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Abstract

Corona éta’biliéation is not a well understood phenomenon, consequently a rigorodk
theoretical description of how the mechanism operates does not exist, Furﬂlerfnonfe,_
postulates on the prer'se phjrsica't processes that occur during corona: stabiliéed
breakdown are varied and conflicting, Yt was thus essential to develop a qualitative
. theory of how the mechamsm operates around whtch 3 quantltat:ve mode! could be - |
'censtructecl._ To this am, 2 detailed analysis -of available madellmg methods _and._
. empirical date from published works was carried out, This analysis together with

- additional finite eleh'Lenfs madelling. done as part of this work, leads to a propused
. -?'.quahtatwe model which serves as a basis for & quantitative model developed o

simuiate {mrona atablhsed breakdown from a fixed partlcle defect. There is a
-favourable ‘Gomparison between the predictions of the model and published
measurements, thus uubumg optimism in the’ ‘propused method, The problem ‘of
| measuring t. s true charge deployed ina dlscharge is discussed and an experlment is
N demgnai io clrcumvent this prohlem
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| Chapter 1. Introduction

In this chapter, the background to the siudy presented in this thesis is set forth, ’I‘hg _
abjectives and scope of the work are also discussed here. The meaning of cestain terms -

 that are key to this study, but which do not have strict deﬁrﬁtiu_ﬁs and therefore could
 cause ambjguity, are clanfied in this chapter. There are as yet no published attempts at
r.m_antitatively modelling coi_'ona stabilisation in SFs. Modelling stages of the total

breakdown process have been attempted via various approaches which span many

~ disciplines from complex umerical methods to empirical engineering investigations.

- :ThlB work therefore aims to extract all the theoretlcal and empirical work done to date

" ~'from these varied sources and collate the mformatton mto one body of work from

a which art informed decision can be made as to the most suxtable and beneﬁc:al way to
o model thecoranastabﬂlsahon phenomenon. '

11 qxgmficance of Corona Stabilisation

'Thz term corona stabmsatmn vnll be more clearly defined latas on, here it is suffic. 'ent _
s to describe jt as a pheuomenon that eccurs when slow rising waveforms are app]:ed to.
- non-linear georngtries m 5Fs; due to.the small rate of increase of thes apphed potent:al,‘-
) ' the slow driftinig. positive mns formed by the initial dlschmge are sllowed to accumulate - _
*in front of the electrode and distort the. backgrouud field and in so domg affect the' '
| development of subsequent d:scharges and leader fermauon,

. One of the: most common typm of defect in SF; GIS (gas mmlated systems) are _. D
" metallic pamclw which ocour despite metmulous manuﬁacture and assembly of the

eqmpment. _'I‘hese partlcles causé 3 local ﬂeld enhancement wluch Jeads to partial

| _ discharges and somel:zmes to bmakdownr *a:l thus faﬂure of the equipment and an

expenswe forced outage

Iti SFs mdu!ated eqmpmemt 1': 13 desuable o attam an operﬂtm;; pressure that is as hlgh' |
a3 possible since this reduces the slzs ‘of the eqmpment Huwever it is difficult to
| manuﬁ.cmre and assemble such equipment with perfectly smooth sulfaces and without
- some metallic particles $ ‘xsent [1]. Surface _mu_ghness, ‘particle contm_mnanon_ o

4
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and protrusions or edges due to incorrect assembly cause nonlinearities and therefore
locally enhanced felds. It is therefore of great practical significance to understand the
physical processes behind discharges and breskdown under very non-linear fields. OF
major fmportance in determining the relisbility of gas insulated equipment are
diagnostic tools. Defects in the metal-enclosed equipment are difficult to locate and
-'character‘isé, and yet this has to be done by external measurements. The-prﬁsures at -
which the GIS operates is within the corona-stabilisation zone, and this is most fikely
the breakdown mechanism that operates in the case of such 'partit.:le induced faults. It is .
thus importaut to understand the physical mechanism of corona stabilised breakdown
as this will aid in dlagnushcs of the GIS,

 Furthermore, in “addition to in-service, on~lme dlagnosucs, research 1§ bemg done in
dlagnomng a GIS whils off-line by means of appiying m:pu!se vo!fagss to the system o
I the cnrona stabilised behaviour of certain defeocts under impulses of different
tisetimtes is understood, this will provide information on the defect characteristics.
For all waveéhapes_, in inhomogeneous geometries, negative breakdown voltages are
higher than the positive br'eakdown voltages. Invariably, breakdown occurs on the
pasitive half cycle of the a.0. voltage. 'Iherefore cnly positive apphad stresses are
‘concentrated on in this work

1.2 Limited Knowledge of SF; Discharge Processes |
Partial dischargs in SF; is, as pointed out by Van Brunt [2], “an enormously complex .
phenomenon that often exhibits chaotic, nonstationm-y or fractal type behaviour”, The

_statement is apphuable to all discharge processes especially under condrtmns of
strongly Mmmogeneous ﬁeld&

o Discharge aﬂd-breakdqm 'mechan_imns in air have been studied for almost a century,
“and so these processes in air are well understood. Accurate models are available to
| quantify and predict discharges and breakdown in air under various field
| configurations. For example, Gallimberti produced an accdm computer model for
streamer development in air as early as in 19?2 [3] and also recent!y develnped A
model descnbmg qua:mtatwely the entire lmg air gap spark—breakdown procm [4] '



| The selfsame properties of SFs which makes it a better insulator then air, also prevents
the established models for air-discharpes from being directly applied to discharges in
SF;. The electron-attaching nature of SFs significantly modifies its discharge behaviour
as coﬁlpafed {0 air. Furthermore, SF, is used in totally enclosed pressurised equipme.h_x _
and discharge behaviour is substantially affected by pressure.

The fundamerital mechanisms of breakdown and partial discharges in SFe, especially at
- higher pregsures and in non-linear fields, have oaly recently (in the Iast decadej come
o be understcod. The leader-precursor theory, which is now accepted as the
. mechanism responsible for positive impulse breakdown in SF, was bnly formulated in.
| the atter part of the lest decilde [5]. Partial discharge or corous formation in highly
. non-jinéar fields in SFs is not clearly -uhderst_o_od as yet since researchers, whether
approaching the problem through empirical investigaﬁon or thédr'ef.it.::i nwodelling, have '
conflicting opinions as.td the detaiis of the p_hyéical ragchanisms MVOI';ed._

1.3 Objectives _ |

fn a paper on insulator physics, Wintle [7] steie. “hat “one difficulty which besets the
engineer s that the origing! information is affen scattered widely over many journals in
engmeermg, physics, chelmstry, mathematics and materials science.” This is especmlly

true in the subject of @as dlscharge physics and modeliing, therefore.an important aim

of this work was to extract 4l] she theoretical and empirical work done to date from the
 varied sources and collate the information into one body of work, "This work can then
© serve ay a platformn for attempting to obiain a selfi-col;éistent predictive model for

positivé_ discharge in nonutﬁform gaps in SFys , The aims of chis stuﬂy were therefore to:

. Investigate all methods of modelling dlsschmge processes and coalesce the

fundamentals into one body of work. _

.»  Analyse modelkng methods iu terms of their useﬁﬂnesa in prowdlng a greate-‘

' understanding of cornua stubilised discharges.

o Collate empirical data obtained to date and provide an analysis of this mform&tlon. -
to be szhle to select the most plausible theories from the various (ofen
cojltradictory] ones presenied. '



» Make use of the data obtained from theoretical models and empirical investigations

to present o detailed qualitative theory of the physics of the inhomogeneous field
g chscharge processes.

" o Present the most feasible approach to be ta,ken to meet the objectlve of obtainmg a

' quantltatwe model for corona stabilised discharges and identify what future work is
most crucial to obtaining such 2 model,

‘1.4 Terminology Clarifieation.
“The term corona stbilisation is sometimes used synonytmously with the terms. space
" charge gffects or jon drift effects. However, o] these terms often ‘efer to dlﬁ"erent

- phenomena (or to diﬂ-‘erent stages of 2 d:scharge phenomennn)

1.4.1 Space Charge |

I the most general ccmtext space chaige vefers to any or all oi‘:‘ the three charged

' parzicie .species that may exist in the mterelectrode ‘space in an SFg msulated vessel

- and thereby modxfymgthe apphedLaplaclan electnc field in some way. _
- The term sPace-charge is also titen used to describe the charge at the tip of a streamer __
- filament which conrols the growth of the filament - specifically, in theoretical
modelling of corona the eff'ect of space charge productmn during the dmcharge growth
and its eﬁ’ect on the Laplman electric field is taken mto account by means of
- srmultane‘éus solution of the conunutty equauOns fOr electrons and ions and the
‘Poisson equatlon JEm' elautnc field strength

T )
A

1. 4..2.1011 Drift

' W:thm the context ofthe formauon uf a leader pres;ursor (descnbed jn: Chuptcr 2) ion

- :dnit refers to' the process whereby posltwe and negafive ios formed at the end of a
streamer ﬁlament dtlﬁ apart and cause a local ﬁeld enbancement which may cause are- "

start uf avalenche actl\'lty

: _wluch Geours when the voltage apphed to the geanmuy :s not hlgh enough to result m

w

O
SRR

" As desoribed by Van Der Zel {3, 11}, ion dnﬁ may also refer to the phenumenon



a. seed electron being detached from a negative ion. In this case, the negative ions are
allowed to drift out of the high stress region near the positivy electrode. In the case of
a positive voltage being applied to the eleotrode, the primary source of avalanche-

initiating electrons is field induced detachment [5]. A discharge might therefore not - |

occur due to the fack of the initiating electron. Thls is elso sometimes referred to as the
: "swsep-ﬁe!d eﬁéct.” ' ' '

1.4.3 Corona Stabilisation | |
. Coropa etahil_isation'_ refers to the specific ph_enomendo whereby positive ions wreated
by & partial discharge are atlowed to accumulate around the point electrode due to-a

B -"slowly rising; © 'applied %lmge {positive polarity) This accumuiated positive Charge__ o
© - decreases the electric fiefd strength at the pomt The moepﬁon of & leader will

o consequenﬂy ocour aj: a higher voltage.

. 1.4 4 Pal'tml Dmchﬁrge

_ partxal discharge may be streamer corona that does not produce a leader or 1t may-.
. happen that & leader forms, but is extinguished before astiving at the opposite |
_ electrode In thus work, a partial discharge is considered to be any tgpe of Ioeahsed _
. dlscharge that does not result ing complete eleotrical breakdown [9], and this electron |

. “avalanche activity is also meluded under this definition as well as the larger streamer s

discharges. The extmguashed leader will not be considered as 8 partlal discharge since -

i Iea,der ‘propagation will rot be modelled In the model therefore, a partial diseharge will

be desmed to’ have ooourred if a leader precursor fails to form, This fits in with the

' general eazegonsatlon ‘of partial ‘discharges as “cold” dxechazrges whero the mean

_electron energ1ee greatl,r exceed the mean enorgles of’ the gas moleeules (heavy-

. - paticles) [9]. The formation of the precursor lends to heatmg, nulhfymg the cold"-_ o

: -dxseharge assumptxon

. .Fm'ther oomenelamre deﬁnitione will be made when appropriate.

Lk



. 1.5 Modelling Methodology |
_It.is clear that a discharge process in gas insulated eqﬁipment may be categorised a3 a
complex dynamical system The modelling of such .systems often follows a similar set
of stages. The general stages to be followed when modelting dynamical systems are as
follows [10]: ' ' '

. Deﬁne the scope and accutacy of desired model _
' I_.'- Obtain a ﬁ‘amework of theoretically based eqlmtmns that (as far as poss=b]e) COVED
el asp#cts of first-order importance. . '
e - If necessary, supplement the framework obtained above by equatio'ns Basgd_ on
o axpenment and vbservation, - _ _
K Mampulate ﬁfamework of equations into aform suitable for computer sohition.
| -» Plan and cariy outa data_. a_cqmsmon exercise,
e 'D_zf-,temﬁne'unknowniparameters in'model. .
- Validto quél by oﬁmizﬁng further d_at;;f.ﬁ "

g -Except for the sxmplest of models, these steps Wil be iterated miany times before the
- criteria set dowu inthe first step re fulfilled. . .
_ The most essentlal part of the model building process is to assemble equatwns that

. _.:Fepresent the physical mechanisms that are believed to be- gpphcable_ Often, e

 different types of equations available are incompatible - the equations representing the
“basic prc‘:cessé_'s mi_ght..be -caniplé;; based on complex ﬁhysics theory, giving rise to
many internal relations with unkriown ahd iﬁaccessible'para:ﬁeters ‘On 'th'e other

' extreme, serm-.empmcal relatlonslups n‘nght be available- whloh have much fewer. |

' vanab!es buthaveahmlted accuracy and range ofapphcabmty o

K ’I‘hl.. thes:s ccncentmtes mamly on the second stage 101‘ the madellmg prooesxs

'. -However the second stage dapends on 3 clear descnptwn of tha first stage, whmh_ .

poses the Guestion : “What progesses tieed to be rnodeded ? o
- Breakdown cons:sts ofa number cf sub—processes, which are themselves Lnderstnad fo.
* varying c_legrees. In positive, inhomogeneous feld conditions the- maiin subprocc_ﬁsm '



. Imtlatory electron avaﬂabﬂny

o [Initial avalanche activity and the transﬁxon of avalanches to streamers

_' . Spatm-tempora1 streamer growth, -

. Transition from streamer to leader, _ .

¢ Leader p1 opagatmn, subsequent streamer—leader spatm-temporal deve{npment

 « Finally hreakdown-arc formation,

"-We are pnmanly concerned wich the effect the spaecs a}mrge deposited by the inmal

. sireamer corona has on subsequent streamer/leader develupment. The focus of the

. modelling i this thesis is consequently on streamers and the formation of the first
- Teader precursor ag shown in Figure. 1.1 below, Reference will be made to bublished_ N
. work wbere attempted models of the leader steppmg process may be ﬁund '

Imﬂara:yEfacrran
Avalanche Formation

Pm:im) Si‘ream Corang .
- Formation-and
Propagation

l .

| Leader Precursor Formation

* Model Scope

i C - .
 Subseguent Coroma-Leader
: . Pormation - o

(Leader Stepping Process) - |

_ . 4 —
Breakdown Arc Formation

. igure 1.1 Stages of breakdown and scope of model

w



Furthemiore, partial discharge modelling is also of great interest. The term partial
discharge as used in this work is defined in 1.4.4 above, In light of this definition,

~ partial discharge modelling s & subset of the model fol streamér formation,



| C_hapter 2. Current Understanding_ of inhomogeneous—Field

Breakdown in SFﬁ without Corona Stabilisation

In the previous chapter, the issues germane to the modellmg of breakdown phenomena. -
were introduced, the stages of breakdown were listed and the scope of this work

" defined in terms of these breakdowm stages. The mechanisms mentioned in Chapter 1
will be déscribed in more detail here. This chapter deals with * - wurrent knowledge of
breakdown in SFs under fast rising waveforms where stabilisy, _ Jositive ion drift does

not ocour, The bre&kdawn process under slow nsmg waveforms in non-linear field

_ 'mtuatlons which are the conditions under which corong stabﬂxsaiion occurs, will be .
. described in Chaptar 5.

' 2 1 Relevance of Breakdown w:thout Ion Drlft Effects

- Iu order to uudemtand corona stabilised breakdown, it is essentiai to understand the
o stablhsatzon-ﬁ-ee mechanism under fast rising impulses, since most physical processes
 that oocur in the latter case must take place under slow-tising voltages as well,

The most '.re::em state of understandmg of the mechanism of breskdown i
. electronegative gases in non-uniform fields and under fagt-rising voltage wavefonns s .

