
250.0

P(QO.

-

V{0, 10.04)
3.03452244
2.953956286
2.87167562
2.56253783
2.39789527
1.06351229
0.58773666
0.2005707C
0.08004271

10.0) = 0.9523809S
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39.00 0.9759
' | . 40.00 0.9755 IR
j 41..00 0.$778 ..
. - 42.00 0.5796.
43.00 0.5317 )
as .00 Q.55 1
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COMPUTER BROGRAM FOR THE POTENTZAL- DISTRIBUTIOV
. OF A ROD-PLANE GAP ‘USING THE ovTIwIZEﬂ.CHARG
MDLATION TECHNIQUE. .

'_mhe following nrogram represents a.solution of equation
& v .
3.9 ior nine semi-infinite line charges and one point charge.

The va_iables of ootimization are the DOSlu‘OnS of the charges
/

(r v23) and *heir values Qj (i=1,2,...10). ~ The constrﬁinus

imnosed on the variables are giwen in Table 3.2-

" The initial values of the varizbles are chosen.within

their Cerespondingaconsgra “ts. In %his case cue IO the.

£

rélauively slow convergence 0% Rosenbroks optimization,sub-

routine, the lnlula_ values used are the final values of the

- varizbles from 2 nrevious run. . The overall computer time
{on a IZM 360 fast core) 1is annrorﬂmate y 70 ain, and it is

typical for optimization of a function with large number of

variables using® RosenbroXs optimization +echnique.

Note: A4s an addition to *eie*ences provided 1n the main texT,
i+ should be noted that, Anis et-al (77) have recently presented
2 modified ch 12rge’ SLmulau_on +echnique vy appiying nultiple
1inear regression =0 *he number and position DO 1
boundary cace, against the rnumber of the fictitious charges.
gf‘.‘his is a qu i-optimization approach ara like +he method prase-
nted here. it represents zn improvement oVe ‘+he conventional

charge simulat= technigque.
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E oPTIMIZED CHARGE SIMULATIGN SOLUTICN OF A ROD=PLANE GAP -
) . . EXTERNAL -SL2S c =
DOW3LE PREC
pOouBLE PREC
DOUBLE PREC
DOLBLE PREKL
DOLBLE PREC
DOLUBLE PREC
DIMENSICON V
DIMENSICN X
INTEGER N

DSIN.OCTSIP+ZS+GG+F AL D)22ET(3)

S A0 T(10).X5(20) + VTITAL »VOLT (100,200

PTRADVFX +FCTX. . C
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b e S
<.

O~ No+

Z7Z2%

neu-

‘e @ p-xn‘unp-
L)

g -

~~0n0 000
Cew XrQ¥~ D
AWK Do
phxes CON
[e Yo X
O~-0

O e ptparirs
O inininintnin
g ey e e Ll
[\ il 4

[a Y @]

—ONT

<N (

NOoO -0
oO~T~
e N

).v¢o(1oc;.xgoicoo),vtpitaO)_

READ IN TFRE FOLLCWING DATA - S -

GPL = GAP LENGTR = IN CENTIMETERS L o ‘ .
PTRAD = RADILS OF THE MEMISPHERICAL ELECTRODE - | IN CENTIMETERS
GPDOT = POTENTIAL ACROSS THE Ga® = (1 vOLT) :

READ (S

112 FORMAT ¢
998 WRITE (&
(

NOONON

Z) GFL.PTRAD.GPOT ~ L .
WE/FS42/F842) i . ' -
} GPL.PTRADWGFOT N
8 FORMAT Co/ 124X *GAP LENGTH L E7.2./7+22% s POINT RADIUS - F7e2
1/ /+22Xe tGAPFOTENTIAL =1 4F7.2/7) ‘ -
6G = GPL/FTRAD : -
C NOUMBER OF VARIABLES - N
: N = 20
Ff =GG+1.00C ‘ -

1g)
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« 8
1H
'G

KWRT =
INDEX =

INTRODUCE TrE CONSTRAINTS IMPOSED CN THE
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CONSTRAINTS. DR VALUES OF THEJVARIABEES FROM A PREVISUSI RUN.

a¥alalals

12.4€400
-18.(G8EDC
1.95270C

F .

F4Ce118D0

F+Gos5700 _ . _ .
F+C.4ETDQ - : .
F+1.17€D9 :
F+1.6270C

F+1€.5£00

F+C.C17D0 . _

F+a7.48500 : .

0w

nﬁhhﬁﬁnhﬂnhﬁﬁﬁd\ﬂr\nﬂn
mawpuupwwuwﬂmﬂmmbuMH

s e et e g e T St St Tt
TR (RE I (AR [N [ Ol LI L

rxhnnh

r
roomqombumHOquvuvuvu
[T U]

Onnxxxxxxxxxxxxxxxxxxxx

ok
F
e~

M
X

L=
I



ey 1.

s Lnarit i LA S LR T

v

~

57..
SE
.86 102
6L - }
671 . 105
62 ~ .
63
64
65 101
&E
6%
SE
6% - -
7 103
71
T2
73
74 201
75 ‘
7é . 212
77
7E
7S 213
8¢
81
g2 3
83 231
ga
8s 202
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105
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116
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- 1HD 20 W & X
2.5,8X%X+3

R

gx5(4)+13)s1xs<4)+25113/
1))

C <Cvwwne D
1]
bt b ) ]

it~

g-ZS)z(XSKIIJ-ZS)J.-

CONTINUE

VOLT(TI.J
Z1l = ZS5=€&
IF (F=2Z1)
CONT INVE

IF(ZS=GG) clz»
25 ZS—GC/ Co

cC) 1C¢<.
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h
O
N

-
LY
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n
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L
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G TC 102

WRITE (é
FORMAT (
WIEE:

n

X-3

» O Sx-“EHl-S 8X-3H2 O’BX!JH2.D,
+ 3HS. Q)

O%T(I[-JJ)-JJ l-ll)vrI—I-ICO]'
4 .

8X-3H3q0-bX.3H3 .

[] -nr)nfn -
¢ =Jo & T« {h
N MmN -
O S s ~J o
[y (D
Hﬂx

<
€l
GO e (N X
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LT(II.I!

WRITE( &
(

*POTENTIAL DILETRIBUTICN ALONG THE AXIS OF HIGHEZST F

CG,YCO, I'oC) : v
CONTINVE ' .
COMPUTE FOTENTIAL DISTRISUTION ON CYLINDRICAL PORTIIN OF E3UNCARY

1.0D0 .
1.00% =3

R =

JJ
Z5
11
cls]

A~ h

~
SCIUNCRRY
WwRITE

QISTRIBUTION ON CYLINDRICAL PIRTION OF
1l 0'.//.53X|'ZS'.7X.'PJT"QTIAL')
i

I+41),11=1,60)
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12¢C . wRITE(G.l gcl? Lo . - . N
121 -1801 FORMAT{'1".320X, 'PDT=NTIAL DISTRIBUTION ALONG THZ & LINDRTICAL PART’

’ . - 10F THE SCUNCARY!') .