- -discussed here. The theury discussed below was mamly developed by Wlegart et al
[5,13,14, 15,16), N'emeyer et al [17] and Pinnekamp et al [18,19,20]. - '

2.2 Breakdown via the Leader-Precursor mechamsm

:.In SFs, under the conditions Jll'!t mentloned breakdown wﬂl ‘occur via a mechamsm. .
. called leader breakdown for pressures greater than about half an ahnosphere At very .
low pressures, breakduwn will otcur via the notmal streamer techagiam Also, it-tust '
" be émphasised that the mechamsms described in this section apply to nan-linear lectric -

- _ -ﬁelds where the ﬂeld enhancement factors are typwally graater than 15 -

 ie. Eonsewe

‘—"15)



Leader breakdown occurs via a sequence of physical processes. These will be
discussed with the aid of Figure 2.1 below, where they are schematically represented,

® e e @ ©

Figure 2.1 : Stepped Leader Breakdown

There are two 'mechﬂﬁsms which are responsiﬁle for leader fdrmt!tion, the Stem
" mechanism and the Leader Precursnr mechanis, The Precursor mechanism has greater
significance since it is the only mechanism present under positive breakdown (i.e. the
| _ _pomt is positive wlth respect to thes plane) and is the p:edommam ong under negmve. _

. breakdown

-As the_ voltage apﬁﬁec_l 1o the poifit increases, a region develops afound the electrods. L

* whete the electric field strength within this region exceeds the eritical - electric ﬁa_ld-

' strengm for S, , B« {which is about 89 kV/tm MPa), This region'.is called the Critical

Volume Vo (F:gym 2,1(@). Blectmns are required for avalanches to begin ~ for posmve_

- polarity these primary electrons become available via field-induiced detachment from

negatxve ions pnasent in the mtlcal volume For negatxve polarity, electrons ave emitted N
* from the metallic cathode via field emission. Electron avalanche ionisation takes place. s

oo

10



- Furthermore, . once the streamer mcept:on eritérion (Equahon 2.1 below) is met,
. filamentary streamers form and protrude out of the critical volume, -

I.&'dx>1{ B @1
0 .

_ a(E) is the field dependent net fordsation coefﬁclem, _ .

- xisthe co—ordmate on the electnc ﬁeld line aiong which the streamer develops and

- Kis an approximate constant d_etgmuned by the critical ava_]anche size needed for

streamef propagatiun [12]. | S |

-  The ﬁrst a;valanches emit photmorusmg quanta wh:ch initigte streamers at other locatmns ._
e ‘and in this mantier a complex pattern of streamiers i3 fonned These sireamers propagate
L | into the gap and form the ﬂrst corona (F:gum 2, I(b))

i The firat corona has’ Guite well deﬁned boundary The streamers stop propagatmg at the
' _..boundary When the- conditions for streamer propagatlon at the stresmer tips are not
. fulfilled any Ionger. When this happens, the electro_n_s in the streamer channels get rapidly
o attached . 'This loads t0 a nundber of positive and hegafive ions being left in the channels,
Them are two m:portant phymcal processes that occur in the channels remaining from the _'
- ﬁrst corona formatlon Oné is that the streamer channels expand thennally because of the o
_ | energy that was ln]ec‘ted into them during the cm'ona formation. The other is that the
- positive and negatxve ions dnﬂ apart. These two processes cause two dﬁerm laader /, -ﬁ?f'
_ .'-.meptiun mechanisms, ‘the former leads to the Stem mechanism and the lattm- mmatea the R’\ o
__Leader Precursor (S and P respecﬁvely in Figure 2 I(c})
N The Stem mechamsm occurs only tmder negative vatta,ges and even then’ not as often as
_Pru:ursar fonnation As can be seen 111 Frgure 2 1c), the ccrona partem is a bramhad = ..
o _'-tree—llke structure with central stems. from whmh branches emerge If enough bmnch:'-.-'
h '. -channels feed currmt itito a oentral steft, th:s central channel wxll expand thermally dus to |
' the energy mput. W1th expanswn comes reductlon of the gus. densxty in the chaunel “The o
"~ critionl field is dependent on gas density and it, too, therefore reduces until the applied -
_ electric field i is greater than this new critical ﬁelct and consequently avalanche acnvxty :
S begms m the stemt channel ’.the stem thns bec.omes a condugﬁve path from the electrode -

n



to the corona boundary and acts as a virtual electrode (i.e. a Leader) from which another
carona can be launched. The stem thus starts at the electrude and propagates towards the

corona boundaly

" Maore often, the mechanism that creates the Leader is the Precursor The ions left behmd

in the channel drift apart due to elertrostamc ﬁ:rces the negative ions towards the anode : o

‘and the positive iofs: towards the cathode. The electric field near the corona periphery is
closs to B, .and the incremental potent_fal developed between the opposite polarity jons
drifting apart inoreases the clectric field by AR, This means the crifical field s exceoded
. and fonisation activity begins anew, The increase in current dus to fonisation activity soon
leads to field distortion making the provess uﬁstﬁble' and 1eadmg to further ava'lancﬁes'
. The ﬁlament soon becomes conductive whm the current reaches the electrode and 2

'_ leader is formed. The Precursor therefore starts at the corona boundary and propagafes
tcwards the electrode,

Once 2 leader mgq is formed (by either mech_'mﬁém mentioned), it serves as a virtual

- ele’ctrode which is a con'ductive chennel from the periphery .of the primary .ooroha 10 the
" point ¢lectrode. A second corond - is launched from the laader 1ip further into the gap'
(Figure 2 I{d) shows secondary corona from !aaders fonned by both mechamsms) 'I‘he
second corona injects more current into the. Ieader I:hanuel leading to mcreased ohmlc
_heaung and thermal -expansion of the 1eader Evenmally the gas in- the leader channel

" dissociates (dlssomatmn is the bregking up of the molecules in the gas info jts component Y

B atqms or mto ‘different smaller molecules, High temperatures -are .needed for the -
) dissociation of the gag « shout 2000 K in SF3). Asa result of dxssocm:ion, thy attachment.
- ability of 8Fs is diminished and consequently the value of the critical electric field in the

c dmsomaied region becomes smaller The critical field in the Ieader is strongly redutced , &
© . plasma channel is thus formed. T he leader now has strongly reduced fmthe: heatmg and a-

low voliage drop. The pqtmrl_la_l at tha_leader_tlp is therefore_c.l_os_gto that of the _electmds, : . |

" The processesd:scusse& are now i‘:epeatéd and th'e'leac'iér extends into the 'gdp in jagaed. -

- L stepsnnt:l in reaches the plane and thus bndges the gap compietely aud breokdown is smd o

1o have occurred (Figm'e 2, 1 (e)}

-2



Chapter 3. Theoretical Simulation of Disché_rgés |

In this chapter the methods currently aveilable to theoretlcally model dtscharges are
"discussed. These methods have been comprehenmvely resvarched and a pnnc:pal
conclusion is that despite the availability of high-speed computers, theoretmal L
- computations of discharge processes have not progressed to the point of providing & .
general accurate inudei for the entire discharge process in SFs. Some of these methods

' however show promise of success with future availability of even greater computing _ '

power. Also, the results generated by sbme theoretical models for specific cegions of .
| "the dlscharge Process compane favaurably with experimental observations and provide
.useful clues towards the develoPmerrt ofa senu—empmcal model for corona stabihsed
_ breakduwn which is presented in Chapters Sand 6,

3, 1 Intmductlon )

| . -_The purpose of this chapter is to outhne the various theoretlcal methods that may be
nser] to simmilate a dlscharge ina gaseous dielectric. The detmls of how these methods -
. may be ﬂnplemented are not cwered in ‘much depth, rather, the resulis that may Be .
" obtained bsr these methods and thelr abllity to simulate space charge will be analysed -
~ The ments Successes and shortcommgs of'the vanous methods are presented

'-Tﬁé.ideal 'mod:el of any physica[ process'is' giveli by ] éet, or sets, oi" théui'etical
- equatxons the. solutmns of whlch provide a simulation of the behaviour of the process.
_ These aquatlons may uasmbe the behaviour of the nﬁcroscoplc elements (parhcles)

. that pasticipate in the process or they = describe the process macxozzcomcany, Both - -

- categories of th.. ..nual gimulation a discussed, Also, the very mmplex nature of' _' 8 .
. 'breakdown in SFs may only be predxcted by methods tha,t can mmulate non- :

- . deferministic processee Fravtal modcls and the stnchasttc nature of the dxscharges are o
: ther&fore also discussed bere, : :
. Specxﬁcally, the follomngtopacs are d:acussed
'« Analytical Closed-Form Solutions,
. Boltzmann Eguatrm Analysis |



Contmmty Equation Solution Methods.
« Monte-Carlo Methods.
-« Practals and Stochastic modelling.

‘3.2 Analytical Closed-Form Solutions o
' These methods were the first efuployed to attempt corona discharge modelling since
fhéy' originate in a time when computer—simr.tlaﬁdns were unavaileble. They are stil -
used today since closed-form solutions have certain advantages over computer
. -simulations. Sigmond [21} provides a detailed critical review of the methuds used to
_ solve the “ spaca chargf- flow problem™ and pomts out that computer mmulatrons only
= ‘'solve parts of the problem reglon ‘whereas analytical formulas cover whole regions of
. parameter space in a continuous way. Also, characteristic fengths and times withis a

' gorona event may easdy smn six decades, from microns and nanuseconds (in the

' ---'mmsauon regmn) to centimeters {or even meters in Inrge gaps) to milliseconds across - '

B the dl’lﬂ: reglon. Thus even with he aid of 4 powerful computer simulating the event. |
: over the entire duration thu.s becomes prohlbmvely time consummg and costly‘ . '

: 'I‘hese analytlcai methods involve derwmg closed-form equations to solve for the flow.

' of chargad particlas iy the d!Scharge ‘these complex equatlons are then mmphﬁed by

_ mal k1 certain assumptlons which allow 2 solution to be obtairied. One of the rnost

common assumptlons made is referred to as the Deutsch Apprmmarron wiuch is that :_.
.the space charge jon flow in & discharge will nnly alter the ma,gmtude, not the - :
' dlIBthOﬂ, of the. electic field hnes along whxch ion-flow ageurs. Slngnd [2} 22] and . 3

Wintle {23 24] dxscuss these methods of solutlon in depth . .
- The main conclusion drawn in relation to tho ability of these methods to ﬁmula.te
. "corona. stabﬂlsaﬁnn in SFs is that the nature of the appmxunauous made will not

f 'produce accurate results. Fnr instance, ﬂm dtscnssmn in Chapter 4 and Chapter 5 will T |

- . show that the modlﬁcatlon of the direction of the electnc field Jines by space charge is -
 a key comrolling factor in corona stabﬂlsed breakdown - the Deutsch approximation

thus does. not hold. Furthmnure, the assumptions made in theae analyt:cal methods o

- aocount oniy for umpolar space charge ﬂow, Whe.reas b1pular eﬁ‘ects are srgmﬁcant in
: the dlscharge pmcesses inan auachmg gas such as SFs, '



. 3. 3 Boitzmann Equatmn Analysns

The Boltzmann transport equatlon isa maxhematlcal red. tion which specnﬁes the phase-
space distribution function for any g1ven agsernbly of particles. This mathematical

'equatlon is known as the Boltzmann (transport) equation with the word “transport”

often ormtt ed. The Boltzmunn equation allows the determination of the distribution of
a partlcle s velocity and position in velocity and physical space. The equation is -

' presem;ed below w1th & full denvatlon in Appendix A.

]

8 ar_" av e

© whese® | f is the funcuon giving the velogity dmtnhutxon of the parncles

.y is the external force acting on each particle B
'vrstheveloclty-space vector - :
' In a fime interval df the particles will be displaced by v and their
. :Velocmeswﬂlbe altered by ydr '

- This e:}uéﬁon s4ys _t_hai the diétribi.nion ﬁmc_tion of a particle in a gas changes vnth tim& -

due t0;

o > Pamole mot:on or dm& in phymcal space.
- . Changem particle velomty due to an externally applied fom
L Collman between parhcles : _
: ‘Although the -solution of the Boltzmann. equation” constitutes -one of the basic - |
- foundations of a]must all theopeucal and rigorous tathematical dascnptlons of plasma' o
- dynamxcs, 1ts apphcanon m modellmg non-uniform ﬁeld dlscharge i $Fs hm been
E ]nmted his apparent ’shat solvmg equatzon EN for just. one charged partlcle. spemes
 rather than three; wuuld reqmre lengthy computatmn Davies [25] therefore states that

“even with vesy pbwerﬁll computers the’ sunulatxen ‘of complete dlscharge o
developmam: using.. Boltzmann techmques pll not be possible i the near fi;tura

:However, Boltz:mann equation analyszs has been apphed to calculatmg the h'ansport
- _paramaters, or "‘swarm" parameters 8s they are called, of eler.ttrons in SFe such as the L
o dnﬂ velecrtv d1ﬂi1310n coefficients and 1omsation and atbachment coeﬂ’ic:ents eg

2



Date 3t al [26], These parameters are important in other theoretical and semi-empirical

models.

3.4 Continuity Equation Solution Method

3.4.1 Description - _

The continulty equations are essertially the equations describing the dynamics of the. _
varicus charged particle species ir e in the discharge. A derivation of & general

- equation of continuity for any particular charged pa.t_'t-icle species is given in Appendix
B. The-on&dimensiqnal-bonﬁnuity equationé for electrons, positive ions and negative

- dons are givehby equations 3.2, 3.3 and 3.4 respectively:

BN aNW) | & ( é‘N.) |
5! S +. NnaIWa( N:ﬂlW&] NeNpﬂ - ax _ 5 @3. 2)
| _%_, 8 + N..aIWAJ NN - Nnhpﬂ : (N’W-") B jf3-35.. .
: 5]_\]’ - 5(Nan) : . .. ' .'
. ra N.qu. Nanﬁ i _:__(3.4_.)
" where: S .
' 'xmdlstance from anode

No, N;, Nn = elect:ron, pomtlve ion, negat:ve ion densmes raspectlvely

'W., , ’Wp ; erlectron, posrtwe fon, hegative jon drift velocities respecttvely

a, 77, B, D =ionisation.. attachment ‘recombination, electmn dlﬁ‘usmn

x:n*[ﬁclents resyectlvely (note that same value is used for :onwion recombmatmn '
a8 weil & electron—lon recombmatlon) _

§ is the source term dus to photoionisation, - -

3d2 Simulatlou of Positive Corona in & Point-mane Geometxy

- The most sagmﬁeant work in modeilmg d:scharge in SFs using this method has been .
_ done by Morrow 27,28, 29,301, The transport property data requlred for the sohution.
~ of the above equat:ons (Le. the mmsatlun, attac.hment, recumh-natlon and elecu'on- .



diffusion coefficients ) have been also éompiled in a survey by Morrow [31]. Morrow
solved for he discharge current fa a single streamer filament of a discharge in a
* positive point-plane gap in 8Fs at 100kPa with a impuise voitage of 8 peak value of
200KV applied to the system. The evalution of the ions and electrons is described by
the continuity equations above, and the space-charge electric fields accounted for by
stmultaneous 'solutioﬁ of Poisson’s equation (equation 3.5 b_elow) : ' '

o o8 S
o whers ! ~ the current density T =e( N, W, ~ N, W, ~ N, Wo).

" State of the art numerical techniques were developed by Morrow and Cram [32] to
solve this complex system of é.quations Alt‘hough a powerful Cray computer was 'ueied
fnr the mmulauon, the sh‘eamer was only sitoulated over 2 time span of about 30
namaeconds 7.

3, 4' 3'Rwults of Morrbw’s Simulation
' The 1mpommt results of the muiatmn were:

Streamers form very quickly - the streamer forms at a velocny an order of -
o -magmtude greater then the eleotron drit veloclty (atthe cntlcal electric ﬁeid)
' . As the applied voltage rises, the initial rapid streamer fonmrhan Causes corona
onset pulses in the wn'ent These sub-naneseoond curreitt pulses agree wrth -_
_ experimerit [28]. o

-« The electric field in the trall of the streamer is apprmnmataly equal to the crmcal .
- elsctric field. L . o
. The dlstnbutwr of spa.ce chaxge in the streamer chmmal 1(-,1 pomtwe mn.s at the a
' streamer tlp and electrons claser to the anode, also accounts for the: pnlses of'
: current which are caused by further avalanche activity.- - o
o =Mormvfs results were unpnrtant in the deve[npment ef the senu-empmcal model by o
L Wiegart et al [5] which is the mos awume model to daie of mhnmogmeous field

. breakdown in SF¢ unider fst unpulses

. A mnc;sm of Morrow s method is that 1t may be aoc.urate for tha sx,.mlatton of- -
o dlscharges in uniform fields but the results in nonumfom fields may ot he accurate for

7



the following reason : In the uniform field case, the electron swarm parameters; namely
the ionisation chefﬁcien'ts, attachment coeﬂicienté, dfi& vélocity and diffusion
coefficients are treated a8 mdependent of space and time. The; are a function of
 electdc field only, or rather a function of focal EN (E is the electric field strength and
N the gas number denSIty) The asswnptton is that the electrons have reached a state of -
'hydrodynanuc equilibtium with the field. In highly nonuniform ﬁelds, this equil‘bnum
is not attmned since the field is changing qmcldy and the energy gained by the elecirons
from the field cannét be balanced by energy loss by collisions, The swarm parameter
values are thus not the same as those predicted using focal field values. Morrow’ s .
. snnulatrons donot account for swarm parameter variation, '

3.5 Monte-Carlo Methods

. Togettier with the continuity equation methods disoussed in 3.4 above, the most

o successful non-empirical simulations of discharge progesses in SF; have been achieved '-

_ ) by the Monte Carlp method The state of the art in Mante Carlo sunulat:on of
. dischirges in SFy is found in the work of Liu and Raju [33,34,35]. A flow chert ofthe' '
. Monte Carlo_ mgt_hod of simulation ised by Liu and Raju is reproduced mFt_gm*e. 3L
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Flg&n'e 3 1 lflowchnrt of Ménte Curlo szmulatmn of dlscharge [34] e= electmn, o

Ne= nnmher of electmns, N*; =number of posltlve ons, N-~ numher of negative o

ions. '

. L

' __The sngmﬁcam resulm ofthese s:mulatmns are

CAsin Morrow s s:mulauons (cf Sectloll 3. 4) in the Monte Carla simulanons, '

| ' _corona uurrents Lkv,dar pusmve overvultages ina needle—plane geomeLry. were foum g
T o occur as ) 1}11;3‘3 of pu!ses The pecuitende of these pulees need to.be accountad :

' .'for in any description _of the physical processes that take pl_ace. ina dlsuharge - thie

19



qualitative model of corona stabilisation presented in Chapter 5 does account for
the pulse characteristic of the current.

"« The simulations show that the development of avalanches and streamers are due to

ionisation and photoionisation, whereas the quenching of the avalanches and

sireatnérs are due to space charge fields.

"« 1tisalso shown that in positive corona the electric field is depressed near the tip of

~ the anode and enhanced in the rest of the region, This result fu;_'thef confirms the
- mechanism by which positive-ion space charge acts in the corona stabilised
breakdown. This is discuased in Chapter 5.

- Another result of the smmlatxon of posmve corona is that the cuncentratlon of

B negative ions is smaller #ian that for the pomtive ions. .

The Monte Carlo method is thought to produce 2 mors aocurate snlunon than the

 continuity equation solution method. This is because the Monte Carlo method
- ssaeni My Slmulates the motion of mdw_idual particles participating in the discharge _
" and uses pmbab_ilisﬁfé methods to dcteﬁn_ihe' the collision behaviour of the parﬁcles -
- there is thus no fieed to use'appi-oximaté swarm parameters as s the case with
- continuity equatmn solutions {cf. Section 3.4.3). However, it suﬁ'ars from the 3ame

shortconnng &5 other mumerical methods of discharge siymlation - 1t canniot model the

| . breakdown event over its entu‘e duration,

36 Fractal Models and Chaos Theory

. The theory of ﬁ'actals may be considered o be a subset of the more genaral Chaos _

. theory, but theymll be constdered separately here. _ )
~Chaos theory is essentially a cience pnmarily concmad thh a system’s sensmva
-dependence on initial condltioma ~ that is, cettain phymcal svstems seem very L

: -_-'-detenmmst:c ‘until: some. small change m initial conditions - leads to comphcated |
" - segmingly random motions. A gond introdyction to the field hias been written by

Pextgen et al 36]. This theory has been successfully applied ¢ modellmg certain

.camplicated physical processes such as ﬂuid-ﬂuw Van Brunt {21 states that partlal___'_ '. _
'dascharge does exhibit “chaotie, nnnstat:onmy, or fiactal type beha,wour” 13 therefore R

W8 nevessary to m_ves_t_igate the possibility n_::fusmg this t_}_xeory to model discharge, :

'



- 3.6 1 Chaos Theory in Modelli'ng Discharges

Chaos theory is currently i’napplicable to the modelling of concern in this thesis. Chaos | N

- theory is essentially used as a tool for confidence déte_ﬂ;:imtiorz. That is, in & system
- 'that exhibits chactic betaviour and if that systelh’s behaviour is well understood under
E cer_tainmnditions, chaos theory is used to determine the range of oonditibns in which -

_ predictions made do apply and the conﬁ_flence level of those predictiors. The salient

point is that the systemn is quite well understood and that there usually also i_:xists quite

a vast amount of ethpi_rical dazﬁ on the éyatem unger “normal” condit_ions_ as well as

“chaotic” conditions. In the case of.th'e problem at hand ie. qum:ﬁtmfve@"descriﬁing

- the qﬁ"eci of ckarges deposited by previous corona events on sub.mquem‘ dist

 thereis very fitle known about the phenomena mvolved (especially at the nucroscoplc. s

: level), and firthermore there is little or no empmc_al data desnubmg the phenomenon.
I other words there is 1o quantitative model describing the phenomenon of corona

. sabiisation, and therefore chaos theory (which will determine the effact of changing

_imtlal condltmns on the outcome of the events) canriot yet be applied. It is true that
fiuid ﬂow is anmlar in many respt.cts to partial discharge events in that, for instance;

- they both are descnbed by simultaneous non-linear partial dlﬂ'erenual equations.

. Howaver, chaos themy is being apphed to ﬁuni flow modela quite successﬁllly and it
N has not yet been apphed to ggs discharge. The reason for this i Is that there is ver}r much -
more empmcal data on fluid flow and consequently there are ‘models for the fluid flow

' phenomena to which chaos theory can be apphed ‘There is mnch less data on corona o

: stabﬂisatxon phenumena and no modela currently ex:st.

L 3 6.2 Dnseharge Modellmg nsmg Fractals _

* About two decades ago, Mandelbrot [37] developed the theoty of fractals, Fractls are
used to model mathamat:cally and accurately. describe phenomena and shapes that '

Lo oocur in nature. These shapes are often chm actensed by a high- degrae of complexu:y'h. |

P and n‘regulanty A detmled descﬂptmn of what fractals are cannot be made here, o

e -Pe;tgen et aI [36] serVes as 4 good mtruductlon to fractal theory..

o " .
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._Unlike Chaos -theofy, fractals have been used in tﬁe modellin'g of discharges in éoliﬁs, "

liquids and pases with limited success. A single published work [38] deseribes the
ap;ilicatibﬁ of fractals to discharges speciﬁcally in SF; where it is merely shown that
simple stochastic ‘models naturally lead to fractal stmctures for the pattern of the

_ discharge. Other works in the use of fractals to model discharges are by Pietronero et
al [39,40], Barclay ef al [41] and Egiziano et al {42]. The conclusions reached from &

study of' theee works are :

- ! _0 Fractal models currently do not represant complete theoretical descr'pnona of the

discharge process.

- & FPractal models merely reproduce the ﬁiamentary tree-hke structures of discharge

patterns They do not contain any lnfonnahon about the time development of the

R dlscharge . S
¢ Ttis difficult to make meaningful quanhtatwe eompansons between the fractal

_ model and expenmental observations,

'« Current fractal models do not account, or make simplifying assumptlons, fot.

mcmscopm mechamsms in the discharge.

o For these reasons it it clear that ﬁactal models cannot be useﬁllly employed to model -
: corond stabﬂlsed breakdown '

'3.7 Stochast:c Mo(lellmg

Stuehastm processes are generally vlewed as the dynarmc part of probabxhty ﬂleory -
. One is ohservmg 4 stochastic process when ofie examines 2 process developmg in time . -
_ ' in a manner controlled by probabxhstic Taws. Partial d:seharge phenomene are
ccnsxdered to be stochastlc because their pmpertlas are descnbable in terms ofa setof -
B 'txme-dependent random varlables The stochastic nature of SFG dtscharges has been

swdx,ed in depth by Van Brunt [9] this work hemg mainly’ expenmental and thus will .

. be discussed in Chapter 4 Van Brunt 9] states that “a thecretwal {stochast:e) modei 5
oof pcslﬁve-corona pulse burits ... does. not yet exlst” There are no models that- :
"quanhfythe stochastxenatureofdisclmrgesmS?a. L P



3.8 Conclusion

It is apparent from the foregoing discussions that purely theoretical methods of

~ discharge simulation are inadequate for modelling iori-driﬁ controlled corona stabilised

dlscharge The salient reasons for this are :

" Most methods are only capable of perfnrmmg the smﬂatlon at a fixed

‘overvoltage, whereas 1t__15 clear that the rate of change of applied voltage is a key .
‘factor in corona stabilisation. Those methods that do have a chﬂngmg voltage as an

inpiat to the simulation (such &5 Morrow’s method of solution of the continuity °

' equations) are not yet able to model the pmcess for a long enough period of time,

" primarily due to the limitations of computing power. Also, the aforementioned
: ..method only models & smgle streamer channel, and it is the simulation of the

: interaction between many such channels in a corona cioud that is required for 4
'completemodel ' _ _ _ '
" The requlrements of cumputauona} time are sgniﬁcant in mOSt numenca]ly
" '.unplementad models, especlally for the rmcmscoplc models such as the Monte |
" __--.Carlo and Bultzmann equations. There zre no simolationis fo date that have

' .--modelled the entire. dmcharge process in inhomogenecus ﬁelds in. attaclﬁng gases_ -

such s SFs

g



Chapter 4. Analysis of Previous Work on Corona

 Stabilisation

- The conclusion reached in the previous chapter, whlch studied theoretlcal methods of -
.modallmg discharges, is that there are no numerical models currently able to simulate
corona siabilised breakdom In tlns chapter, previous. attempts at rmdellmg corona
stabifised breakdown are examined and empirical work done by sesearchers pertinent

'.'to th:s type of Sk dlscha:ge is studied. This information is used to present a

_ ' quahtatwe descrlptwn ‘of the mechanism of ¢orona stah:hsed breakdown in Chapter 5-

. whmh leads toa quantltatwe model which is presented i Chapter 6. '

o 4.1 Introductmn

o In studymg the pt‘akus work done in the study of the corona stabilisation mechamsm
i SFe, it has been estahhshed that only the broad description of the phenomenon is

' agreed upon by alt remrchers That is, carona stabilised breakdown occurs in lughly

nonlmear figlds in 8F; when posmve valtage wavefonns of slow rise-times are apphed _' :
_ Also, there is agreement’ on the fact that this phenommon ocours within a certam_

| pmspure zone, and that the operatmg pressure of most S¥s insulated equipment falls "

B w1tl'un this’ pressure zone which lies between approximately 100 and 400 kPa. At
" pressures below about 100 kPa, breakdown acours purely via the. streamer mechanism R

- that is, there is 1o leader formation and breakdown oceurs when a streamer crossea

B the gap. At high pressures, “direct hreakdown” is said to occur, Tn thls case, the |

. volf;age at which brealadawn takes piace is equal 10 the streamer formiation voitage.
; “The prediction of the zone of pressure in which corona stabﬂxsatxon accnrs is dealt wnth
' hyPumekampetal[Is 19,20] andWiegartetal[S] ' ' : '



4.2 Leader_' Launch Angle Analysis of Corona Stabilisation

This section discusses e significant work of Van Der Zel [8,11] who devises .me

unique expenmental techniques the results of which provide clanfymg information on .. . .

the nature of corona stabilised breakdown. .
In order to verify the various postulates stated a*'out breakdown under corona

' stabilisation, the phenomenon was expenmentally investigated using a unique

measurement method which wivolved measusing the launch angle of the leader stroke
'- 'that emerges from the streamer while snnultaneous.y measunng the tme b

+ breakdown. The results showed that under switching impulses, there was indeed 2
eon'elatxon betwesn leader launch angle . - .- sto breakdown. The launch angles for
. an 84 mxcmsecond rise-time switching lmpulse were shiowtt to be spread in two distinct

- .d:sm'butlens, some angles were dzstnhurad belw 60 degrees and others above that
a angle Furthemore, the time to breakdom for the sparks that ogcurred af angles
- below 60 degrees were all below an’ avemge of 100 microseconds with & small spread
: “in the values whereas the sparks that launiched at angles gteater than 60 degrees fook )
'_ '- 200 10300 microseccnds 1o crss the gap and the sPread of breakdown timies at each _' '
] -_a.ngle was very farge (standard dewatlons as hlgh as. 338 mxcmsecends We.
measured) S T BT
o Van Det Zel adopts the postulate of Nnemeyer et al [17] that the eorona isa compact '- _
structure vnth a well defined sphmeal envelope. He uses a model of the corone. being _. '
an eqmvaient eonduetmg sphere of radlw roughly equal to the dlameter of the I‘Od—tlp

. {mgure 41 and postulates that hreakdown in the presence of coroha stabilisation o

will produce spark paths w:th Ia.unch angies dlsmbuted about taunch angles between
'45 and 90 degrees
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Figure' 4.1 Leader Path in Corona Stabiliséd B_reakdovfn

A slgmﬁcant ﬁndmg was that hreakdown bothi with and without corona stabmsatiun

. ..-gccurs for swltnhmg mlpulses Breakdcm without COronA. stabxlxsahon under _
. smtchmgunpu]sesls:mtexpected smcethe statlstmaltlmelagfor a small dismeter rod S

- (Lmm) is about 1 xmcmsecorld [8], This mea.ns that appro:dmately one nucrosecond .
. 'a&el the critical voktaga is exceeded, corona stablhsat:an should form, and smce the - -
nse—tlme of the switching impulse iz in the order of tens of nucroseconds one would

" expect corong stabilisa, « 1 'to occur for avery swrtclnng mlpnlse The explanation for”

- this behaviour lies 1 in the “sweep field” effect : The slow rising voltage allows negxnve:

. ions to dtift out of the crrtlcai volume and therefore there are no electrons avaflable

between Vippior™ Vit and Vapptier=Vieater, S0 i glectron becomes available only

 when Viggtio®Viedmue by this time the positive tong will have driﬁedi. way from- L
_' _pumt thus nullﬂjang their eh.utnc field reducmg eﬂ'ec.t) Hence the very first streamar' :

- that is. fonned meets the feader mceptmn cntena, and thus dn‘ect breakdown takes'

4.3 Attempts at Mudeilmg Corona Stabilised Breakdnswn
An early aﬁempt to madel breakdown in the corona stabﬂxsaﬁon zone was by."-

. (‘hatterton [43] The ﬂayw in th:s model and mdeed most ather attempts at madelhng D

%
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. the phenomenon, is that the only mechanism for breakdown considered is the streamer

theory. In this model, the initial corona inception is estimated using the streamer-

inception criterion and the radius of the initial corona cioud estimated to be that of the

critical voitume, This streammer corona 1s taken to be growing as the voltage is increased
until a limiting radius is reached where. photoabsurptlon prevents further multiple

- streamer formatxon. The electrode radius is replaced with the effective corona cloud
‘radius (Frgure 42 below) Also, it is assumed that there is no voltage drop across the
clond and the poteqﬁal at this radiug is taken to be that of the elecirode, The voltage: '

predicted by the Nitta-Shibuys {44] streamer inception valtage equation (and replacing

tlie rod radms with the largest corona cloud rachus) is taken to b., e hreakdown
vultage :

Comnafmerod S : - New “rod” with radive = r+Re
upmdiusr - \H___/ o . : )
. Streawercomna with
- spprexy jate radius Re
@ N _ e

Figure _4.: The “Virtual Rod” Concspt .

_' _The model results were compamdm two- sats ofmeasurements (usmg two geomemes) o |
- with impulse voltages. The results of theu* mode! were more accurate at low pressures "

{where the streamei mechanism does dommate) At pressures below the critical o

- presaure, theyhadto allow some physncal constants to vary. in order to obtmn some. :
. degree of agxeement between the model and measurements The model Wiis even more .
maccurate at pﬂ:ssures above the critical presmre thss is because the leader prw.mor.'
' mechanmm_dqmmates here. There is also a contention that the “space charges reduc_e_, '




- the field around the point and heve .ro' be extensive enough to prevent after*naffite

breakdown paths around the er,.ge af the corona tloud” ~ this has been disproved by

‘Van der Zel [8]. -

Nelsen [45] shcws that the s:mple corona. cloud model does not apply at higher
pressutes (>1atm) and divergent field conditions (0,5mmn point). Optical multichannel
aratlysis was used to measure the corona size under various conditions of pressure and

- tip geometry. Nelson found that at low pressure (50 kPa) there was no limit to the size

of the corona cloud, whereas af highet pressures, the corona cloud rad:us reached a
lmntmg size and had & well defined envelope. The model Nelson presents in ‘his work

- merely attempts to predict the radius of the corona cloud at higher pressures, The
‘model resﬁlte, when compared to experimental Opti_eal raeasarement of the corona
vadivg, predicts smafler corons radii.- The author ascribes the discrepancy to the

possibility of streamers growing out of the corona cloud which are ot accounted for

i the model as well as the fact that he regards the model as a crude approximation of
.. the physics. The work of Wiegart et al (5] was more successful at predicting the radius

- of the streamer cornng envelops under posltive 1mpulsee and will therefore be used in
- the modal in Chapter 6.