122 CALL -PLOT ‘!XCDI.YCOI 50! -
123 ‘dd =1 -
124 II =1 - .
128 DO 259 L = 1.28
12¢€. =Tl = 3.141%8 950/(2 000*20 900 )
127 TE = Tl
128 R = DSIN{TED ' . .
126 8 = GG+(1.CCQ—DCUS(TS)) : ’ , T .
130 CYY{li) = Z¢§ . N Co . : :
131 XX(11) =R "
132 RR = R*®R _ . . .
. c .
c CGMPUTE FCTENTIAL DIaTRIBUTION ON SPHERICAL PORTION DF BDJNCARY
R ' .
133 - DO 258 1 = 1.% B
134 J = 11+1 - _— , . \ .
13¢ POT(I) = XS(I)*DLOG((XS(J)+ZS+DSGRT(RR+(XS(J}+ZS)*(XS(J)?ZSJ))/
) 1(XS(J)—ZS+CSCRT(RR+(XS(J)-ZS)*(XS(JJ—ZSJ))}
136 258 CONTINLE - . . . .
137, POT(10) =“kE(rO)S(l-ODO/DSCRT{RR+(XS(11)—ZS)*(xsillg-zs)) -
21.0DO/DSCRT(RR+(XS(11)+ZS)*(XS(;1)+ZSJ)) .
138 VTCTAL = 0.0C0 . .
139 DO 109 K = 1,10 .
14 C VTOTAL = VTCTAL+POTIK)
141 109 -CONT INUE. : ~
142 VOLT(IIrJJ] = VTOTAL - -
183 IT = [I+1 _ -
144 259 CDNTINUE - . ' ! ) .
. - .
g WRITE POTENTIAL DI:TRIdUaIGN GN SPHERICAL PORTIDV JSF BDUNDARY
145 WRITE (E£43229) .
146 ‘ -320 FORMAT (1 ' .40X, tPOTENTIAL DISTB!BUTION ON .SPHERICAL PDJORTION OF TH
. 1E BOUNDARY "+ // BOX, *ZS? . SX."R* 4 TXs "PCTENTIAL")
147 WRITE (&,321) (YY(II).xx([[).VOLT(IIslinlz =1.20)
148 . 321 FORMAT (]C‘.a?x. FOael F11-4.F11.&J
146 DO 402 11T = 1,20 >
SC VALT(II.1) = VGLT(IIsl) -
S1 YCOJ(II) = (1+000-VALT(II.1))%100.C22 '
5z XCCJI(ITY = »x(11)
52 22 CONTINUE . _ .
54 WRITE(S&.18CZ) ) ' ’
SE 1822 FORMAT (17 ,3CX."POTENTI AL DISTRISUTICN ALONG THE.SPAERICAL par? OF
i TRE BCUNCAARY!) . - . .
156 CaAaLL PLCT 3I(XCOJ.YCCJ2Q)
157 STOP
15% END .
v
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c C ) . b L . ' : e
> - SUBRUUTINE StB cZPRESENTS THE 0BJECTIVE FUNCTIUN *u's THAT IS TO.
-E SE MINIMIZEC. =~ U _IN THI%‘C?EE 15. THE ACCUMULATIVE SCQUARE SRROQR "
'c AL CNG 15 FCINTS OnN THE SPRERTCAL FART OF ThE SLECTRIDE. AND 50
C POINTS ALTANG THE CYLINDRICAL -PART. . P
c v S ’
- SUBROUTINE LBINVARVXsNFCON.UGHY = - . . '
¢ DOUBLE PRECISICN X(EQ),FXI.FXE.FK3'FXQ.T.T1.DSIN.DCJS.RoZ-FXS
1 DAUBLE. PRECISION G(2C3.1(20]+Y WPOT(99)+TTLS) . _ _
2 DOUBLE PRECISION CSAGRT»F X564 JL0G. P+ CABS »FeZ2Z(7) 968 .
2 S3 =0 N - : ST '
4 Fxg = C.0CC .
g Fx4 =.0.CDC .
6 ~ Fx2 = 0.00C
7 GG = 10.00¢C -
€ F =6G+1.0D0 .
$ x(11) ='F - -
c .Xx(12) = F
1 1T =1 . : .
2 T = €.01DC
2 1 R = DSIN(T) .
4 . Z = F=DCOS(T)
S DO S 1 = 146 -
€ J = I+11 : |, -
7 Fxl = X(IT*DLOG((x(J)+Z+DSQRT(R*R+(X(J)+Z)*(X(JJ+Z)))/ .
1 (xﬁ4)~z+osa:Ttn:n+(xtJ)—ZJn(x(uo—Z))3> C x
g 7 Fx2 = EXZ+FX1 - . ) -
S 'S CCONTINUE : - . _
0 F X5 =x(10)*;L.cooxosoarcnsn+(x(11)—za:cxt11)-2)) -
11.0DQ/DSORT(R*R+{X(11)+Z)*(X(11)+ZJ)) ‘
1 FX2 = FX23FxE )
2 POT({I1) = Fx2
32 F%x3 = (1.0CO0=-FX2)*(1.0D0-FXx2)
a .o Fxa = FXa+FX3 - . ‘ ) ;
5. - Tl = {18C.CDC/2.14156DCI=*T < - R
| ° Exz =.0.08CCC00 S | o
1T = 11+1
T ="T+C.10C -
S [F{T—1.50C) 1+1:¢
0 6 CORTINUE - .
1 .Fxz = o0.doc b
- R ='1.0C0
2 K = 1 .
a z =F )
s 20 DC 25 1 = 1S ,
€ Jo= I+l . Y.
7 FX1 = xtt:xcmacctx{J)+z+oson1<asa+(x(J)+2)w(xtJ:+z)>)/j g
1 (X(JJ-Z+DSORT(R*R+(X(J)—Z)*(xtJ)-Z)}))
8 FX® = FXZ+FXl1 : : .
S 25 CGNT INUE ) R . -
c FX5 —X(1C)*(l-CCO/DSQRT(R:R+(X(11)*Z)x(x(11)—2)} -
- 11.000/DSCRT(F#R+(X(11)+Z)‘(X(1LJ*Z))1 e
Fx2 = FXz+FxL’ ' po-
POT(KI = FXx2 _ .
A" FX3 = (1.0C0-FX2)%x{1.0D0C-Fx2) .
6x N CFXE = FXE+FXE
iR o= Kt . -
Fx2 = C.CDC RO
CIF (Z=(F+Z.CDCJ) 30,40:+4C
30 Z = Z+0.SCC v