Also an eary atternpt to quantify breakdown unds.” corona stabdlsatzon was made hy

'Abdel-Salam et al [46] where & semi-empirical corona-cloud modei s, also used w0
caleulate breakdown voltage The cntenon is expressed in the following equation :

T(a e = Z—i o O w

' The value ofz is faund for a given geometry by calculamug the left hand side of the

equat:on at the experhnental breakdown voltage. The values of o and 1 (the jonization

and attnchment coefficients respectlvely) are evaluated with the space charge fieldof -
o pesatwe jons accounted for. me calculation of the electric field in the gap and the
; ".-;values of o and 7 the avalanche length x, s determined. Z is obitained from the above :
. E a uatton (given that a is the radius of the eleetmde} Ongs Zig known. both sides ef =
- th& { s;uanon are calculated at d:ﬁ‘erent voftages sbove the corona onset value The . . .-

volt:. 'fe that satisfies the equauon is then considered to be the breakdnwn voltage, . -
Parek - -anid Srivastava [47, 48] ghow that the method proposed above does not work

. Thes} \rther go on to show that “there seems to be no simple equaunu. that can ©

.

v
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 correlate diécharge parameters, the field non-uniformity, the ges ﬁressure and-
breakdown voltage” for positive impulse breakdown in non-uniform geometries.

" Clearly, the only breakdown mechanism known to rosesrchers at that time - the
~ streamer mechanism, was inept at predicting breakdown at pressures higher than about
100 kPa and in very non-uniform geometries, All model attempts made were based on
some form of streamer criterion. There has been no published attempt to @antitatively -
' _mclude corona stab:hsat.: t in any modern model that js based upon  the lea,der :

precursor theory. ' ' '

" 44 Other Significant Experimental Investigations

4.4.1 Pulse Character'lshcs of SFﬁ mscharges _
' The work of Anis ef al [49] provides usefuul data on the bt ikdown behaviour of SFs in
' a pomt—plane arrangement under applied positive switching impulse voltages. Rod
e dlameters from 1 to 10mm were used in a 50mm gap and under impulse frant durations
- of 3_0, 170 and 350_ microgseconds, Based on discharge-current mea_sur_emems, they

- - gubdivided the discharge behaviour into four’ cat‘egori'es - “direct breakdo

“Yncomplete breakdown” “smgle-pulse dxscharga” and “multiple-pulse dmcharge” )
At high pressures, direct breakdown was predommant which is referred to by the
- authors as corona-ﬁ-ee breakdown since the only dxschmge event mensured wes the

_ hreakdown itgelf. Agam, in the abserice of the leader mechanism theory of breakdnwn, o
Coen the authors attribute du‘ect breakdown to a streamer crossmg the gap.
- The authos refer to the ocourrence “of a single discharge pulse wel‘ ~within the

- .'pmspectxve hm&to—braakdovm wnhout breakdown ever taking place as mcomplete '
. breakdown it should bq noted that the mze of the dtscharge events (measured as .' _
" current pulsesj in the cage of mcumplete breakdo“ms were 30 to 100% targer mo
magmtude than smgle dwoharge pulses. . ' '
"In smgle-pulse dmharge, 2 smgle current pulse clearly preoedes the breakdown event, "
L | 3t was found that there could be a delay of 1 up to 2 few hundreﬁ nuarosaconds underan
] 'appl:ed pulse of 350: nucrosecond front durahon It was found ‘that thesa long delays '



between initia] discharge and breakdown always occurred i a paricular pressure zone
 and especially with small diameter needies. This pressure zone is teferred to the
authots as the corona-stabilization. pressure zone, The pressure above which direct
breakdown predominates is termed the critical pressure, The pressure zone below this
critical value is where the probability of occurrence of single pulse discharge is
preatest, Of significance is the observation that this form of single pulse discharge
- pecurs most frequently for the most nonlinear geometxjv and ocours seldomly in the
cass of the 6mm diameter rod, This is beoause corona inception voltage is reached later
i the case of the 6mm sod than for a smaller diameter rod (whish has more nonlinear
o ﬁeld) and the mcepﬂon voltage will be very close fo the breakdown- or leader
| fonnatmu— voltage for the thicker rod. therefore direct breakdown is more kaely for .
- the 6mm rod case, : . :

The data obtained from thls waork prowdes o meastire of conﬁdenoe it modelling' '

_curona stabtllsatmn by only com!dering the mitial srrea:mer corona (whxch accounts -
© forthe Iarge smgle current pulse) '

4.4.2 Effect of In;ected Space Charges on l’osmve Impulse Breakslown

Qiu et al [50] injected pos;twe and negative poianty charges into a pomt—plane p by '
 auxitiary needle electrodes surroinding the gap. AL, 5!50 microsecond impulse was
apphed to the point plane gap. It was found that mjemng negative charges decreased
~ the xmpulsa breakdown voltage mgmﬂcantly but had 6o effect on the unpu!se strength .. ‘L
- before the inception voltage was reached. The conclysion drawn from this was that the =
S mjacted charge had no effect on initial atreamer formation but prowded seed electro"s
" inthe gap for the subsequent leader steps. .
Bt was postula*bed that the injected posit:va ions would have httle effect on the mrnal '
s _streamer-leader formaﬂon since in a fast hghtmng 1mpulse, fhe iotis would not hive.

encugh time to mod:fy the field wround the needle tip. This was verified. Furthermore,

T the concept old “sweep -field" which awet'.ps the negaﬁve mns out of the critical region
 thus depriving the corona. of & seed electron wmay conmbute to'some higher breakdown'

. valuesin the case of a fast 1mpuise (oonﬁnned by Van Dar zel 8.
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The experiments mvestlgaung the breakdown behaviour of SEs doped with other gases

' assists in understanding corons stabilisation in pure SFs.

Nelson [S1} doped SFs by small quantltleé of tiethylamine and found .that ihis

" increases corana activity in the critical volume; This is because triethylamine has a low

ionization pbtential of sbout 7,5¢V which cotresponds to a spectral energy at which
SFs has a much lower photoabsorption coefficient (approximately 0,1cm™ } . With

. increased corona activity it was observed that corona stabifisation - was _mof_e '

pronounced, This indica_tes the influeace of the magt__iitude of the initial cGrona on the

- probability of coronﬁ stabilisation occumng The implication of this postulate for
' rodelling is that the _prima‘ry' cotnh:aﬁhoul_d be modslied because of its si_gniﬂbant .
infliience. _ . o _ ' '
Maﬁx et al [521. performed experimental uwesugatlons on the behavmur of corona
) d:scharges from free conducting wire particles in SFs and its mixtures which confirms

Nelson's work [51] that adding -triethylamine enhances’ corona stabilisation, The
significance of this paper to the model presented in Chapter 6 is that it indicates that =

. the same physical eﬁ‘ects that apply for a ﬁxed particle may be applied to ﬁ'ee parhcles T
_(\mth addmons and modlﬁcatwns) o

In. tha:r wo:k ou’ SFe:Freon nuxmres Fmsh et al [53] found that Iarger unpulse

- - coronas tend to suppwss leader formation because of their space-nharge shielding
" effect. Thay. also- ﬁostulate that since the iinpuls'e'cofoﬁa; comprises a large miinbei" of
' mdmdua] streamer ﬁ]&ments, the enhanced shleldmg effect of an mcmased numher of )
© " strenmers miay be more nnpoxtam than any incredss in the charge ptr filament, The _
. probability of leader dev.elopment a & given voltage wonld then depend on the - -
- statistics of unt{atwn of an effective shislding corona, They found that the compenng_': .
- effects of an increase in the number of streamer channels formed (whxch enliances
" corons stabﬂtsat:on) and an increase in-the charge density per channel (wiuch promotes -+ .
leader formatxon) hake mterpretatlon of charge measured in xmpulse coronas dxﬁcult. e
_ - '.The charge deployed in the ischarge is thus a cntmal factor in detennmmg e
B o quantltatwe prediction of corona stabilised breakdown - this is addressed in Chapfer 6
ﬂ o ) " '_and the problem of measuring the true charge deployed ina dnscharge is chscussed in.
: Chaptar? o _ v
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4 5 Stochastic Nature of SF.; Dlscharges

. The most significant work done in studying discharges i in SFE from the perspective that

| ‘the nature of the dxscharge is stochastw,-_:s_by Van Bmm [54]. Fle fourid that posit__we
corona in electronegative gases exhibits & pulse burst characteristic in highly non-

o uniform fields - i, discharges appear as & series of randomly spaced groups of pulses -

 whers the spacing between pulses js much smaller than the spacing between successive
'.gjﬁups. He also states that a theoretical model of positive corona pulse bursts from
which quantitative predictions can be fnade_ d0és not yet exist, Despite this I@ck af any
" rigorous treatments of the pulse burst characteristic, in this thesis, a postulate for the
" mechamsm causmg the pulse nature is given in Chapter 5.

4 6' Cnncluﬁmn '

' Clearly, all the empirical studtes of relevanue to corona stabilisation are too numerous

| - to discuss here. In this chapter the work cons:dered to be most beneficial to_' _
deveIopmg 8 hypoﬂwsm of the. me‘.ha.msm of corona stahihsed bz‘eakdown CL ﬁ‘om _ B

(this & quantltattve model) was expoundad. 'I‘he discussions prescnted here promde
Justlﬁcataon for man_v of the assumptmns ‘made i the following chapter m which an
attempt is made to present a theory that. ﬁts all the empmcal charactenstms of corona E
stab:hsed dnst:harge ) e '
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Ch‘apter 5. Qualitaﬁve Model of Breakdown under Corona

Stabilisation

'Chapter 3 and Chapter 4 presented analyses of -theoretical modelling and empirical .

- investigations of discharge and breakﬂqwn .'in SF;. Based on the information analysed
previously, a quaﬁtﬁtive_theory of how éorona_ stabilisation occurs is pro.pounded in
th:s chapte:. There is no commonly accepted rigorous or detailed theory of how
coi'ona stabilised breakdown oceurs, creating & necessity for some kind of description

-of the phys:cal processes that oceur around which a first quantitative model may be

| constructed These processes are described here and the rcsultmg quantltatwa model is -
presemed in Chapter & S

5 1 General Mechamsm

In the previous chapter eurlier mvestlgat:ons into the corona stabﬁxsation phennmenon .
were dlscussed Maost ttesearchers. were in coficurrence as .to certam mechamsms

responsible for "corona stablhsed breakdown Based on the study of these works,
general mechamsm of corona stabﬂxsed breakdovvm is outlined hera and lllustrated in
Flgure 5. .I . .

- Figure 5.1 shows schemaﬁcally the dlﬁérence between breakdowns ﬁ-om a pomt
alectm:a» . whveh, st rismg and slowly tising posntl\'e voltages are apphed In bnth
cases, V.,. Yo i pntentnal at witich meaSurablc corond (i.e. streamer corond 2s

" deseribed in chapter §) is formed at time t . In the case of the waveforti with thie h:gh
dV!dt, the voltagre at which thera is & suﬁciently tigh field to allow leader '

development (Vm) is reacheﬂ i a short ume tm The teader almost always follows 2

' ~path. along the cantral ayis of the pomt - m the leader follows a stralght path

Breakdown then oocurs when the £inal Ieader stei* a7 "wes af the: cathode.

- In the case of a. slowly rising wavefom once the streamer aomna is formed, there isa

tlme lag that is. long eniough to allow the negatwe ions thaf reitiain in the stresmer - | _
_ channels to drift back_ into the point _anode._'l_‘ha only chargerd perticle species remaining -
I t_}_i’e gap are pdsiti\ié ions which are dﬂﬁ:ing.toWafdé the cathode. Tt is _b_eiieved that -

IR - B
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the presence of the positive ions decreaée_s the ﬁelél strength at the point sufficiently to
pl_‘cvenf leader formation even thoﬁg,h the applied voltage is at a high emougl level that
~would cause leader inception in the dbsence of the positive charge, The positive ion
distribution thus acts antagotﬂsﬁcéﬂj to the apblied voltage, As time elapses, the

" applied .imita'ge increases further and the ions drift farther away from the point, A stage
s thus reached when the applied voltage overcomes the opposing'eﬁ‘ect of the positive
jons and & leader is allowed to form. The leader path is curved, indicating that the ions
-hg\?e not driﬁed far enough away 50 that they do not have an influence of the field.

Vg T

vag [

o _'ig’f o Che b te - _
~ Slow &’g.ing ﬂaveforg' o Fast "in'__Wavéfo-

: ) 'Vm = leader mceptmn voltnge for a sharp point

"_r'.-. }

V= corona jnception voltage -
"t = time to coroua inception (same for both)' -
e iy = time to leader inteption for sharp point -
o ..t = timag to Teader inception for broad point

Y

: F:gure 5.1 Breakdbwn from t pmnt electrode under slow and fast rising posmve |
- - waveforms

Vi = leader inception voltage for a broad point . EE I



5.2 Finite Elemenfs Model

The characteristics of the corona ion sheath or “cloud” and is mﬂuence on the electnc

field distribution was evaluated using a finite elemants model.

The finite elements mode! was used to test the “equivalent rod-radius™ concept of

- corona Stabilisation which uses a conductmg sphare to model the si, 'ation, A

_ conm:ew;al finitc slements package, in partlcular a two-dunensmnal am-symmetnc

 electrostatic solver- was used. The geometries modelled were the following,

. corresponding to the experimental setup used by Van Der Zel [8] :

W ®» R

| Fig__u'rn 5,2: Models ﬁg_ﬁd .(Fig’ures not to seale)

' Fz:g-ure 5 2(a) shcu. 3 % thin (ahout ID]J.m) hennsphancal she]l in space atound w}uoh

= charges are distributed, Fzgure 5.20)a conuuctmg sphere at the poiat electrode, ‘and S
- .Fxgwe 5.2(c) shows a spaca-charge free point, All the points werg 0 Smm in radms '

and the plane 20mm ‘away. The radius of the sphere in Figure 3. z(b) and the radms of |

- the arc in Fsgure 5.2fw) is Iam. The radius of the corong spherelhmmsphere used here o
waa deternuned eXpenmentally in [8] and theoretmally in [55] A voltage of IODV wis

' apphed to the rod ’I‘hfa actual magmtude of voltage apphed is not important. smce we.

are mterested in campanng the results olitained for the three geometnes, and the.

. results wﬁl thus be normalised to tha aximum value

R
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5 2.1 Results of Finite Elements Model and Dlscussmn _ _
A plot of the electnc field magmtude Versus angle along an arg close to the tip of the
“tod is shown in Figure 5. 3, the central axis of the rod corresponds to 0 degrees and the
arc spans 90 degrees in an anticlockwise direction. The reemlts for the conductmg
sphere are not ploued but wﬂi be descnbed

E-fieid ragrituds varses Angle

2

&
o
T

3

2

Msgritude of E (Namasat)

-
o
I

i@ S8
'Nm{ln-u'egnul-

(a) x= w:theut space. charge
(b) o= hemlspllemal shell distribation of spaee charge(Q=1pC}

- Fagure 55 E—Field magnitnde versus :mgle along an arc in fmnt of the t:p
' (nornmhsed to the maximum valu e)

Modellmg the spm charge as i conductmg aphere does not seem to be the best way to '.

do 50, The ﬁeld strength 1 the regmn beiween the sphera and the rod | is- hlghly reduced' "

- since the sphiere is conductmg, it is at the same potential as the rod, so the junction

me an. equipotential surface. Thus in this case, the. feader will not dﬂvelop at an -
j;,n,angla smoe the mammum field is found to be at the tp of the sphem - 1 ©. along the :

T

oentral axis ofthe: pomt (as axpected) _ . _
CoTeis ciaar from the plot in Flgw'e 5.3 (fm the space charge iree point) that the
_ maximun stress. nccurs T;hen the angle is zero - that rs along tha central fxds, By :
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" placing oositive charges in a hemispherical shell distribution with & radius the same as
that of the conducting ophere the results allow tentative conclusions to be drawn ebout
leader launch angles. It is clear from the graph in Figur. 5.3 (5.3(8) - with space.

- charge), that the electric Held magnitude is greatér along paths that are at angles
greater than @ degrees - ie, away from the central axis, Also, as the magnitude of

. charge was increased, the magnitude of the field dropped accordingly. Thus the larger -

" the amcunt of charge mjecte.d by the discharge, the greater the degree of stablllsatlon

' _Also the spread of anglés of leader launches found experimentally by Van Der Zel [8] -

(i.e. most of the leaders leaving at angles greater than about 40" degrees) have been to
. an extent venﬁed the field strength reaches a maximum at about that angle and then

o drops off slowly a leader will form more easily in a hlgher field region :
" The charged conducting sphers method s clearly not 2 usefisl device for lookmg at

| ‘cotona | stabilisation effects. This model was proposed by Wicgart et al [5], because it

. '_'could model corona siruoture eﬁ'ectlvely when calculating the cntlcal charge necegsary
.- for ieaoar mceptlou it was not meant to model the fon cloud. The idea of conceptually

: using - a thicker “virtual pomt” of radius equal to the space-charge “cloud” to model _
stablllsed breakdowrx will probably predlot the higher breakdom voltage (smce it -
" ;accounts for a reduced field), It does not howover descnhe thé ph}'mca[ processes dnd
 will ziot predlct the angilar leader latmch. o : .
, It is clear from the previous simulations that the distribution and mamwdo of remdual :

| ~charge at the end ofa discharge is the key factor controlfing the field stress arqund the
~ point eleotr'ode which controls the neit discharge/leader formation. It is therefore '.

B important to understand how the first dlsohargo develops in the vu‘gm gap, From .

e.xpernnental emdence it has been shown that under d.c, and a.c. condxtmns (in a

' posmve pomt-plane mangement), d:scharges consist of a nurber of randomly spacod C

B pulses with ar. mitxal large pulse and a irail of smaller pulses before breakdown occurs
__ [55,56'_[ Any atte.mpted phymcaI descnpnon must be abIe to explam these effects. :

-5 %] Quahtatwe Descrlptmll OfPhysmal Processes _
o Expemnental findings show. that partial dlscharges from point electrodes (i.e. very hon-

 uniform fields) under positive apphed stresses congist of e sequence or. burst of pulses -

. 'wuth an niial pulse of iarge amphtude foﬂowed by much smalle pulses [55,56].
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. The first large magmtude pulse probably corr=sponds to the initial streamer comna

as described in Chapter 2. The initial streamer propagates a oans:derable distance
- into the virgin gap. The corona stmct_ure has a roughly spherical envelope with a
'_weil defined bounda.ry [17). The corona consists of & complex pattern of streamer

filaments which ha{ré a mainly radial spatial extension. = |

* Seetion of elecivode '
>

Figure 5.4 Exnggemted view of procesm that oi:;:ur mszde a single sh-eamer L
- - filament - : I

‘94



. anm-es.s Streamer corona in SFs .

At the tips of each streamer ﬁlament wher the corona stops growing, electrons get.

._ rap:dly attached thus forming negative mns If at this stage the apphed voltags is '
' not high eeough 1o cauge leader precursor development (as described in Chapter

o 2) the highly mobile electrons in the stree.mer tra:ls drift back info the anode. -
' Figm-e 5.4 s an e_xagge;ated view of the processes that occur in at streg.wer |

L 2

.ﬁlame_n.t._j_'l'he' discussi‘ee"beldv.r may.’bemore Tucid if refetenee is mede io_Figﬁre’_

3.5, y | L
The negatlve jons._ in the streamer alsp begm to dnﬂ: back tovards the anoda, o

whereas the positive fons in fie: streamer txps dnﬁ; towards. the cathode Since the. -

enrona boundary is roughly sphencal the pasitive ion dlembutlon is assnfned te be h
roughly hmsphencal in the ﬁmte elemmts model descnbed earher R
“The positive ion dlstﬁbutton acts to lower the electrxc ﬁeld magmtude amund the )

point However, the negatwe mns ‘that ate sti]] in the regpen between the posmve '- e
o ions and the pemt aet to.increasé the field at the point, f..oncenmaﬂy, this may be - _
thoughf of as & new cnt:cal volume which i is amaller in size 1t that i in % space' S '

clmge free gap. Beetdes causmg the ﬁeld enhancement‘ these negatwe ions also .

- se res the pmpose of sgppl'ymg seed eleetrens for new avalanchee The negahve: . |



ions produce electrons via detachment and these electrons cause avalanches - these
avilanches are therefore the secondary events in the measured burst of pulses.
Also, the temporal distribution of the secondary pulses are found to be random,
and this. randomness can be explained by the probablhst:c pature of field
detachment from the negative ions. . _
- These secondary avalanches or streamers which develop in the wake.of the first

strearner will not propagate as far into the gap due to the shielding effect of the

- residval positive mn spaca—bharge, and thus will be of lower magnitude than the-
primary pulse The secondary streamers clearly leave behind more positive ions, the

- negative ions that are also formed have a short distance to travel to be absorbed
into thie anode. The number of negative ions in the gap diminish with time after the

 iniffal streamer, thus steadily reducing the probabdxty for initiating electron -

formation time [55]

In the case of a d.c. applied voltage, once a eritical amouut of posmve charge
. builds up, thereby ensuring that the field in front of the anode is sub-critical |

 everywhere, all jonisation activity stops and the ineastire‘d burst of pulses also

o stops. After a time has elapsed that is sufficient for the positive ions to huve. drifted

- far enough away from the anode to allow a cntlcal ﬂeld to extst again, lonisa‘non
actlwty will restart once & first electron becomes. aveilable in this sritical volume E
Another pulse burst will then be measured '

For the d. c casa, the Laplaczan background ﬁald stays cotistanit and there are thus S

-~ only two factors con_trollmg th_e change in the field distribution around the poit -
that is, the positive and negaﬁve ion distributions, For the case of a slowly rising |

' apphecf impulee, the Laplacian field is also i mcreasmg slowly The-initial dlscharge e |

stages will be almost the same as in the d.c. case, However, once the mmal corons

burst avcurs, the rising voltage ensures that there is always a finite increasing . -
e exitical volume surrounding the pomt electrode. Thersfors, once: the initial large

. corona hqv furmed and-the positive mns form the hemisphevical sheath at the '
' cm‘ona bOundm'y the negative ions dnftmg to the anode pro‘nde the sead elections
which le:a',; to-the formution of a new streamer corona. ‘This secomiary corons will

“be 1argar than in the-d. ¢, case becauée the increasing: applmd voltags wﬂl ensure 8 -

: _ larger critical voiume Itis clear ivem the: Flmte Elements modellmg done eariiér



that if a secondary streamer “brush” develops between the anode and the positive
ior sheath, those filaments of the streamer that develop at angles greater than 0
degrees from the certral rod axis are subjected to a larger background field, These
fluments are therefore 'likel.y candidates for leb;der precursor formation. This
explains the prodominantly curved nature of teader paths: The applied voltage will
have to increase to a large enough magnitude to allow the secondary gireamer to . -
- . produce a precursor. This explains the larger breakdown voltages under the slow
| -unpulses _ - o
'« The rite of fonnat:on of the posltxve ion cloud from the primaty event is 4 key
factor contr.ollmg the following discharge events, The rate of ion accumulatlon is
- depeudent on the drift velocity (and thus the moblhty) of posmve jons i SFs.
Bositive ion mobility is dependent on pressure according to an approxnnate mverse

* relationship, that is : K« t; » where .. is the posmve jon mobility and the pressure

' s given by p [5]. Therefore, at mghel' pressures the m'dbility of the fons is reduced
- and & faster build-up of ions could be expected to ococour and thérefore a
- torresponding increase in stabilisation,

5.4 Impheahons for Quanhtatwe Modellmg

We are :mcrested in 2 mode} for breakdown under slowly rising voltagas that is, a.c.

. as well as siow sw:tchmg impulges. C;eariy, in the case of the ac. mvefom:, there are- o

_ dlscharge events thf . wccur duting the negative halfcycle. _The memory effects of these
 eveitis may affect discharges on the next positive half cycle. There has not been any
- work dona to date that C{Uaﬂtlﬁes these effects, 50 we will treat the a.c. caae as just & |

. _-_slowly nsmg positive wavefonn Furthermore, the fonnanon of the “brush" type o

| 'atreamer pattern has bee:1 quest:oned by Farish [571, who has fbund that under [: X
: _corona, there s only one streamer ﬁlamem w}nch is muasured 48 the mmal pulse, and -

- the suhsequent teasyred pulse burst is due tu the wsﬂﬁung of the same filament and :

Fanah states that this § in the mechanism more likely to ocaur for slowly risitig ae

waveforms. It has been suggested by Ntemeyer {56] that the resteike. mechsnism '

) .:-operates at low voltages, and that ths size gnd complexity of the strearmer corona.

- increases with \_rol_ta_ge.-.Alsa it has been found that at high pressures, the bursts are

4



very narrow and often only the single pulse appears [55]. Tt is therefore deemed
acceptable to base a model on the concept of a single initial “brush”™ streamer corons,

Thus a possible quantitative mod_el accurate to a first order 'approxit_naiion will include

the following physical effects : _
¢ An estnna.fse of the size of the initial streamer corona envelope. The positive-ion
dlstnbutxan could then be taken to be along the surface of this envelope.

o An esnmate of the magmwde by whlch the positive-ion distribution modxﬁes the

_ Lapla.ctan electric fieid. For a ﬁrst-order model, the antagonistic effects of the
egatwe jon distribution may be neglected, sirice it has been found that the
conceniration of negatwe iony 1s smaller than that for the posmve ions (cf, Chapter

_ | 3,section3.5). _
' . Moat expermental results show that when corona stablhsatmn aoours, the initial
- current pulse is large indicating a largs initial streamer corona. For this reason, an

|  initial mﬁdel may consider only the Initial streamer. .
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* Chapter 6. Quantitative Modglli‘ng of Brgakdown under

Corona Stabilisation

It is apparent from the foregbing discussions presented in previous chapters that the

breakdown pfocess cbmpriseé of ..complax and interwoven . physical processes |

dependent on a large mymber of parameters, An apptoach is presented tiere whereby |
' appmx‘imﬁté rt_éiatiunships be'twéeﬁ defect characterigtios and discharge events are used
" to provide an order of miagitude estimté model. Only the parfial discharge-and the

-~ inception of the leader is considered in this model. Hnwever we initiatly concentrate
~ on small gaps where the leadet ..tepplng procass is less srgniﬁcant and the leader
o mceptlcn voltage is very close to the breakdown voltage '

. '6.1 Approach ’I'o Quanﬁtatwe Modellmg

Tha modal presanted here is for the geometzy of a pamcle defect rather than 2
Jaboratory-style pomt-to-plana The case of & conducting patticle placed ina
backgmund elecric field is techmcaily smore significant than a point to plane 1aboratory _'
' setnp. One of the main Bactrrs timiting the operatmg stress of GIS e_qmpment is particle
 contamination which can reduce the insulation level by as much as 90 percent [S8.
Furthermore, ong of the primaty uses for & model would be identification of the

o parucle in the. context of GIS dlagnostws Thus & model relating the particle

charactenst:cs to measurable dJscharge parameters would be very useﬁaL The approach

- to modelling breakdown from a particle defect used here i is to break the dlscharge into o

Lits sub-processes ﬁom sub-processes thiat have less significant effects are sunphﬁed a |

- OF neglected in this ﬁrst-order accuracy approach For the processes that are behevad_".

to have greater slg;mﬁcance, the most accurate theoretical or semi-empirical
~ caleulations used by other resemhers in other madel ‘have been researched and used .
- where apuropﬁate ' )
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6 2 Geometry Used |

The geometry used is that of a ﬁxed conductmg particle defect in 2 umfonn'
“background field. The partmle is characterised by its length and rads as shown in
_F:gure 6.1, where Lf. is the partlcle length, 1, the partlcle radms and E, the apphed :

 background ﬁeId
In o
Figure 6.1: Particle In Uniform Field
E 6. 3 Metlmd of Mcl!ellmg

. ~ The calwlatmns for each stage of the modelhng process are dlscussed in this section.
Frgure 6.2 presents the model in flow-iagram form. The discussion that fo]lows may
= be read in conjunctlon wlt‘h the ﬂow-dmgram megurs 6.2,

o 631Applled Stress

The applied waveform niay be taken asa.c, In wluch case the peak charge contamad in .

* the discharge af the peak of the voltage waveform may be calculamed 8 in [56,59]. Or . _.
the model may be adapted o that the values of Up (and thus Es) may increase in time

accordmg to some s!ow-namg apphed waveforin. For exam;:le according to Rong et &l

g [60], there is-a 100% probab‘hty of stabﬂisauon rf the steepness of the apphed nnpuis&. o .
is. smaller than SkWps, therafore usmg t:rne steps of lps and mcreasmg Us by SkV__ o

eachtlme step cou}d be a method used



- Gakulats cormmsu Lo |
#nd cimrge Go

-Calcatota iﬁhupr-m chiuge on polential & gap

| Colontea e ot oo s

. Figuie 6,2: Flow Diagram For Lender Inception Caleulation

A
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632 Electrode Geometry
If a point-plane geometry is used it is necessary tn us, some numerical aalculauon' '
method to determine the electric field ma.gmtude at the point. In the case of a particle
ina background electric field, it is possible to deviv. an analytical expressmn for the
field intensification caused by the partlcle Cooke %+ has derived an expression to
* caleulate the eleciric field af the tip of 2 particle of length L, and a hem:sphencal tip of
radius T Equaﬁon (6.1) gives the electric field magnitude, E, at a radius x from the
' center ofthe hemispherical tlp of the partmle with the applied background ﬁeld j

E- Eu[h[m]#u@] NG

45* A

'f-ssssn‘emnerlncephon o

- To calculate the voltage at whwh streamer mcepuon ocunrs, thie. well known N:tta~_

; . Shlbuya fnmmla (equa.uon (6. 2)) may be usad [44]

R a -
Fu “‘( p] _P'—(E—)P*—'—. . ax 2,783 P2 62y
| & Um o __ _
: (R is the rad-radms) :
. This eqilation was hc:wever con,oelved f‘or pomt to, plane geomemes A methad of
' detemmmg :ncepnanmthecaaeofapartmle dofecmdenved in [59] '

BLCLI

- (63) )
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102 10
. (p-£} Pa*m .

" Figure 63 Streamer inception function F in dependence of (p.)) ﬁféin' 159)

‘The ratlo EnfUu is the reduced background ﬁeld at the defect Iacatlon ('m the absence

of the def eet), Fin g dlmenslorﬂess streamer inception function which is obtmned by

o reducmg the wel} known stitical avalanche streamer inception criterion to a general_
: fotm, the deteils of thla are given efsewhers [59] For a given defect (ie. defined by _
gt ratio L,{r,,), is dependent on the product ply. Curves plottmg the functionFin =
o 'dependence of pL, for va.ncus Ll,lrp ra.tlos are given in [59] (sea Figure 6.3),

o From equahon (6 3 1t can be scen that the measured inception voltage promdes N
"'mfornm:on (at & known' pressure) about ‘the particle’s phymcai chatacteristics, lengti.
and aspect Tatio, as well 2 the reduced background freld at the partlcle Iocauon This '
: coulti be useﬁll for GIS dlagnostlcs

834 First—Electron Dqlay _ _ |
 “The measured strearner mceptmn voltage for mcreasmg mvafonns of posm\.e polanty. '_
_ is mvanably Iarger than that predlcted by the su'eamar cnﬂena. 'I‘l..h rls mamly due o o
- frst electron delay The mlt:ai eiectron needed to sta:t an ava]nnche i8, in. SFs, beh&ved' .
- to be pruvlded by ﬁeld-mduced detachment fmm negative i mns created in the ambient . _'
-gas by cosmic radiation [5]. The. prnbablhty of the “first™ electron being mada ava:lable '_
) for an avalanche and nf‘the avalanche surviving to reach streamer size has & SIgmﬁ cant. o
| - effect on the streamer mcepﬁun and. breakdovm voltages There have been a few. A
" attempts to desc_n_be this p_rabab:hty mathemaucally, dt_:ta_]l_e_d account_s of whwh maybe . . .
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found in [5] and [62] Wlega.rt et al [5] have pruduced an approximation for the first
electron delay whlch takes into consxderat:on factors such as the eqwllbnum ion

concentration in the virgin gas, the influence of the electric field and electrode B

'geometxy on the ion concentration as well as the field dependent detachmerlt progess,
The approximate time lag may be calculated using . modified volume-time Jaw [5]:

t
l—j f i‘-“’—”-{l-i]dm}
| =1~ OVer 7 w4
: _'The integration in apace in (6. 4 } is done over the critical volume (Vu) dn./dt is the
electron prodvetion rate, the caleulation of which is not a trivial problem, but

 simplifications are given in [5].