GaTo 2% . _
40 Z = Z+1.00C _ .
T IF(Z-(GG+EZC.CC0)) 20+20.30
5¢ CONT INUE _
N U = Fx4& +FXE ‘
\ﬁ;funn- . , ;
‘ » -
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27; ) . SUERGUTINECL IMBD(NVRZ.X. NON 'U.‘NF ITGeS+lSe KwRT+GeHy ENDE*. NTFIPV-FCN) TS
c . ) R o e ST e =
C . : o : R .
C - FUNCTIONAL CFTIMIZATION 3Y ROSENSRJCK'S NETHCD - OF AlLUL-CLIMBING 3
C < - . - B teo- ‘ . - . . - '
-~ c THE ARRAY € MLST BE D IMENSIONED AT LEAST" NVAR® (NVAR®S) #NCON = - -3
- ’ C . . . ) ' B * : o . : - ’ . =
c- . KWRT SET AS FCLLOWS FOR. OUTPUTS = .2 QUTPJTS SUPPRESSED - .7 . g
C . M T " 1 AT START A0 END CNLY - . :
< . 0 - AT END. OF EACH STAGE - _§
E : ; , . =N AFTER EVERY N TRIALS .= 3
c qINDEX FCSITIVE FOR ‘SIGNIFICANT FIGURE CCNVERGENCE. CRITERION - - :
< el 1 NC CONSTRAINTS ON INDEPENDENT VARIABLES - SETS G.H‘LARGs i
<. 2 FINITE CONSTQAINTS'CN_INDEP.'VARIABLES SUPPLIED CN ENTR _
c ,3 FCR RE=ENTRY WITHOUT INITIALIZATION® . T
- C Y4 AS _IN 2 BUT KTRIAL =.0 - - . et
~g_ INDEX NEGATIVE ~OF ABOVE FOR EXIT CNLY AFTER SPEGIFIED TRIALS ° -
28¢ . . IMELICITREAL*E(A-H.0-Z) L w ‘ ‘ :
281 c DIMENSIONEQE).G(NDN)-H(NON)-XtNJNY.S(LS) - -
d CINITIALIZATICN s ) -~ : ’
¢ A LINE COUNTER 1€ SET SO THAT HEADENGS WwILL BE PRINTED.AT THE HEAD,
. ¢ OF EVERY PAGE. . : : . .
282 INES=6C , . S ' "
. 283 . NCCN=NCN=TAES(NVR) T ) . .
284 - NVAR=TABS(NVR} ‘ ) : ) . EE
288 SGN=NVR/NVAR o _ _ .
28¢ NWRT=TASS(XaRT) g : ‘ v ; .
287 NTCT=NVAR+NCON T, , - . :
288 N2=NVAR® {NVAR+1) : - - . '
28¢ NI=N2+NTCT '
290 NA=N2I+NVAR ' ' o . - _ .
291 NS=N&+5MVAR ‘ - - : oL - -
292 : - NTRIAL=NTRIFVENVAR ’ - A -
2932 NCCNS=NTCT - o~ . -
294 - - NT=NVAR® (NVAR+S) +NCON :
295 . NEND=O .- : : . - - .
29¢ © .CONV=.500%(«1C0)**NFIG ,
297 INO=IABS({INCEX) . . . _— .
.C . THE - COMPRCMISE VALUES OF THE 3 HILt—~CLIMBING PARAMETERS FILLOW
- c. - ALPHA ANC EETA ARE FORWARD AND SACKWARD STEPPING PARAMETERS,
26 .  ALFHA=2.0C . o : : T
2995 .BETA=.500 “e .
300 JFAIL=1.D0 : , . .
301 - "L IFF= .0CC1CC . T , - SN
3c2. - INDI=0 .- . , i . -0
303 GOTO(IQE.»IECJE)IIND . — B ‘...‘ : " ., =
308 .8 . KTRIAL=O - . . ‘ ‘ . s .
305 “IND1l=1 : . , -
30¢& MwRT=NWRT ‘ i . - .
307 GOTO39 .. : - .. -
308 1 DOZI=1«NVEFR : ) _ T
306 NCONS=NCCAS-1 . - . . ‘
310 . G(1)==1.0C+25 ° - . : .
311 2 F(I)=—-G(I) : : :
312 3 DO&aI=1+NT _ .
3132 & S(1)=0.D0 . .
3146 . IF (KWRT +GT.11G0TO11 R ;
315 = IF(SGN)10s7+7 ¥ L : o . '
1€ 7 wFITE(&-lCﬂJhVAR.NCONS; : , ‘ . . .
317 ) * GOTO1ll - ‘ ’ . :
318 . 10 WEITE(E+1CZ)INVARSNCONS - . . : B :
319 101 FORMAT (/77 /75Xs *MAX IMUM OF -FUNCTION CF "+13,! VARIABLES #ITH.'»13.
* CCNSTRAINTS') '
320" 102 FORMAT.(///75X,"MINIMUM OF FUNCTION QF *,13+° VARI ASBLES WITH 1+13.°
* CCNSTRAINTE') . : .
321 11-8(2)=0.00" - : :
322 E(Z)=C.D9. , ' - .
322 KTRIAL=C® , , _ : -
324 MuRT=NWRT: ) S
325 CO 15 1= 1 #NVAFR - - - 3} -
32¢& [F(GII)=FR{1))13s14+13 : . .
327 13 $(1)=«1D0 . N : ‘ -~ ‘
328 14-. NIS{NVAR+1)*1 ; .o .. - o .
326 15 s(nI)=1.0C -~ . : S ) W LE Y
330 BIC=CABS(X(1)). L . :
331 IF (NVAR-EC«1)GOTD1ES ' . : : .
332 16 DO18 [=2+NVAR LR .o

- ’ S I , : et o .



‘333

342

349. .

350

35a'

362
364
36%&
366
367
368
365
3740
371
372
373

374
375

376

377 -

37&
37S
38¢
381
382
383
384
385
38¢&
387
38E

39C

106
34
1C7 .

35
108

Nnoann

. 8¢
305
81
82
871

S5

AR . 177
ABX=DABS(X(1)) g -
IF({ASX « CT«E 1GIBIS=ABX : B
CONT INUE ) .
EIG=1Q-DO*(£LPHA—1-DC)*BIG*I-DO
KECCNV=0 . < . . :
X0=1.,D0 )
IF(X0.GT.B16)GOTO21
KGUNV=EKCONV+1 '
XOsALPHA®XC .
GQTOl% - - - .

cRECK INITIAL VALUES wRT. CONSTRAINTS  °

IF(NCDN.LT.1)G0T322S
NV ]=NVAR+1 .
NCI=NVAR+NCCN
DOzZ2I=NV1.MC1
X{I)=.SDO®R(C (I }+R{T}]

CALLFCN{NVAR s XsNCON UL+ Gel)
Ul=SGN=U1 | :
0040 I= 1. NTCT

N2 I=N2+1 ‘

S(N21)=U1 .

IF(KWRT LEC.Z2)GOTUSO

GCTO82

BEGINNING CF RILL-CLIMBING

STAGE QUTFLTSE OR END DF CALCULATION

IF (KWRT—1)824+E14 33

"IF (KTRIAL.EC.282316370871
IF(KTRIAL.EC.CIGOTOEZ

1F (NEND +NE +1)GITA90

CALL FCN{NVAR «X o NCONSB(1)+GsH)
IF (L INES LT €6 )G0TO9SS

CONT INUE

FRINTIS

FORMAT (*1°'//706, *ND. OF CLRRENT TRIAL
£TANCE CRANCE IN DIRECTN'/TOL'TRIALS
*UE MCVED OF MOTION'/T
* STAGE :

FRCM LAST STAGE'/) ~

T LGlO.T}

NG=C :
DOZBI=1.KNTCT !
IF(H{II=G{I)IZE,25+,25 -
IF(X(I)=Gl1))}E27+26+26
IF(H{I)—X({1))28., 28,38 :
IF(DABS(G{I))—=1.D00)24.248.+23
X{1)=G(I)+CLIFF=0ABS{G(I}}
GOTO30
X(¢I)=CLIFF -
GhTO30 -
IF(DASS(F(I)-14D2))137+37.+36¢
X(Iy=H(I)-CLIFF*CABS(H(I1))
GCTS30 c
X({I}=CLIFF -
IF(NG-NE.C)GETOZ2.
wRITE(6.410€S
. FORMAT{/SX,
%//)
NE=1
IF(GII)—H{1)})32+34.33
WRITE( S, 1CEI.X(1) :
EORMAT(1CXs "VARIABLE' 14" TAKEN AS
GOTO38 L.
X{I)=G(I)
WRITE(E.1C7)1.X(1} . .
FORMAT {10Xs "WARIABLE*y 14, 'CONSTRAINED TO BE '2516.7)
GOTO 38
WRITE(E.2CEITLGITI)H{1Y :
FCAMAT (/5X,*FOR VARIABLE'eid,' LOWER LIMIT!,Z15.8,"
x LIMIT",E1€.8.' HAD TO BE 'INTERCHANGED'/)
G1=G(1) :
G{l)Y=H(1) -
F(IY=G1
GOTOo 25
CONT INUE ,
U1=C QDC,
IF(NTRITAL.EC.CIGOTOES
CONT INUE .

LAST SUCCESSFUL
VALUE JF

v INITIAL VALUES MUST NOT LIE CUTSIDE OR AN CONSTRQ[NTS'

AND UPPER' .1

.

TITAL DI
FUNCTIONAL VAL
14 s ' IND VARIASLES',T&7.'DURIN:

PP ¥



ag?2

110

a2 . :

404
405
a6
407
a0 €
40S
410
411
a12
a13

414 .

. 4BE

465

471

83
86

88

8%
ST
113

125
126
127
128

12¢
121

122
123

129,

12C
136

137
1328
131

132

_178-

. FORMAT(I11+.1£X,3Gl6. 7/(11X'616 7})
IF(KTRIAL +EC +3820)GITOEE
LINES=LINES+NVART] :

IFI(KWRT.EL.1)GECTO8EY .

IF(KTRIAL.LT.NTHIAL)GOTCEB
"CALLFCN{NVARS, X.NCON'B(I)-G-Hl
U=B({1!)
RETURN oL
- IF{NEND.LT.1)G0T090
IF(KWRT.GEZ2IGOTHBS
WRITE(&,112)INFIG
FDRMAT(//SX.'CCNv=QG=NCE TO'v14as"
®ALL INDEF=RDENT VARIABLES.*7)"

GCTOES

 BEGTNNING CF STAGE

.FGRNARD STER.QOF- VARIASLES
IF(IND1.EC.1)GOTOS3 :
pos24=1 sNVAR
N2IJ=N3+J
NSJI=NS+J
S{N3JI=0.CC
S{N5J)=0.CC . )

J5=1 ‘

IND1=D

NEND=0 .

COS6 I=1«NVAR
IFL{G{I)=H(]I))IGE,56455 *
NI=NVAR®I+IES

j(l)-S(NI)*S(JS)+x(I) Ny

JCENT INUE

FUNCTION EVALUATION
KTRIAL=XTRIAL+]
CALLFOCN(NVEAR +X«NCON,U24CaH)
IF(KTRIAL.EC.2E20)G0TI871
U2=SGN=UZ2

CHECK COCNSTRAINTS ”
DCL28I=1+NTCT
N2 I=N2+1
IF(G{1)}—F
IF{Uui-U2)
IF(X( -G
IF {(H{ X
CONT I
Do1351
N2 I=N2
IF(GLI
IF(C AB
L
22

28,125
45 .
45,127

(
1
(
( 45,128,

[ =Xl o

I}
[)=
NUE ,
=1sN T
+1
120.1344120
1.D84121.121,122
SN1=C
GCTO1
SN1=CL
IF{x(1
Go=(G(1
GOTO132
IF(DABS(R({I)—
SN1=CL IFF
GCTO 138
SN1=CL IFFx*CA
IF(H(I)=-5KN1-
GO-(X(I)—P(I
!
"
<

( 1)
13)129%130.1230
))/SNI

P
S(C
IFF
=

IFF*EAES(G
J=(G(I)+SN
)+Sh1 xX(1
1 003313& 13&+.1327

HO=U2=S5(NZ

S(N2II=UL
GOTO135
S5{1)=0.00
CONT INUE
IF(G(JS)—P(JCJ)1&3,1a2.140
NAJ=NE+JE

NSJI=NS+UJS

IF(S(N5J)'-.....C) 141, 1421 142
S{N&J)=0.TC

S{NSJIE1l.CC

N3J=N3+IS -
SIN3IJI=S(N2J)I+S5(JIS5)

ulsu2

et LIPS PRSI

SIGNIFICANT F1GJRES REACHED "IN



a73

a7a
a7s
avTé

&77
47E -

a7q

. 48¢C

481

482
483
484
48%S
48&
487
43 &
a48s
49qQ
491
ag92
492
494

a9 s
496
497
a9 g
9SG
S0Q
SQ01

S502 .

"S03
SQa
SO€<
S0¢
SQ7
SQE

nomnnnnun
— et e e e O
N~ O

!

nrnnnintntn i e vin?
AW WL RPN NN -

NOMpN-OONDRNANEFLUN~O NN

(ala]

135

188 .

148

A0
uiih
[

b e e -
o o i 1]
[ Y ) n

he

Ay e

166

[a Y a Lol ol el
~No e
=y, oW

. 172

as
a7

4G
SC

=1}
56
sS7
sa

IF RELATIVE CONVERGENCE TES

T -179f L S ' :~:
€oT0150 o | S .

-UNCO UNSUCCEESFUL STEP  AND REVER SE DLR‘CTIJN €HiTH RsDUCED S3TEPR

CR143I=1+NVAR
IF{G(LI=-m{I))1lag.132414E
NI=SNVAR®I+US
K(II-X(I)-Q(\I)*S(JSJ

. CONTINUE

S5{JS8)==-8cTAxE(J4E) .
Na J=Na+JS
S{NaJL=S(NAII+1l, DO

) CPECK FCR STAGE uPcI“UM IN EVERY DIRECTION

IF(KTRTAL. CE.N‘QIAL)GJTcao

OC1SS5SI=1.NVvaR : . . -
IF(G({I)=-n{I))LZZ, 55.1=2 : -
Na I=Na+I .

NS I=NS+]
IF(S(NAL)+.SCO0~FALIL)
[F(S(NST)=.35CCI1680,1
CCNT INVUE

15Q,
&S,

12
155

GQTO41

J5=J5+1 ;

IF{JS. GT.hVAF)GCeDléG ECEA
IF(KWRT.GE.QIGCTLU17O . -
IF(KTQIAL.LT MhRT)GOTO'?C °

INT:R“ECIATE FCRCED QLTPUTC
MART=UWRT+AaRT

UP=5GNxU L
WRITE(S.11S)KTRIAL,UPL(X(]). S
FORMAT (3 1X+110,18X+G18.7/(11X
IF{I2S.LE.NVARIGGTAOSS

v

=1 .NVAR) ' -

. H

R 7 ch.u.o-.r}] i -
" GoTos3 : . oo //\i,

IF (KTRIAL.LT. KCC\V)GGTGI&Q ) .
IF(INDEX.LE.CIGOTOLIES . o

CCNVERGENCE TESTS :
DC180I=1.NVAR S

EX=C .00 -

DO173IK=1.AVAR , ‘ : .
NI=NVAR®I+K - o
DX=0X+S(NI)=S{K)
IF(DASS(X(1))-1+DC)173,174,

- .

S| ARE DESIRED FQOR LZSS THAN UNITY
EMENT SHCOULD S8SE CHANGED TO SUIT USER'S

NEED. FOR ExAMPLE IF(ABSIX{IN)) 17S%4174.17S MAY 3E USED

BUT UNDERFLCWS MAY JCQCUR [F MAGNITLDES ARE VERY SMALL

CRIT=CABS(CXx)

G3TOL17E

CRIT=DABS(CXsXx(-1))

IFICRITLCE.CCANVIGLUTO 1a4

CONT INUE - :

NEND=1 -

G0 TO8D

IF(KTRIAL.ZC.3820)GLT3&71 . “

T
>
¢
L]
—
C
L)
m
7))
-4
T
m
T
D
n
<
)
@]
C
n
v
-‘
s
Ladte It R ol

TRANSFORMATICN CF CDCRDINAT=S AT END CF +STAGE BY GRAM=S5CR4IO7T. GRTH
DOAS [=1«NVAR »
NN=NVAR=I+NVAR . . . -

S{NN)=SIN&)I®E (NN) -
DO4SJ=2.NVAR
NJ=NVAR=J+1
NIJ=NI+NJ
NI=NVAR=I+NJ
SINT)I=S(NIZ )
IFINVARLJEC.1}

-DCsSQu=2,2

E(J)=0.D00 ; ) , . ..

91
NV
)=
)=
)=

wowr
~tn—~1
D Z %
L A
N
m—~ %
—~ I 3%
(AT ¥ AR
ol +

KoCCoJ)CCiGca
1=0 .00 ‘
CI=1.NVAR

QW—ARLOOLWZO
D~ ~—~~ri ]

4
4
)
2
1
1
(
1
&



60
65 -

68’

70

75

: DC&S'I=1-NVAR o . ) . o )
- NI=NVAR®I+J . . - . . Co . .