: .6.3 3 Coroua Length _ _
' :.We will assume a hemispherical distribution of charge in spaca ‘around the defect: The
o .radrus of this distnbuhon will be necessary to calculate the potentlal difference due to -
' _"'the spaoe charge Once the first streamer corona hus formed anr.l reached ifs maximal

" length; the posatwe fons arg distributed at the boundary of the corona. We need to

- calcmlate the distance drifted by these ions towards the opposite electroda in order to
o work out the radiug of the space charge dxstnbutlon The approximate radius will thus.
| " be given by the sum of the radies of the ﬁrst corona bonndary and tha dlsta.nce dnﬂ:ed
by ihejonsina siven fire, : :

L The mobility of pusmve ions is gwen by equat:on (6 5) below [S]

m’ '?GOxIl 33x1o‘1=a ST

'(6.5-1):’_' _

Y _' '
o
assnunmganambrentTn;caboutSOUK, R '
| - g -.ﬂmﬁm_.};- R 69 |
Thednﬁveloclty 1stherefora S o I
L= B 6——«——— : S 16.
H*HVJP_' s 67)



The distance covered bythe ions in time t ig thus o .
Lam=var.t o (6.8)
~Asan apprommauon, the corona length may be takeu as the lengl:h of the longest -

o _ streamer which is givenm [17}: _
VWhereCusapprommately-=05 . .
The radms of the pomtwe ion distribution is therefore approxmmteiy equal to La,m +L,
: i’e. ) . - ) .
| IAnuI:Ldﬁn;“‘L o - {6.10)
' 6.3.6 Corona Chnrge

'I‘he -charge in- the mmal corona structure can be calcu!ated usmg the method descnbed' _
in [59] whece the trua c.harge deployed by the mnﬁal dlscharge has been derived to be -

. approxnnataly gwenby
| | :x(L E )

" “This equation for chatge arises ffom & more mipucated expression derived in (591 by

: _whsideﬁng the space charge 'diSt'ribution to'be in the shaﬁa of an elﬁpsoid (ﬂ'za. positive -
-Bpace charge deployed ahead of the protrusion induces a mu‘ror negative charge in the.' '

. electrods) The approxlmate asslgnmen* of elhpsmdal axes is shuwn in Figurs 64
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Figure 6.4 : Equivalent ellipsoidal axes a and b

_ | 'I'he charge deployed .in a partwl chscharge is glven by a dlmansional relationship . . -
: __'.between the defect length, the: potential difference due to the discharge and a

'-:._,.-dnnensmnless proportlonahty factor which accounts for the charge distribution, The
L :_- details of darlvmg th.ts form of charge calculatlon are gwen in [59] only the equations

'arerepreducedhere :
'._':ﬁTheequahonforthetmecharge deplnyedls = . .
| o g=tgraldl o (612)
o .and the dlmcnmonless proportionality factor g is 81"611'3}’ . | :
EE C .__l__afL =
| z(afb)=[1 ‘-’(K(“”’) 1)] DN

' where a and b are 1he- approxima.te axes of the e]hpsmd and K is 2 dlmenslonless

: '_functzon of a and b. K is apprommately 3 for a oblate elhpsuid and is about equal to L
" Au/b for prulate elhpsmds ]_‘59] ' | . \
- The potentxaf due to the space charge is then

AU, = 801 - (6143.

_g dan be calmﬂated from (6.13) where als apprmnately equal to the defect length,

and b equal to the strearmer length [59] We cain replace the b by the streamer length' - S

- plus the distance’ driftad by the i 10ns a8 calculated by equat:on (6. 10) Qs 1s the tme s a

.. charge m_;ected by the ﬁrst corond Q.
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equatlon . 15)

6.3.7 Semnd Corona Chnrge

There are two contnbutmns to the enhanced field (driving the partial discharge) at the

defect. The apphed voltage which is the enhancement of the background field E; by the

defect, as well as the effect of space charge. These two conm‘huhons can be integrally B '

expressed by the potentxal differences they causs over 1he gap "This is expressed in

AU= dU+AUq o (615)

AU is the pntentlai dxﬂ"erence available across the gap to drive the dlscharge All, is

_ “due 16 the enhanced applied field. AU, is given by equation (6.14) above. Whereas in

- the calmﬂa&an of the first streamer corona (space charge free) the contnbuuon of &Uq
" is neglected, the calculation is repeated for the second corona with the potential due to '

” the space cha.rge from the previous discharge included, A new. valne for mjewted .

_charge, Gz, SAN NOW be calculated by using the same method as for tie space-charge

- free case but with a ne.w valug of potential dL&‘erence (end elecmt, field) corrected for .

the space charge potentlal difference.

L

6.3.8 Critical Charge

3 snnphﬁed mtu;:m equatlon suxtahle fo. useina modal =y

£_Lr 45"5{100:@) _. (616) .“

*’,’i Model Implementatmn

R The model was zmplmnented in the C-H- Ianguage using the Nﬁcrnsoﬁ {Efxsual C++ 4, 0
_ compﬂer using the- Micmsoﬁ Foundaum Classes. Theapphcatmn was wriiten witha

s:mple dmlog—box baaed mterﬁce where the user ig prompted to enter the relevam data

_  Wiegart et al [S] have deterrmned a !eader-mceptmn cntenon based o th muunt 01’ |
charge injected by an Impulsme streamer corona. Once 4 criticl value of charge is
' "“'exceeded, there is suﬂiment enm'gy to allow leader formatmn This criterion is -

I the secnnd coron charge qz is greater than Q., then the Ieader mceptlun -.menon." L
_has bcmmt Ifﬂns cozlthtlon is not met, the calculatwn method should be repeated_ :
o wrththenewspacechargeqz o E ' '

) \ !
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descﬁbfng the geometry and input waveform (see Figure 6.5). The “Simulate” push-
buston runs the simulation, The results of the simulation are then pmsented in & dialog
box. The fuil source Lode has been included in Appendix C.

Figure 6.5 User Interface to Progrim -

G.4 Results and Discussion

Since breakdown under fast impulses has already been accurately modelled, the first
'implementation of the modal neglects initiatory electron .delajf (sihr:e the probability of
a first electron under slow impuliies has been found to be virtually 1 [8]). There is great
difficulty in veﬁiying the model, since thero are very few published 'experiments' that
“measure the variables of interest for this specific geometry and at variable voltage
stespnesses. Rong ot al [60] presented a paper desotibing experimental work looking at
the influence of voltage steepness on breakdown from s small needle defect fixed on
- one electrode in a quasi-pniform field (the point defect was fixed on a -spherical
electrode). Results in [60] were presented for a nichrome wire of 2mm length and
0,3tom diemeter at 2 ﬁressure of 300kPa and electrode-separation of 40mm. These
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T

values were thus used in the simulatmn The experiments in [60] were perfonned at.

numerous applied voltage steepnesses, the sLuulation is thus run at a number of the

slower impulses (sinice this would test the corona-stabilisation aspect of the model).

6.4,1 Time to breakdown

Only one breakdown time measurement is pubhshed in[60]. -

Measured Ereakdown Time for dV/dt=10kV/us = - |43ps

[ Predicted Breakdown Time for dV/dE=10kV/ps = E

Tahie 6.1 Time to Breakdown Result .

642 Breakdown Voltage vs. dV/dt
- _"-Thg-téla;ﬁonslﬂp between breakdown voltage and dV/dt is plotted in [60]‘_

 'The measured Values for the slow waveforms are ; | The predicted values are:

_thkdm@ Sl =AY [Visdow @ 3KVips = 372KV wilh)
b I |

Vieosetors @ 10kVAE =500KV | Vieastom @ 106V/ps = 375KV with)

T tamwmésf?ils ' :

Y
B}

o 'I‘ablé 6.2 Brealidown Voltages at Two dV/di values:

. 643 Inﬂuence of variaus needle lengths

“The breakdawn voltages at 8 voltage steepness of 1 56k‘f(us and at various needle _
" lengths (from 1 to Smm) are measored in (60]. Note that in the case of varying needle

Jengths, the dimemonle;;s streamier mcexptzon ﬁmct\nn F (ef Sectmn 8.3 3) will d1ﬁ"er B S

for each Iength
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Tp= | Measured V= ] Predicted V=
1mm | . S00kV 460KV
Smm | 40KV | 3906V
3mm [ do0kv | 350kv
dmm | 400KV | 350KV

- Table 6.3 Influence of Needle Lengths

: E 6.4 4 Dlscussmn of results
| The breakdown txme predwted for the mkV!us waveform oompares very well to the _
measurement. Also, when moving to 2 slower waveform (eg.5kV/js) the time to
_ brea.kdown increases (as expected). e pned:cted hre.akdown magmtudes are smaller
: them those measured (but in the same. order of magmtude) This is because the

snnulataon usad only tracks the growth and effect of the $pace charge from the initial ": L ._
streaxner corons, The secondary afalanches (discussed in c.hapter 5) contribute to the

| higher hlea.kdown voltaga measured escgenmentally However, _m [60], 2 plot of -

'- breakdown voltage versus det shows. that the breakdown voltage increases only L

stightly from 2ka'|.ts to 20kV/us, This ¢ toend also pocurs in the slmulanon

| o The breakdown: voltages predicted for various rieedle Tengths (at thio same appliéd -

dedt) are also smaller than those measured However, agam the meamrements showa

' trend of the h:eakdown voltage ﬂattenm,g out as needle length mcreases, t!st trend_ o

. occurs in the snmnlatlon R



Chapter 7. The Pmblem of True Charge Measurement and

the Desngn ofa Smtable Experlmental Setup

- Inthe precedmg chapter a methud of modelling breakdown in SFs was presented for

- the geometry of a fixed u.-nducting perticle defect in 2 uniform background field, In -

this chapter, the d1ﬂiuulty of’ measuring thﬂ true charge deployed na dlscharge fora

* conventional pomt to plane arrangement is theoretically explained. There is dlﬂiculty in
“refining and improving the model presented in Chapter 6 because most published

: results are based on conventmnal expenmental sefups, Based on the theory presented
. here, an experiment is desctibed that simulates a particle defect geometry and allows
- '_  measurenent of the true charge deployed mthe_ dlscharges_at__the defect. |

7.1 Measuring ’_I".rue Charge Injected into a Partial Discharge

T partml dischr 3o detection- experiments, the charge deployed in the discharge is

:'?tiﬁen taken to be-the time integral of the current flowing in the lead attached to the

measurmg electl:nda. This gurrent has in fact two. components the conduction current .

due to the actlml charge injected in the chscha.rge and & dmplacemant current. It is

" shown that it is dlﬂiuult 10 1snIate the two components it the measured current. Thxs -

o _ana:lyals holds only in the absence of polansable matmals in the mtemlectrode space, .
. therefore the definition of polansation is also presented as part of this theory. An
© . experithental conﬁguratdon i8 presented whereby an accurate -value for conductlon

current inay be msamn-ed by mmmnslng élsplacement current “This axpenment has the

o speclﬁc goal of mebsunng the true chm'ge in & partial disciarge ﬁ'om a ﬁxed partlcle _
 defect placed ina umfcarm field, 'I'he theory presented hem prcmdes JU&txﬁcatmn for the' L
o experimental arrangement [63]

A
T

A

- '__;ﬁ '72Poiarlsatlon L R L _
N In dielectrics, conductlon occurs sihert an applled ﬁeld sets charges in moﬁan and this
- miotion may continue as fong as the field is applied. In some matenals this motion may* e

be hindered or st‘opped completeljr, Le. the charges may be trappad in the ma:'enal ‘I‘he ”



effects due to the hindering of the mbtidn of charges in the dielectric are collectively

 known as polarisation. The polarisation vector i defined as :
P=D-gE

where the B i the electric ﬁeld, g the permittivity of free space. and the eleciric
d:.sp!acemm vecfor or electnc flwc density vector is given by

D=¢E.

' -:In 8F; the penmttmty of the medium is equal to that uf frea space 50 that the
"ﬁpolansauon is equal to zero,

. 7.3 The Relatmﬂshlp hetween Charge and Voltage ]Jetween Space
| B Lharge Free Eiectrodes ' : . .

| 'Ccnalder a parallel plate conﬁgumtlon as in the ﬁgure below

F‘:gum 7.1+ Paraflel l_?l:it'e.é (o spacé_’ charge) .
. “The cleotric fleld between the platesis

r-"1<ﬁ“

a Theohargeanfheupperplater&gwmby(}auss I.aw .

A
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qu .UD’dA = BGEA . . . T4
Thus the relationship between charge .an_d voltage is
q=22y=cv s

_ - This capacitatice reiatlonshlp is linear and holds Stl‘lcﬂy frue Oﬂb‘ in a vacuum - if

o a.nythmg is placed between the electrodes, the fields will change, along with the charge

' on the electrodes. The charge on the electrodes in the abseme of space charge is thus
o 'gwenbyequat:oniis '

' -7 4 Conductmn Current and Dzsplacement Current
B _Ccmsider the current ﬂowmg to an electrode as follows

' Figure ‘7.2 1. Carrent ﬂow to an electrode |

Applymg c.harge oonservanon for the volume enclosmg the: electrode, the mment -

g

UszngGauss Law (1 e, q ﬁn dA) and substtmnngfnr q,weget

e

5T .



i

o

" The current dus to chargs indaced on the electrode by space charge s

The conduction current is J, and the displacement current ﬂnfat Note that without

information about charga motmn in ihe electrocle v:c:ml:y it is nnpossnble to geparste

the two components of the current measured in the a:temal e:rcmt

1.5 Current Fl_owilig in the M_eésur'*ement‘-Eleétmde Lead Dﬁring 2
 Discharge __ o
i Cons:tder a pdir of electmdas contalmng a gaseous dlelectnc to whlch a "oltage is .

E apphed that leads to a discharge in the mterebctrode Space.
. - In the absence of space charge, the charge onthe electrodes in given by

—ov S 78

. as derived eatlier (cquation 7.5). The “capacifive” current is thus :

& T R 79

.d;

' The totat cutreat asmeasuredat themeasurmnaur eleﬁti‘dde js givenby :

..! e

' Whe.re I represents the true fsha:ge ﬁansfeare{,i to the dxscharge and q is the total

chargmmtheelactmde S :,

-

)



R ot the other electrode Dxﬁ‘erentmhdg equatmn 15 gives |

Therefore ,

dv

1= 4%, 713

dt - odt

- An infinitesimal charge dQ in the inter-electrode space will induce a charge dg, on the
electrode. This induced charge will be propomona.l to dQ from the superposition
pnnc:ple ie.

dgy=-dQ@ - T4

~where ¢ isa dim_ensi_onleSS scalar function which depends on the location of dQ only.