P - . . . e w2 (i b 48,

s aunid

i .- ’ 2 -180; ‘ B ) . - ‘ “ B s ) .o
NE=EN =K . . T .

1028 (1)+S(NII%SINK) _ " S

PR VS PO ¥

-,
]

NKE=NI-K - _ _ ’ -
S(NT)=—S(BK)*E(1)*SKNI) E h

K=K+ 1 N :

GQTOSY ) . '

B(1)=0.0C . : L

pC70 I=1.NV‘R ) \
NISNVAR®L+J . : . , N o N
ag1)=8(1)+S(NI)**2 : . ~ g . T
E(l):DSGFT(E(l)) .

DOTSI=1+NVAR

NI=NVAR®[+J .

5(NI)=S(N1)/E(1) i ' R

J=J+71 . ) ) .
IF(NVAR.GE.J)GOTOSé . . -

GOTOAao ’ . .
END ' ‘



NC. OF
TRIALS

0

NC. OF
TRIALS

3820

TS

CURRENT TRIAL LAST SUCCESSFUL - TOTAL CISTANCE

VALUE QF
IND VARIABLES

13.45400
-18.096CC
1.95270¢C
3.549000
-0 6850000
-0.3L1700C¢C
-C.153000C
-0.4160330
-0.90€00C0
o]

-

»

[ ]

[&]

(o]
Joo
00000

OO~~~
O000MHO0O

CURRENT TRIAL LAST SUCCESSFUL,
FUNCTIONAL VALUE

vALUE OF
IND VARIASLES

13.47¢CS
=-18.09311
1.954576
3.54286¢C
-0 .86839€22 -
-0+ 3166166C—-C1
—O.a
-0 .39 36CD-C1
-Q0.54002720-C2
0.2307157
11.00Q000
11.8Q0Q¢C
11.10670
« 28584
« 49073
+ 19665
&T22G
163328
«01G85%
«S7 350

N PO e
(D~ P

4735C-C1 -

FUNCTIONAL VALUE

4.313£23

C.S5684940C-C5

MOVED

_DURING STAGE

0.000Q0GC00C

TOTAL DISTANCE

MOVED.

.DURING STAGE

C.26£8322D0-0C1

e

CHANGE IN UIRECTN
JF MOTICN

FROM LAST STAGE

0.0030000

-

THANGE N DIRECTN

JF NMOTICN
FROM LAST

341133580

STAGE
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ratios (G/R).

Pmax

maximun field (Pmax) for different Gap-Length/point -radius

. ° APPENDIX. 3
- .. = ’ ' -~
. . This tadle contains utilization factors (U-F) and values of

M

.- &/R . __U-F . G/R _U-F Fmax
0.1 " 0.95855 @ 10:43353 < 21.0 0.06363 . . 0.74838
0.2 0.89633 . 5.57827  22.0 0.06112  0.74365

0.3 0.83866  3.97462.  23.0 0.05882  0.73923
0.4 .0.78732.  3.17532 24.0 0.05668 0.73507
0.5 0.74138  2.696$3 . 25.0 - 0.05471°  0.73113
0.6 0.70061 2.3788¢9 26.0 ' 0.05287 0.727L5
0.7 ©.66371 . 2.152k0  27.0  0.05116 T0.7239%
‘0.8 0.63035  1.98301  28.0  .0.04556  0.7206%
0.9 0.60009  1.8515%. 29.0 _  0.04806  0.71745
1.0 0.57253 1.74663- 30,0 0.04886  0.714L43
2:0  0.39270 1.27322 31.0. 0.0453%  0.71155
3.0 0.30046  1.10540  32.0 - .0.04%0%  -C.70879

4,00 0.2u488  C 1.02259  33.0 0.04281+  Q.70616

%5.0 . 0.20678,  0.96720 34.0-  0.04180 0.70363
6.0  0.17960 0.9280C  35.0  0.0L075. 0470120
7.0 0.15%02  .0.85837  36.0 0.03975 .f 0,65887
8.0 0.14287 0.87492 37.0 ..0.03880 | ¢.8%662
9.0 0.12984 0.85575  38.0 0.03789 L 4.694L5

10.0 - 0.11909  0.83567  35.0  0.03703 69237

11.0  0.11007 0.825%2 40.0 0.03621, 0.6%035

12,0 0.10238  0.81397  41.0 0.03543  0.688540

13.0  0.09574 0.80345 42.0 0.03468 0.68651
14,0 0.08$9s 0.76408 43,0 0.03397  0.68L69
15.0 0.08485 . 0.78567  Lk.Q 0.03328 0.68292