To get the total induced charge the following volume integral nseds fo be calculated :

o Where p is the vulurne charge denmty at the locaﬁon of the volume element Q. ’rhe N

volume is evaluated over the en'ure mtar—-eleacu‘ude volum& I:r the absence oi'

_ pola.nzahle mawnals cb is gwen by

-"'-V?tb:d"f; o : : | : 7.16

" Wiih the boundmy condmons @ —\\l at ﬂxe surfiac_e of the measunng electmde and :]: u

=y s

R

* And by substituting for 3p/6t ffom the continuity equation:

VIR0 T w78
E V b B L1718



we get

s _ _[fev.3dl I
Tts_ [ffev fl’dn 7.19
.01_', sihced:is_&scﬂiarﬁeld,
o Qﬂi—jﬂ'v (q,:)dn j‘ﬂJ Vo dQ . _?.éo

Applymg Gauss«'s Dlvergence Theoreim to the volmne integral ofthe dwergence of &J,
. givmthat ¢ is ] at the measunng electrode and zero at all other ¢ sctrodes ,

'-_i‘%.—ﬂfv'.(w)dﬂ' . 121

. "Insertmg equat:ous K 2% and 7 20 into equatlcn 7. 13 the expmsman for the ourrent
B ﬂomngintoﬁlelaadls '

| I-—Iﬂwwmce. o m

It is apparent from t}us expresmon that tbe current due to actual charge transfer mto -
the d:scharge 1, camnot be solved far since it is implicit in ﬂns equanon It can be

o deduced from thls equatmn that the charge transférred to rhe gap Jrom the eiecfmde

| c'omﬂbwes 10 the cm'rent in the lead comlecfed fo the elecirode onbr by the charge-
E mdwctzan eﬁm‘s t}zat occw‘when these chwges move in the mtere!ectrode space. -

7 6 Charge Measurement F

Tn partial discharge measurements, the cutrent in the 1ead is mtegrated to prowde a
v;lue ofc.harge Thus 1fwe integrate equation 7 13- '

“

Qm..cwqmcbpm R N



- at other electrodes, thatis -

Q represents the charge transferred into the djscharge Q: will be equal to the et

charge in the mterelectrode s;nau:e if no charge has been added to or lost from the gap

In this case, equation 7.23 can be written as :

'- Qm;..;:cwjﬂ(i_-ds)o?in. s

From &quaticm 7. 23 it is. clear that the measured charg‘e cannot be said to be j'ust the

o sum of the capacmve charge and transferred charge - morderﬁn't{nsto be true, mthe_
' mduced cha.rge term the volume integral of ¢p be zero (which would 011131 ocenr if a
- quantity of charge equal to the transferred charge left the gap via other electrodes).

o 7 7 Expenment 10 determme True Charge Transi‘erred from a leed
- Point Defect in & Umform Fleld '_ o ' -
" The dm‘icultles mvolved in separatmg the d:splacemem current\charge ﬁ'om tlie-
' conductlon current\charge has been éxplained i in the precedmg ser:.tlons In order to

| _ circumvent these problems _ﬂ)ra specy?c geometry , the follomng experlment 1s use;ﬁ.ll' :

oaﬂf_b_m - o g

6



— Copper Needle

Yol il — /50 O ernited B

- \- coble %o bsci i fescope -

Tip radivs r

6 ot Prosare Po

WAL

Figure 7.3 Exp.erimen_tal setnp s_ibhemaﬁh (not to scale)

© Figure 7.4 : Exaggorated view of upper electrode

_ In thts setup. the aint is to six.mlaté'tﬁe.beh#ﬁéur of & needle defect ﬁxed at nnel'
o electrode i in a uniform field. The needle i is coated with & layer ofmsulatmn except for.
its tip and the outside of the msulatmg layer is metalhsed, 'I'he metallised layer isin o
" Gontact With tha plate alectroda ‘The protruslon js then connected, to an usmlloscope .