16.0 0.08033 0.77806 L5.0 0.03262 0.68120
17.0  0.07628 0.7711L 8.0 0.0319$ .  0.67954

18.0 £.07265  0.76L75  L7.0 0.03138 0.67792

19.0 G.06$35  0.73887 L8.0 0.03C80 §.67535

20.0 -.0.06636 0.7535% Log.o” 0.0302L 0.87483

- | ,
-190- ‘
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TR e

AT e e s e

CS191-

U-F Pmax | . G/R U-F Fmax
50 0.02970 . 0.6733% ' -86.0  0.01825 0.83687
51.0 <0.02618  -0.67189. g7.o . 0.01807 -1 0.63618
52.0 0.02868 . 0.67048  88.0 0.01788  0.53546
53.0 0.02820 © 0.66911  39.p 0.01770 - '0.63475
(S%.0 0.02773  0.86777 . so0.0 0.01752 0.43408
55.0  0.02728  0.68646  g1.0- 10.01735 T 0.43341
56.0 -0.02885." ©.8851% . $2.0 . g_gipis 0.63273
57.0  0.02642 0.66394 $3.0 0.01701 " 0.6320¢%
'58.0 ' 0.02602 0.66273 S&.0 0.01685 0.83145
59.0 0.023562 0.66154 $5.0 0.01869 0.63081
60.0  0.02524  0.86037  g6.0.  o.01653 0.63018
61.0 0.02L87  0.65%2k g7 g 0.01638.  0.52956
%2.0 0.02451° 0.65812.  o¢5.9 0.01622 0.628¢5
63.0. 0.08418-  0.65703°  g9.0 0.01608  0.62835
64.0 0.02382 0.655%6 - 100.0 0.01593¢  0.682775
5.0 0.02349  0.65462  101.¢ 0.0157¢  0.82715
66.0  0.02317  0.6538% 102.0 0.01565  0.62638
7.0 0.02286  0.65289 103.0 0.01551  0.62601
68.0  0.02256  0.65191 1040 0.01537 0.62544
$69.0  0.02226 " 0.6309k 10s.0 0.052L  0.42488
70.0  0.02198° -0.8499%  10%.0 0.01511  .0.62433
71L.0° 0.02170  0.6:306  107.0 0.01498 -/ 0.62378
72.0 0.02143 ° 0.64815 108.¢ 0.01486  0.62324
.73.0° 0.02116  0.64725  104.0 0.01473.  0.62271
74.0  0.02091 0.64637  110.0 0.01k61 0.62218
75.0  6.02066  0.61550 111.9 0.01449  0.62165
76.0  0.02041 0.64465  112.0 0.01437 0.62115
77.0  0.02017 0.64382  113.0 0.01426 0.62084
78.0  0.01994  0.64299 1114 0.01415 0.62013
79.0  0.01971 0.64219 115 & 0.014073 0.816673
€0.0  C.01949 C.64135  114.0 0.013%2 0.8151k
81.0 0.01927 0.84061 - 117.9 ©© 0.01382 0.81885
2.0 0.019086  0.8398L . 11g8.¢ 0.01371  0.61817
€3.0 . 0.01885  0.83908 119.0 .01360  0.61770
3.0  0.01865 0.063833 120.¢ 0.01350 0.61722
5.0 0.018k5  0.063760 121.0  o0.013%0 0.61575
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" U-F. Fmak - G/R U-F Tmax
122.0 0.01330 0.61529 i358.0 0.01051 0.80225%
123.0 . 0.01320 ' 0.6%384%. 159.0.  C.010k5  0.601$3
;32&.0 0.01316  0.61538 160.0 . .0.01039 . 0.50180,
725.0 0.01301 . 0.61494 - 181.0.  0.01033, . 0.50128
S 126.0 0.01292°  C.8LLL9 162.0 0.01027  .C.50095
127.0- 0.01282 ° 0.81%05  143.0 0.01021  .0.50063
128.0° 0.01273  0.61362 . 16L.0 .- 0.01016 . 0.50031
129.0  0.01264  0.61319  165.0 ©0.01010 - -.0.60000
130.0  0.01255 ~ 0.61276  166.0 0.01005  0.55968
131.0 0701247  0.61234  167:0 0.00999 * 0.59937
©132.0 ~ 0.01238 . 0.61192 = 168.0 0.0099L ° . 0.359906
13370 0.01230.  '0.61151  169.0 0.00988  0.3%876
13430  0.01221  0.61110  170.0 0.00983  0.55845
135.0 0.01213  0.5106% - 171.0 0.00978  0.55815
136.0 "0.01205 0.61029  172.0 C.00972 0.5%78
- 137.0. ©.01167 - C.60$8% ~ 173.0°  0.00967.  0.35753
136.0 0.011i89 0.619L9  174.0 0.00962  0.5972
135.0 0.01181  C.80910  175.0 0.00957 0, 59656
140.0 © 0.01173  0.60871 176.0 0.00$52 . 0.35687
141.0 ©0.01186 - 0.60833 . 177.0 0.008k7 © 0.59638
142.0. 0.01158 0.60794% 178.0 -  0.00%42 0.5%609
1£3.0° 0.0115L  0.60757 179.0  -0.00938  0.55581
44,0 0.01144 . 0.60719- 180.¢  0.00$33  -0.5$552
145.0 0.01337 "0.60682 181.0 0.00828 0:59524
146.0  0.01129  0.60645  182.0 0.0082% . ©0.59456
147.0 0.01122  0.60609  183.0 0.0091%  0.59468
148.0  0.01115 0.60572  184.0 0.0091%  0.554%1
149.0  0.01109  0.60537 ° 185.0 0.00910 ~ 0.35413
150.0 0.01102  0.60501 _ 186.0 0.00905  0.55386
13%.0 £.01095  0.60466 187.0 0.00501 C.5935%
15§-0 0.01085 . 0.50431 . 188.0 0.00897  0.5$332
153.0 0.01082  0.60396  189.0 0.00892 - 0.5$305
154.0 0.01076 0.61361  150.0 0.00888 c.5927%
155.0 0.01069 0.60327 191.0 C.00884 0.56252
r86.0 0.01063 . 0.60293 132.0.  0.0087¢  0.5%22%
157.¢ ¢.01057 0.602%9 193.0 0.CC875 0.5%200



U-F

1s4.0, 0.00871 0.5917%
1g5.0 "0.00867  0.55149
166.0 . {g.00863  0.59123"
197.0 .0.0083% 0.55098
158.0 0.00855 . 0.59073
199.0 0.00851  .0.53048
200.0 0.00847  0.55023
201.0 . 0.00843 0. 58998
202.0 0.00839  0.58573
203.0- 0.00836  0.58949
204.0  0.00832 0.58%25
205.0 0.00828 0.58500
206.0  0.00823 0.358876
207.0 0.00821 0.58852
208.0 0.00817 . 0:.5882¢
206.0 ©.00814 Q.
210.0 0.00810 0.
2:1.0 0.00807 0.
212.0 0.00803  0.38733
213.0 0.00800 . 0.38712
21L.0  0.007%6 0.58689
215.0 0.007%3 0.58666
216.0 . 0.0078¢9 0.586L4
217.0  0.00786 0.58621
518.0 .0.00783  0.5859%
219-0  0.00780 0.58577
220.0 0.00776  0.58355
22:1.0 0.00773 0.58532
222.0  0.00770 0.58511
223.0. o$30287-\\ 0. 58489
22L,0  0.00764 Q. 58467
225.0 0.00760 0.58LL6
526.0 0.00757 ~©.5842L
227.0 0.0075%  0.58k03
228.0 » 0.00751 0.58382
1226.0 0.00748 0.58361
.0 - 0.007&5  0.583%0

-y wmy

. J-F :
231.0 - - 0.007% €.3331¢
232.0  0.00739 - 0.58298
233.0 0.060735 0.58277
23,0 0.0073k  0.5825
235.0 ~ 0.00731 0.58238
236.0  0.00728  0.58216
237.0-  0.00725  0.38196
238.0 0.00722 0.38176

‘239:0 000715 0.58%56
240.0 0.00717 0.58136
241.0 0.0071k  0.58116
242.0 0.00711 . £.58096
213.0 0.0070% 0.58Q077
abt.Q0  0.00706 . 0.358057
sLs.0  .0.00703  0.58038

:6.0 0.00701°  0.38018
.0 . 0.00858  0.57999
.0 0.006853 0.57980

Lg.0 0.006%3 0.57561

260.0 0.006%0 0.579

251.0 . 0.00888  0.57523
252.0 0.00685 0.57%05
253.0 0-.00683 0.57886

254.0°  0.00680 0.57867
255.0 0.00676 0.5784%
256.0  (.00675  -0.57830
257.0 0.00673 _ 0.57812
258.0 . 0.00671 0.577Sk
259.0 0.00668 0.57776
260.0 0.00866 - G.57738
261.0 0.00664 0.35774%0
o0 0.00661  0.37722
265.0 0200635  0.5770%
26,0  0.00657 ' 0.57686
265.0  0.0065&  0.5765%
266.0 0.00652 0.3755:
267.0 0.00650 0.5763L

)
TN
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G/R U-F Tmax . .
268.0 0.006LB 0.57616
266.0 0.006k5  0.57599.
270.0  0.008k3 . 0.57582
271.0 0.00841 0.57565"
272.0  0.00639 - 0.57543
553.0 .. 0.00637"  0.5753%1 .
24,0  0.00635  0.5751%
sns.0  0.00632°  0.57497
276.0  0.00630 - 0.57480
277.0  0.00628 0.57483 -
278.0  0.00626 0.57447 -
279.0  0.0062% 0.57430
‘280.0 0.00622  0.37kL%
»51.0 0,00620  0.57397
0  0.00618 0.57381
o 0.00616  0.5738%
.0 0.00814 0.57348
o 0.008612  0.57332
.0 00610 0.57316
: 0.00608 . 0.57300
88.0 - 0.00606  0:5728k
289.0  0.00604 0.57258
290.0  0.00602 0.57252
201.0  0.0060C 0.57237
262.0 = 0.00558 0.57221
293.0 0.003%7 0.572C5
26L.0  0.00555 0.57150
295.0  0.005%3 0.5717L
266.0 0.00591 0.57159
297.0 0.0058¢9 0.571k4
26§.0  0.00587 0.57128
265.0  0.00586 0.57113
300.0  0.0058% 0.570G8
301.0 ©0.00582 ° 0.57083
302.0  ©.00580 0.57068
303.c 0.00578  0.57053

Fmax

304.0°  0.00577 0.57038
305.0 . ©.00375 0.57023
306.¢ - C.00573 ¢.57008
307.0. ~0.00372 10.56953
308.0 0.00570 Q.56979
109.0°  0.00368 0.356G6k
310,0  0.00566. 0.5694S
311.0  0.00565  0.58935
312.0 - 0.00363  0.56920
313.0 0.00561 . 0.56506
314.0. ©.00560.  0.56892
315.0 0.00558 - 0.36877
516.0-  0.00557 0.36863
317.0 0.00555 . 0.3684%
318.0 0.00553  0.56835
319.0 0.00552 . 0.38821
320.0 0.00550 0.568Q7
321.0 0.00546 0.56793
322.0 0.00547  0.56779
325.0  ©.00545  0.56765
324.0 [ 0.005bL&4 0.56751
325.0 0.00542  0.356737
326.0 0.005L1 . ' 0.5672%
327.0 0.00539 0.56710
328.0  0.00538 0.566%6
329.0 0.00536  0.56683
1330.0 0.00535  0.56869
31.0 0.00533  0.56636
232.0 0.00532  0.566k2
333.0 0.00530  0.36625
234, 0 0.00529  0.356816
335.0 0.00527  C.35602
336.0c  0.0052% 0.5658%
337.0  0.0052%  0.36576
338.0  0.00523 o o363
336.0 .0.00522  0.58550
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gy o Fmex  BAR U=F
0.00520 0. 56337 376.0  ©.00k7%
0.00519 - 0.5652% Tap7.c 0100473
0.00s517 | 9.3651r  378.0 0.00472
0.00516 . 0.36k58 379.0 0.00471
0.00515  0.58k85 380.0 0.00470
0.00513  0.56572  381.0 D.00LE8
0.00512 0.36L59  382.0. 0.00%87

00511 0.56LL7  383.0°  0.00466

00509  0.5643%  384.0  0.00N65
.00508 . 0.36u421 385.0 0.00464
[00507 0.36L09  386.0  0.00463
.00503 0.563%6 387.0 ~  0.0Ck&2
005 0.5638k  '388.¢-  0.00a!
00503 0.56371  38%.0 0.00453
.00301 0.363%¢ 360.0 o.00LsE
.00500 . C.56347  391.0  0.00L57
.00LGS 0.3633% © 3%2.0 0.00456
. 00kS7 0.56322  393.0 0.00455
ookgé  0.56310  39k.0 0.00L5k
,00Lgs . 0.36297  395.0 0.00L53"
.oobkgl -~ Q.56285 395_0' . 0.00k52
.00koz 0.56273  397.0 0.c0L5L
.ooLst- 0.56261 3¢8.0 0.00L430 .
.00L%0 0.56246 3¢%.0 0.0QLkko
.Q0L8Y 0. 56237 400 .0 0.004L8
ooL87  Q.56225  Lkoi.0  0.00k%7
.00L86 0.56213 102.0 0.00LL6
.00k85 0.56201 £03.0 0.00LL5
.ooL8L 0.5618¢9 Lok, 0.o0LLL
.ookg2 0.56178 L05.0 0.008L3
.0oL81 0.36166 406.0 c.oobkk2
.00L480 0.5615& L07.0 0.00kLL
.00L7S 0.361%2 Lg3.0 0.00LLO
.00L78 0.56131 L0G.O 0.00L439
.00k76 0. 56119 21C.0 0.00438
L 00Lk75 0.56107 £11.0 0.0Ck37
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. L y-F Tmax .

412.0 0.00436  0.55703
£13.0 0.00&35  0.55693
Lik.0  0.00434  0.35682
£L15.C  0.00833  0.55672
L16.0 0.00L32 0.5566
L17.0  0.00831  0.3365
£1S.0  0.0C430 0. 556k2
4190 0.00425 0.55631
420.0 0.00428 0c55621°

. k21,0 0.00L27 0.53611
422.0 0.00u426 0.35601
£23.0 0.00425 0.555%91
Lak.,0  0.00L24 . 55581
425.0 0.00423 55571
L26.0 0.00422  0}55561
L27.6 0. ooL22 . 055551
428.0 0.00&21 053541
L25.0  0.00420 0.\35532
430.0+ 0.00419  0.35522
431.0  0.00418 0. 2
432.0 0.00kL7 . 0.55502
433.0  0.00L16 0.55462
L34.0 0.00k13 0. >
£35.0  0.0041k 0. 55443
L36.0  0.00L1k  0.3535k63
437.0  0.00413 0.55450
L38.0  0.00Li2 0. 554kk
L39.¢  0.00411  0.55434
LL0.0 0.00410 0.55925
Lb1.C 0.0040S 0.55415
4L2.0 0.Q0L0E 0.535L06&
Lk3.0  0.004Q7 0. 55356
Lil, 0  0.00407 0.55387
LL5.0  C.00L0SE C.55377
Lh&.0  0.00405 . 0.55368
TET.0  0.00k0k  C.35355

oM

+

?

QWé

WA W

G/ y-F Tmax
LLg .0 c.00k03 0.35349
B4G.0.  0.00402 © £.553L0
450.0 000402 . 0.55331
L51.0  0.00k01 ©  0.53321
452.0  .0.00400 ° 0.53312
453.0  ©70039%  0.55303
L5k, 0 0.00398 0.352%L
L55.0 0.003986 0.5528%
456.0 * 0.00397. 0.55275
L57.0 . 0.003%6 0.55256
158.0 0.00395 . ©0.35257
£55.0. -0.003%%  0.552L8
L60.0_ . 0:003%& 0.5523¢
L61.0 0.003%3 0.55230
L62.0 0.00392 0.55221
263.0°  0.00391  0.55212
LEL, 0 6.003%0. _ 0.55203
L65.0 - 0.003%0 0.351¢L
L66.0 0.0038¢ 0.55183
467.0 0.00388 0.35176
L&8.0 0.00387 0.55167
L6S. 0 0.00387 C.55138
470.0, 0.00386 0.55148
L71.0 &‘ 0.00385 0.55140
L72.0 o.ooﬁé@ 0.55132
473 0.0038% 0.5512
L7#.0 0.00383 0.5511
L75.0 0.00382  0.5510
L76.00  0.00381 0.350%7
L77.0 0.00381 0.55088
L78.0 0.00380 0.55C7¢
L75.0 0.0C37% 0.55071
L8C.0 0.00378 C.55082
L81.0 0.00378 3.55053
L82.0 0.00377  ©.5350%53

0.55036
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o/R UoF _ Faax
LgLk.o  0.00375 = 0.55028
_ 485.0 0.00375 0.55019
586.0 -0.0037% . 0.35011
287.0 €.00373 . 0.55002
“488.0 © 0.00373  0.3%95%
‘585.0  ©.00372  0.54685 -
490.0  0.00371  0.3%677 )
‘491.0  0.00371  0.34969 '
492.0,° 0.00370  0.54960
493.0. 0.00369 - 0.5%952
494.0  ©.00368  0.35u%4L
495.0 0.00368 _ 0.3%935
‘496.C  0.00367 tLﬁfﬁ&egz
597.0  0.00366  0.5:51%
498.0  0.00366 < 0.54910
L5$.0  0.00365 - 0.3%%02 -,
500.0 ° 0.0036L  0.548%L ‘
501.0 -~ 0.00364  0.54886

-

Note: This tzble is derived using the conventional charge.
-
b

similation technigue for one set of charge positions (r'.zi).

Bl

For betier accurzcy, the values of U-F and Fmax for G/RK1L.0,
should te calculzted individually using the optimized charge

-

simulation technigue.
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-~ ANALYSIS OF THE PHOTOMULTIPLIZR RESULTS

- *

3
]
!
¥
. :'

The nhotomultlnller (PM) *eéuits were initially inter-

nreted on .the basis of s;mllar traces’ obtalned Lﬂ temooral

‘growth neasu*ements of ore-breakdown ¢doronas (16) However,

the absence of a current nulse corresnondmng to the last PM - o
pulse (“lgure 5 13) and Dale's (Sb) suggestlon of saturat*on
of the PM tube, 1ed to 'a further analysxs OT.ube PM traces.
In pré-breakdown measurenents, the space charge travels'
to the eiectrode of the opﬁosite polarity gnder the force of
the a@plied field, and recombination will generate 2 1-elati.vely

broad pulse after 2 time depending on the azs»arce of the space

charge from the eledtrode' and the Qlfqu‘On velocity of uhe

- charge carriers. Under the present conditions, a%t the time

(2

o]

+he first PM peak the impulse voltage collapses to zero and -

" +the electrostatic forces acting on the charge carriers are main-

ly of two types. Pirst, electrostatic forces acting in the

volume of the gas and second; forces acting on the Lmage charges

‘on the surface of the grounded eTectroaes and sur*ounclng walls.

. Drift forces produced DY electric wind will also be present

but their effect is not clearly understood. Apart from these
directional forces, the g2S molecules in the neighborhood of
+he .discharge are forced 1nto random motion with kinetic energ-
ies related to the temperature of the‘spark channel and the
+hermal conductivity of tThe gas.

The recombination will +herefore take place in the

-198-



e ot emlp s AR e s e e

on processes are principzlly of the ion -ion type and follow

. . . -
~ . . . cu - . -

‘ ﬁ L -199- A o ‘
lvolume of the gas, as well as on the grounded electrode and walls

of uhe chamber. - There are two magor uynes of recomblnaulon

-

(1) nlectron - Ion recomblnatlon.

(23 Ion —Ion recomblnatlon.

-

VIn an inert. gas like nltrogen the recombrnatlon processes

are malnly of type (1). In electronegative gases such as

' 8:6 or Sré/Nz mixtures, both types, are expected to be present

In the gas volume,recomblna ion between ions of opposzte-
charge has been found to be more;elllcienf'than that of an ele~-
ctron with a positive ion. - The elecirons due te'their low mass
move faster‘than_the ions and'thie reducee the probability of )
their capture; The negative and positive ioﬁs have approximat-

e

ely the same mass and charge, and move with relatively low diff-
usion speeds. This increases the lﬂteraCulon time and the prob-
abllluy of the electron exchange between uhe two is quite high.

' At-the surface of the electrodes, the efficie ency of the
'electron-lon recombination is probably.the highest, due to the +wo
dimensional diffusion‘qf the lons and the high energy.abéorption
0f the solid surfaee: However, diffusion of ions to the elect-
rodes -is geverned by the ambinolar diffusion in the volume of
the gas. rr1hls depends on the number and position of the posit-
,ive-and negative ions with respect to each other and the electrode
surfaces. Assuming that the two different charge carriérs are
uniformly distributed and have equal numbers, the recombinati-
an eﬁponenfialldecay (30). In the presence .of 2’ space charge

with uneven distribution and number of opposite polarity carri-

ers, the type and rate of recombination becomes unpredictable .

Y L e e e A e o e e M i e e s e St
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Fufthérﬁors the monltorlng of *he light emitted from uhe gan.

-

_reglon w;ll not glve a true chture of the recomblnatlon rate

.

‘since’ some reactions do not lnvolve nhoton enﬂsswon._‘

. Therefo:ef'on'%he'basis_of the limited in fo“maulon
provided by the PM *racss‘one had little alternative but to

-

ldentlfy the las? nulse as llght emltted from the recomblnatlon
nrocess,‘whlch was thought to occur at the sufface of.the elec-
trodes. Dale however, in a discussion with the author,D01n ed
ouf +hat he had obtained sim;la} photqmultipliér results from
breakdown of rod—olane gaps in air. in.his expérimenfs Dale

-

used a streak camera SLmuluaneously with the Dnotomth;Dlﬂe*
and comnarsgg—;z\results." The time of ‘streak t s ‘with respect
to the PM oé;nu is shown in Figare D.1 (e). As it is seen,
the PM current dropped sharply within the time #s; while the
strezk photographs sbowed-a constant light intensity.  This
led Dale to believe that the Dnouomultlnlrer was safura ing in
some way, and that the final broad pulse was also a satu*aulon
effec<. He explained the sﬁérp drop of theé first peak Dy ass-
uming that the high illumination of the PM cathode creates 2
space charge above the cathode,wh;ch_chokes further electren
emission to the dynodes and reduces the PM signal. Not beiné
able to explain the origin of the so called ‘recombination pulse
he +tried o eliminate iT by inserting neutral . filters in front
of the PM cathode. The reduction of +the light did not result
in a disappearense of the peak as one would have expected, but
rather in a sn;ft +o shorter times of appearance.

(s

L number of tests were also con nducted by the aubhor e

test the present PM system for saturation. 4 light emitting

— ,.,--.‘.._......_.,- *

: q
1
)
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,dlode was nlaced close to the PW cathodé—and a scuare wave

signal of varlable frequency was applied across it. The lnnut

voltage to the dlode and the outnut current of the nhotomultl-

, nller are shown in Flgure D. 1 (a) and D.~ (b) resnectlvely : -

At low light 1ntensmt1es *hé’lnnut and outuut smgnals were

R

Volomeed L b

(2)

2 ..... Ep—t

(5). - - tas - :
: ’ : lus

Figure D.1. (a) Voltage input to the Tight emitting diode

(LED), Vj>Vé>V ~ (b) Photomultipller curreﬂt correspondin

to different: lllumlnat-on intensities of the LZD. (c) Pho-

tomultiplier trace and relative streak pbctogrann duration.

(d) Photomultiplier current for single light pulses (nete that

no secondary peaks are observed).

identical. &g the intensity of the LED increased Ifurther, the
M output'current did not respond accordingly, thus Showingvsigns‘
of saturation; and, for both repetitive and single pulses of

light (Figure D.1 (d)), no'secondary pulse similar o that of

.
. dmﬁ

ERp LN



JR i e -—-—---v--w‘..- (S UPERRR) ._.—.——--,_p\—-o-m-h-\.-rz-:'ii"‘"" "'"'""" s TP RE TII AT,
s " ) g

" -202-

e

Flgure D 1 (c) was, observed._ In another -test, the oin—hole

'regulatlng the llght recelved by - the DﬁotOmultioliercathode1nas
made smaller._ m reduclng the. dlameter from 100 to 50 .microns
lthe magnltude of both peaks decreased conSLderably and the seco;.
nd pulse aooeared at shorterlntervals.‘ In reduclng the apoer—"
ture to 10 mlcrons the PM s1gnal ‘became compatlble to noise

..1n the system and whlle the second peak dlsappeared. the init-
ial peak associated w1th the leader and main stroke resembled
transient noise. ‘ 1‘ / § L -

In con&lusion, ét\}s believed that the'last broad pulse .
is in fact dde to some type of photomultiplier safuration.

It seems that the level of the PM 51gnal'at saturatlon free
conditions is of the same. order as the noise picked up by the
anode of the ph0uomult1pller and the s1gna_.cable.' Hence,
observatlon of any ac¢tual post breakdown activity under these
condlulons is-extremely . dlfflcult.

The photomol lpller resul s were helpful in suggesulng
that the jonization mechanism operative in mixtures with =2
small trace of SF6 was different from tbet of pure N2 or pure
SF6." As shown in Figure 5. 14(b) the lum1noszuy of uhe coronas
increased with the addition of 0}05% of SFg¢,and at the pressure
range where the voltage maxlmum occured (arodnd 2 bar) the
luminosity of the spark channel. also increased. Photographic
evidence in agreement*with’this, showed that coroda streamers
not only increase?’in’luminosity, but they'alsolappeared to
'surround the c;llndrlcal oart of the electrode Similarly,

the higher lumanSLuy at the DOlnt of breakdown was the result

-~
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c¢f the longer snark due'uo the c*een Dnenomenon o the d‘s-:

‘charge.' In addltlon, the nhotomultlnller traces nrov1ced~

an acnurate measuremenu of the tlme lag between the corona

nﬁlse and snark onset .
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