i _The needls is thus the measunng e]ectrode Ifwe mmte equahon 7. 13 here

—-——— Inculation Around Need|e
~~~—- [onductfve Paint

J
i
A



Cp=1,+% Y

dt_dt

B it_can be seen that the Cdedt component 14 very smail, since no_vcl'mge is. directly
tipplied to the rieedle. Alfbough the capacitance involved may be srxall ‘the fast rise
_ 'mncs involved in the corona pulsm may give rise to dlspla.ccment current that will flow
| _between the needle an the top plate, but this current can be calculated and subtracted
. .  from the measured current (the capacxtanee formed between the neetle and upper pIate .
S B 15 a well deﬁned coexial cylmdcr capacitor, the value of which can be easﬂy computed) -'
" This final current will therefore be very close to 1, {thie current due to the charge
transferred o the gap from the necdlc} Integratmn of this current thus :;Ives a good
o estlmatc of the charge deployed inthe partlal d:scharge from the neerty
L o




Chapter f. Conclusion

- This final chapter reviews the work ptescrﬂed in this thesis, Some final conclusions are
~ drawn and recommendations are made as to what further work is considered to be
' most beneficial. ' ' '

'8.1 'S..um:ha.l‘y

. Chapter i presented the backgrcund to this study and set out the objectwes to be

met. Terminology that is commonly used amblguously was clarified, -

e In ‘Chapter - 2, the state of the art theory of _posmw llghtmng impulse

inhamogeneous?gap breakdbwn in SFs wis expounded. This /a8 necessary since
~.the leader-precursor theory must also operate under slow rising impulsss
(swmhmg mpalses fur exarnple) where corona stabilisation ocours. -

. In Chapter 3, an analysis was made of the methods currently avaﬂa,ble to

ﬂleoret:cally model dlschargas. The ideal quantitatwe model of corona sf:ablhsed

_ discharge would be a thearetical model which could be applied over a wider range
“of conditions than an empirical or semi-empifioal methiod of prediction. The

' conclusion of this analysis is that none of the methods are ourrently abls to modet

| the co:ﬁplete' cnrbna stabitised b.reakdown .proces'.s Alsd, 'th'e results of 'sdme"
theurehcal and tnumerical simulations of SF; d:scharges that a.re germane to an i
understanding of i ion-drift stabilrsat:m were discussed, '

. Iﬁf»’hapter 4, relevant empirical studxes were detailed. The empmcal ohservations

noted here formed a ﬁ'amem:rk for- hutldmg a theary of the mecharism: whembn »'_ ..
- fon drift corona stabrhsed dwcharge!breakdow:l occurs. '

e In Chapter 5 quahtaﬁve mode! was presented based on the analyses discussed in

prewous chapters. In particular, the nmdom pulse-burst nature of posltlve impulst -

breakdowns was explained and & semphenusphencal (or elhpsoida.l} $pace charge N ke

: dmnbutton modei was justified.

o- A quantitative model to pmdwt leader moepnon under slow rxsmg pDSItlve "°1tages S |
- from a fixed pame.le defect placed in 2 uniform background electric field was - |
: presented in Chapter 6. A mmpanson thhe results ofthe mn del tos published st o -

e



of measurements was f‘avourable and thus indicates that the approach p'esented
_ bere i ig feasible to model corona stabilised breakdown,
. 'Chapter 7 presented a theoretical proof that the current {and charge) measured at
~ the electrodes i ina conventional point to plane experiment ‘does not allow one to
determine the true charge deployed in discharges, An experiment was designed to
 alfow for measurement of true charge in an arrangement that simulates a ﬁxed
partlcle defect in a uniform background electric ﬁeld '

8.2 Recommendations

- Ot of the chief features of the model in Chapter 6 is that it allows one tc describe the -
input voltage in terms of the steepness of the impulse (ie. the dV/dt). Using the
- experimental - arrangement of . Chapter 7, the charge deployed in discharges as a

fimction ofvarxnus dv/dt’s may be measured The correlation with theory shonld aﬂow

- for. reﬁnement oftha model

I-Iidaka [64] has developed an nptlcal tenhmque o measure the actual ﬁeld due to
- space charga Hidaka uses a Pockels. Sensor as a pl'obe to measure electric field
_:- slrength The advantage of 2 Pockels sensor over convermonal probe*s is that the R
- electnc field- dtstnbutlon is dlsturbed only margmally ‘The figures bolow show how o

Hidaka apphed the sensor to meastiring electric ﬁeld dlstnbution d:rectly in & point to-

' plane dlscharge in air. Using this. sensor with- the expmmental setup of Chapter 7 .-
- would provxde mvaluable mfonnatmn about the actual dmtnbuﬁon of 8pace charge m' -
' an SF; dxscharge ' S

65



Plune plitizodo

Figure 81 Use of a Pockels Sensor to measure electric field dlstrlbuhnn in the
- hmkdawn of an air gap stressed by positive hghtnmg unpulse vol.'mge {6d]

< . This ﬂhsertaﬁr.)_n has presented a comprehensive evaluation n__:nf methods avallable to

. predict the effect of positive fon drift on breakdown/discharge in SFs. Bmpirical

investigations relevant to tlus phenomenon were also detailed and a themy of cofona

 stabilised breakdown was forged fiom studying the empirical and simulation data

 presanted. A quantltanve model of ﬁrst-nrder acwrany was designed to predict corana

stabﬂlsed breakdown. 'I'he methudology followed in this madel was' to select the -

optimal ca]f:ulaunn or approxunaﬁnn f - each stage of the discharge process.. -These

~ selections were Jushﬁed by the results of other theoretical models and expenmental o

' observations. ‘The results of a first. mplementaﬂun of the model compare very -
 favourably to pubhshed resultsthusremforcingthe assertion that the method presanted.:' o

here is cur*errﬂy the most beneﬁmal approach'cu madehng cotona stabﬂ:satmn o

'Eei




APPENDIX A

APPENDIX A : Derivation of the Boltzmann Transport
E.quéltion .

. According to the kinetic theory, the.mole&ules of a given gas have velocities mﬁging _
from zeso to infinity and their average velocity is constant with constant tempeature
and pressurs, Therefore, in many spplications we consider all the gas particles to be
movmg at sotne average velocity. In a more ﬁgordus analysis of gaseous plasma it'
' _becomes necessaty to take the distribution of velocities of all the particles into account,

In addmon, each particle also has & posmon in three d:mensmnal space that has to be
"--mmted for. “Therefore two three-dsmenmonal vectors are needed to desmbe cach

o _pamcig-m_terms-of both its \_relomty and position. 'I_‘he %, y and z coordmates desmbmg

the ‘position of the particle are said to be in the physical space and the three
compon-ts ofthe velodity vector are part of the velocity space. If a coordinate system

-  is defined i in terrns of six coordinates - three for position and thres for velocity « then

K such a system is cailed the pka'se space. Bora coliection of N particles, we thus need
te know 6N eoordmata& T mathemancal relation which speclﬂes the phase space
distribution ﬁmcnon ofa collectnon of partwles is called the Boltzmaun equatmn Thls'
- equatmn is denved as follnws

- Consider & gas with pasticles of mass m, velocity distribution given by fimction /, and

' ‘my an axtemal force actify on zach particle. Assummg neghgﬂ)le interaction. at large
N "distannes among the partacles, the number ct particles occupymg & volume s
L = ;ardydzdv,_a-{,@: . S

| . in'pha'se éﬁ&céataﬁjfﬁlst&nt_tis given by - 2

L“") (r+v-sév+raw)dv B _. . (2) .

e e



AFPENDIX A

where the vector r has the coordinates x, y, and z and the vector v the coordinates v,
¥, and V. In a time interval dI, these molecules will be displaced by vdi and their
veloqitieswiubg'alteredbwar._ | ' -

If it is assumed that dunng this time interval these pamcles did not undergo any
colhmans., thelr number o

' - ._(%]Ms.f(r-i-.v_ck,v_-l-ydt, tj_—dt)dV_ - S (3)

o _would remam unchanged Howevar, because of collisions with other pa:tmles in the

- remainder of phase- space, some of the molecules in d¥ will be remaved from it by '

modifying erther the speed or position, At the same time, other particles that have not |
" been in d¥ at time # will undergo collisions during d, thus acquiring the same position

in phase space a5 our assembly. The variation in the ﬁumber of these parficles during |
s the interval df is obmously proporhonal to d7 and dt. If we call the constant of

_ pmpm-ﬁonahty (aﬁat)e, the change in the number of molecules wﬂl be given by the

- andl‘lsmg values ﬁ-omthe ﬁg:,ht:_h_and sxdes of(2) Md(g)lmo (4),\% - _
_ [f(r+vdt v+ydt *+dt) ftr,v r)]dV-{;:) d?'dr (5) .
| it - hleﬂhmdew —

f(r,v,t}+vdi +7d2 gf-l-dt“‘—‘ f( ,v,r) ( ) . - o (6) '

e



from which follows

o, .éi;[af] -

ot ar ¥ av \Bt),

-~ which is the Boltzmann (transport) eqﬁsition.

APPENDIX A
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APPENDIXB
APPENDIX B: Deriv_a_tion of the Continuity Equation

Consider 2 volume of space within which charged parti_f:les' interact. Let us consider

only one particular species of charge.
L
®| &1
® 3K

Figare B.1A volume in space with niuving. particles

Stnct oonservanon of charge is not of concern here ‘since only or;.a Specxes of charge _
is conmde.red charge may be created” {or example’ electrcns may be created by-'

- '. _mmsatton) or ‘charge may be “destroyed” (when electrons recombme wnth posmve- SRR

jons, for mstance)
' 'I‘herefore, fora patt!cular specaes of charge ina partmular volume nf space, pa:t:c&ee 3
may be generated by certam niechanisms, they may dmunish through recombmaﬁon
' and there is a]ﬂo motion of partlcies HOrO8s the buundary surfaces of the volume of -

TR
';._space. T

" The net increase of pﬁrﬁ_c-les m a pgrticular' volm_jf_ké is then :

net in_cr_ease f—_-.ge_l.lef_atigg - recombinatiﬁn - lds_s_ thf_oug_h sideé - (.'I)_ o

 Yihe number densxty of parhcles (parhc]es per ma) isn and lha volume of the regmn m_ o
‘space is V ' '



APPENDIX B

rate qf net increase = -——-_mn dff (2)

T the volume is kept ﬁxed in space, the derivative can be taken ms:de the volume

mtegml

.rateofnerincmasezﬂj - | : (3)'.

_'Gencrarnon and reeombmauon can be handleu snmlariy, using the volume genéeration
'.-rate G paItlc]ﬁs per cubic meter per second) and volume recombination rate (R
K pamcles per cubjc meter per sacond)

- . The last term in equatton lis the net loss thmuglz the stdes of the enclosmg su.uface Y
. This can be wntten as the mtegral of the outward particle flow over the enclosmg '

. surficeas

 loss through sides = fT"-dA. @

| The quarmty Tis caﬂed the parhcle ﬂux vestor, It pomts in the duecnon of partlcle-
B B umemeut and 1tsmagmtudem gwenbythe number ofpamcles passmg aumt areaina
-second As an mmple, cons;der the surface as aparallelp:ped with a length 7 and area L
A filled with pacticles with & density 7 all of which are moving to the right witha
. velocity n, Iuaﬂme #=Jfu all of the parhclesvnllpassthroughthemd ares, atutalof
o __nAIpartlcles Theﬂuxofparticleszsthen '

R ndf,.'_'.. T
R 7 P

- tihe parncles each haye -a_diérge g the current _deﬁ.éity is given by :

n



APPENDIX B
The conservat:on equatmn for an mdmdual specles, equaﬁon 1 can now be written in
' terms of these integrals as: -

% mw fTsar- ﬁm o

" when the sufface i fized,

B The flux integral is a surface integral, wheseas all of the other int.,gmls in the particle
_oonservatlon ‘equation are volumne mtegrals We can convert the area mtegral by usmg
- _Gauss thenrem 5! '

g'r.;a;a-_--fff_tv-_r)drf e

:Smce aJ uf' the mtegals are now taken over- the same fixid volume the partlcle' B
conse:vatxon equat:ons may be written in tenns of the integrands alone as: )

“?’wr G-k e e

N “This is. a cmmncrn form of the equatwn It majr be re-vmtten in other forms acoounting'
a ﬁ)r spemﬁc generatmn and recomhmatmn mathods of partlcuiar speme& Qf chargs.

-



APFENDIX C-
APPENDIX C :Source Code for CSINCEPT Program

The comiplete source code for the implementation of the raodel in Chapter 6 is incliided
in this appendm. Exc.ept for any bitmaps, which are non-essential to the functioning of

- the model, the information moluded heu'e will al]ow for 2 complete re-construction of
the program.

- C1 Ciass_ Information
: ] . The classes used are shown in Figure CI below :

B-C§ CSincent glagges] -
g-®Y CAboutly
F  CAbouDigg
-*ﬁt DuDstaExchange]
é—-a CBdDly
@'— 4 CBdDig( - .
7% DoDataExchange()
i }’”‘_4 m_g
gt g
be gmy
. B-%3 CCBlncapthpp -
L & CCStwmaptAnpl)
L @lnitstancaq
| 8% COSIncapiDlg
- % CCBincapiDlg(. -

:
&
|
3

g% OninkDialoggy. .
o ChegeOnPEM) 0
-8 OnQusnDragleanl)

. Fﬂﬂnsmummo
O Onayacummnndﬁ
b gmd
Ceartde
’_ﬁ\‘ !. it
- g Ll
. 'i@mp X
§ - enup
- E-S3 Globale
= g theApp

Figure C1 : Class Information Diagram



C2 List of Files

The ﬁlenames'-of the files printed out in the following pages are :

-

Lpp source files :

| CSIncept.cpp - -

CSlnceptDig.cpp

 |BdDigepp

StdARGpQ

. [ header files

. CS]&n;e};t.h. -

o '.t;s_xncep:D_lg,h' |

- | Stdage
R S

- -Rmoxjréélh'

. [otherFites:

* | ESmicept.mak

 (Project Make ) _

o (CkséWilz_ardhfomaﬁonFﬂej' B

. (Resbﬁrce';s_t:ﬁpt)

' APPENDIX C
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- CSIncept.cpp

#f CSIncept.cpp : Defines the class beh:mors forthe apphcauon. :
V _ _

 finciude "stdafe "
 finclnde "CSMnoepth"
#incinde "CSinceptDigh” *

#ifdef _DEBUG

#defins new DEBUG_NEW

#indef THIS FILE '

. static char THIS_FILE[} = _FUE ;
#endxf ’

HHIfﬂﬂﬂlﬂf‘lf!h‘ﬂﬂﬂﬂ!ﬂ.’:‘!ﬂﬁﬂ!ﬂa‘fﬂlﬂﬂim’lf!fﬁﬂfﬂ!ﬁm{ﬂ
_ﬂ CCSInceotApp :

" BEGIN_MESSAGE MAP(ccsmceptApp. CWinApp) |
| HAFR_MSG MAP(CCSTnceptpp)

. HYJAFX_MSG

ON_COMMAND(E_HELP, CWirtApp OnHelp)

. _' END MESSAGE_MAF(

T
 # CCSinceptApp toustryetion: .

' CCSImept_App..CCSImaptApp(} .
B .

0 T oneand only ccsxnmpn&pp Ub.lw

".ccmmpmppmeApp

H!:IIfﬂﬂﬂﬂ!llt’ﬂ!!!!1f!IllI1Iﬂ!llﬂ!f1!ffﬂffIﬂ!ﬂ!ﬂh’ﬂfﬂﬂﬂﬂﬂﬂ .
4/ CCSTuceptAp iniializatioa . e

R 'BOOLccszmepmppImﬂmtamo
o
: /medardmﬁauzanou

o

Enabmd(:ommlso o ﬂCalltlnswhenusmgMFCmasharedDLL

. ' EnﬂﬁIESdCt)mlsStancO !! Ca.!l thiz wh&n llnlcuig to MFC staﬁcnlly

_ ccsrnoeptmgmg, _
. m_pMsinWad = &dig; o
int nRegponse = dlg DoModal() .
. if{sResponsce==IDOK) = .
elst if WResponse == IDCANCEL) - e

Ao

)



. .\‘_\

H _
¢! Singe the dialog has been closed, return FALSE so that we exit the

" # application, rather than start the application's message pump, -

retuen FALSE:

APPENDIX C
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o Dxalog Data

1

- CSInceptDig.cpp &

- CSIncepﬂ‘.)lg.cpp 1mplementauun fits -
Y

#inu!_ude “stdafx.h" .
#inclode *CSIncept.li" .
#include "ClInceptDig h" = -
#inchude "BdD|g.h"

* #inclgde "math k"

#itdef DEBUG .
s#idefine new DEBUG_NEW

“#undef THIS_FILE

static char THIS_FILE[}= _ FILE_:

T T
-ff CAbautDig dialog used for App About :

_ Iﬁlnss CA'ﬁautD'_Ig ! puEIie‘ CDialcg'

B
1

public: L
" CAbomDlg0:

HAFX_ DATA(CAbo..rmg) _
entim { 2D © IDD_ABOUTBOX ;-
HYIAFX DATA .

- # CtassWiwd ganemted vu‘tual fitnation overndes
- MI{{AFX, VIR"‘UAL(CAbuutD[g}
* protected: :
- yirtual void DoDatsExchanga(CDalaExchange* pDX}
i!}}AEX_VIRTUAL

# Implementation i

. pmtecwd.

- I{AFX MSG(CAboutDlg)
YYAFX MSG
DECLARE, MESSAGE MAP(}

¥ . o

CAbuﬁtDlg::CAbumDim) : CDialog(CAboutDig"'mD) o
| IN{AFX_DAT: M(CAbnmmg} '

s zf}}mc _DATAWT .

P L

'.mchmeJlg DuDataExclmuge(CDntaEtchange* PDX)
e _

. Chialog: baDnmehme(PDm‘
I{{AFX_DATA MAP(CAboutmp
- N}AFX DATA MAP © -

BEGIN_MESSAGE_MAP(CAboutDlg, CDialog)
. HUAFX, MSG_MAF(CABouiDlg) -

APPENDIXC

/ DDX/DDY support ©
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_ N message handlers
{}}AFX_MSG_MAP o

- END. MESSAGE_MAPO

Iliﬂﬂﬂﬂﬂifﬂifﬂﬂﬂﬂmﬂﬂ!ﬂﬂﬂ!ﬂ!!f!!ﬂﬂffﬂ.r‘ﬂ!fﬂ!.-'ﬂ!f/{ﬂ{!
# CCBlInceptDlg dialog

CCSInceptDIg::CCSInceptDig(CWnd* pParent A=NULLY)}
' CDiang[CCSIncepﬂ'JIg IIJD pParent)

£ .

' i {AFX DATA INIT(C‘CSInceptDlg) ]
m_dvdt = 5000.0; :

Cm_d =400
m_lp'= .00

' _p = 300.0;

Com =03
II}}AFX DATA I“TIT :

e m hloun mﬁetApp[)Mdecnn[mR MAJNFRAME)
'votﬂ CCSInceptDlg..DoDamE'{clmnge[CDamExchnugn pr}
l. .

"~ + CDialag:: DoDataExchmxge(pr}

. W{AFX DATA MAP(CCSTaceptDilg}
" DDX_Text(pDX, DC_APPLIEDVOLTS, m dvdt}, .
DDX_Text{pDX., ]DC DISTAMNCE, m_d): :
- DPX_Tex(pDX. IDC_PARTLENGHT. in_ip);
- DDX_Text(pDX. IDC PRESSURE _pY

.- . DDX_TextpDX, IDC TIPRADJUS, m, rp}

o !!}}AFXDATAW N
ot -

e HEGHQ MESSAGE W(CCSInccptDlg. CDizlog)

- {AFX_MSG_MAP(CCSIncugtDig) '
" ON_WM_SYSCOMMANDD -

' ON WM_PAINT( -

ON Wil QUERYDRAC‘ICONO :
ON BN, CLICKED{IDCK, OnSIMULATE)

ﬂ}}AFXMSGMAP_.“ .

END MESSAGE_M&PO

) f{mw!!ﬂlf{ff!ﬂl/!.-‘f:wz.-'ff‘!!Mf!!MWllllflﬂz'!}ifl.ffz'}}w!.w{f}!!lﬁ
i CCSInceptDlg message handluts

' BQOL CCSInmptDlg Onlmﬂamlog{}
1 :
S -CDialog"QnImtDiango, . _
ﬂAdd"Ahout. msnu xtemmsystemmnu
#1IOM ABQUI‘BQX mustbc in the systent commarui range. -
_ ASSERT((ITIM_ABOUTBOX & UxFFF0) == oM ABOUTBOX),
ASSERT(DM ABOI‘TBOX <0'<F000). o
CMenir® pSysMedu = GﬂSjrstemMmu(FALSE). .
CString sirAbouiMeny; '

 strAboutMenu.LoadString([DS_ABOUTBOX);
if(lsh‘AbuuMcnu.IsEmpl}'O) .

e .
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pSysMenu-bAppeﬂdl\vtenu(\rtF SEPARATOR]
pSysMenu&AppendMennM STRING, [DM_ABOUTBOX, strAhoutMPnu).

1 .
Setlcon(m_hicon, TRUE); " ¥ Setbig icon
Setlcun(m hicon, FALSE) : H Set smad] ican

" §'TODO: Add exir inltiafization here

B - return TRUE: # retum: TR.UE unless yuusi:ttlwfﬁcus ta a control

7 yoid CCStnoeptDig::OnSysConmasd(UINT niD, LPARAM Param)
e if (0D & OXFFFO) = (DM_ABOUTBOX) o
a {_” - CAbouDig d.gAbout '
“a -+ digAbout.DoModai{):
' ’ . CDialog:OnSysCommand(nID. Pasam);
. Y |

. CH I yon add a mm:mlzr: hutlun to your dmlos. you will nend the oade below
©. . todraw the ivon. For ¥FC applications using the docnment/view nwdel
Ce Lt ttus is aummmcally doue rormu bv the fmmwork

'voad CQSlncepLDIg OnPamt()

ﬁ{ISIcnnicO)

_{ _ CPmmDC dcl.thiS) ff device eonmtfor painung
b . Semﬂvfesmge(WM LCDNERASEBKGND (WPARAM) de. GetSafeI—Id.c[), n)
- : .f! Center icon in clfent rectangie "

int oxfoon = GetSyetemMetrics(SM_ CXICON)
. int cylobp = GetSysismMetries(SM_ CYICON).
CHeefrect, . . .
GetClientRact(&rect); :
int & = (rect, Width() - cxicon + 1){ ?
mty (rectﬂ.aghb() cylmn $ 1) fz' ’

'll Diraw the icon ~

_ 'd&Draqupnfx. y.r& Iﬂcon)‘
- i '-CDiale%i\t%’ﬁrﬁ%htt?i_: |
. Hct_m.son CC_S_InééptD!g::anuarmeglépn(_) o
. _ retm ('HCUI:CSOIE_{'}'._m_hi;um. L i



H

void CCSInceptDlg :OnSIMULATE()

{ .

duuble ueg=t, et f:q,t.g
double utip, astream, napplied, eback. luomna, keirift, tstop. etip
BOOL corong:

~ doublz eps = 8.85de-12 ;

double pi = 3. 1415926531.'

CString str:

CEdit* pEBI = (CEdit*) GotDigitem(IDC_DISTANCE;
CEdit* p2B2 = (CEdit*) GetDiglem(IDC_PARTLENGHTY;

%' CEdit* pEB3 = (CEdi") GetDlgliem(IDC_TIPRADIUS):

"© CEdif* pEB4 = (CEAI™) GetDlghten(IDC_APPLIEDVOLTSY:
- CEdir* pABS = (CEdit*) GetDlghtem(IDC_PRESSUREY,

pEBl-z-GetWindu“’rext(sm

- m_d=gtoft(LPCTSTR)str);
© pEBZ->GetWindowText{rery:

m_lp=atof(LPCTSTRIS):

- pEB3->GetWindowText(str):

" m_rp=aof{(LPCTSTR)str);

pER->CetWindowTextisty); -

n_dvdt=atof{LPCTSTR)s:
 pEBF->GetWindowText(str)y;, -
” m%mﬂ[LP.CTSTRJsm: _

m_d=m_g*1.0e¥:

nilp=m_lp*le-3;

Smoapem ptledl
S m_gvdt=m_ dvdi*let:
gm0y '

o mpem_phied

i1 9 H
' tstep-n le-6;

qcﬂmse-g*(puw(cm _pzmom 2. 2)))'

Bt
- =0

utip0; _
usuwSB*m_p*f*m d. T

N cnmna=ﬂ

© petstep:

uappﬁed=aﬁ_uvdt*n
wtip=nappled-udg; - -
corona =1; -

Vi

~ while (<= 50Ce-6){

if {eorona){ - '

eback = uapphad/m d
lcoroma=0.5%(utip/(8%%m_p));
ldrift=6*(ehack/m_py*step;
stip(eback®(3+m_{/(2*m p)).

P GO D DV

Rl Ch 1pf{1mmna+1drm))),

APPENDIX C
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uq=q!{g*m"=p5*m Ipy,
etip=(eback*(3-+m_lp/(2*m_rp))- (uqf(lwi .1a+ldnﬁ))
a={(pi*eps*(pow({m_lp*etip) ZN)/(89*m_p)):
‘g=1/(2*(mn_lp/(lcorona+1drifi)y):
ug=g/{g*pi*epstm_lpk: :

if (= qorit){
: CBdDIg dig;
dig.m_v=uapplied,
., digm_g=q;
dig.m_s=t:
BOQL ret, .
" ret=dlg.DoModal():
.. bregk:
' :
| t=tistep:
uapplied=m_dvde®y
utip=uapplied-un;
- if (utip>=ystream)

B i} corona=1;
o ufiMegrageBox("End of simulation”).

8
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BdDlg.cpp :

4 BdDlg cpp imple’n#:ntatiou file
7 S '

#include "stdafx.h"
#include "CSIncept.h"
#include ‘_'BdDIg.h”_

#fdef DEBUG
#define new DEBUG_NEW
srundef THIS_FILE'

* static char THIS_FILE[]=__FILE_: .
- dHendif : o

o .1Hllﬂilffiflflfllh‘}mI/flﬂh‘lﬂ‘lﬂﬂfa'!Il.fliﬂ!!)‘fﬂlﬂlﬂﬂﬂfﬂlflﬂﬂ
::{{ CBleg dialog

. €3dDlg; CRADIgICWrid® pParerit A4=NULL¥)

CDnalog[CBleg DD, pParent}

ﬂ{{AF)C DA’I‘A IM'T{CBleg]
g =000 :

S m &=0.0

Cm oy =00 :

_ )‘l}}AFX DATA ] INIT

-\'o:dC.Bt[Dlg DoDataExclmnge{CDataEmhange* pDX) '

B CDialng: DoDataExchange.(pDX)
H{{AFX DATA MAP(CBdDg) .
DDX,_Tex{pD3, IDC_CHARGE, m_g); .
DX Text(pDX, IDC_ . SECOND, m_s);
DX, Text{(pDX. DG . _VOLT, m_v), .
ll}}AFX DATA M&P

. BEGIN MESSAGE MAP(CBleg, CDlalag)

' !!{{A_FX MSG_MAP(CBIDIg

ff MOTE: the C!as_sWImxd will add message mhap mam-os here

HY}AFX_MSG_MAR

_' m MESSAGE MAPQ)

s 'Iﬂ!ﬂ!ﬂiﬂﬂtﬂllﬂI!.-'r‘!ﬂ!ﬂ[ﬂllﬂ.-'f:’!ﬂﬂ#I!H!ﬂﬂ.-’ﬂﬂﬂﬂﬂﬂf!mﬂ
. flCBlegmessagehandlnrs _

APYENDIX C
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StdAfx.cpp
# stdafx.cpp + source file that inchudes just the standard includes -
. CSInceptpch will b the pre-compiled header .
i stdafx.obj will conthin the pre-compiled type information

#include *stdnfo h® - -



APPENDIX C

CSIncpet.h ©
# CSlncept.h : main header fle for the CSINCEFT apphcauon
i
#ifndef AFXWIN
. #error include 'st ’sﬁdaﬁch' before mcludmg this ﬁle for PCH
#endif
sinclude *resowrce 4 main symbols

- -ff!4’i‘!ﬂﬂf[ﬂ!ﬂﬂIﬂfﬂﬂ!ﬂffﬂ_f’!ﬂﬂﬂfﬂﬁm‘f!!!ﬂ!ﬂ."ﬂl!ﬂfﬂlflﬂ/ﬂ

i CCShnceptapp:

o Sae CSlncept cpp for the :mplemenmuon of this class
i

:clsss CCSIncepLApp public CWmApp

publu.n
B CCSInceptApp(]:'
_f! Overrides -
: ¥4 ClassWizard generated virtual funcuon avcmdes
. AR VIRTUAL(CCSInceptApp) '
- public: .
virtpal BOOL Initlnstance():
YAFX_VIRTUAL -~

H Implcmentauuu
ﬂ'{ {AFX: MSG(CCSInceptApp}

}IAFX_MSG
DECI.&RDE NIESSAGE MAP(}

ﬁfmﬂﬂwxfﬁfﬂ;ff;ﬂJu.r_1f)rmwﬂmﬂm;mﬂmﬂﬂrmﬂm;;;m o
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_ CSInceptDigh

# CSinceptDig.h » header fil
i ' :

!flﬂﬂf/!I///lﬂr'fr‘!'ﬂ/”/ﬂﬂ”{ﬂ/{!ﬂ}M?':W/Il/ﬂ”lilﬂl//)'l!ﬂﬂa‘ﬂ/!
#f CCSInceptDig dizlog .

class CCSIncepDig : public CDinJ'ng

{ .

I/ Construction

_ 'pubhr-“

CCSInr:eptDlg(CWnd* pParem NULLY, . # standnrd oonstruclor

_!! D:a.lng Dam .
' H{{AFX DA’I‘A(CCSInceptDlg) '
enum { IDD = [DD_CSINCEPT_DIALOG }
.. double m_dvit
- double’ m_d:
doable m_lp;
. doublé m _p'. -
double m
ff}}AFX DATA

" i ClassWizard gemramd virtual function overrides
1H{AFX_ VIRTUAL(CCSIncepLDng _ _
protected; - T _ IR
virtual w:dDoDawExchangerCDataEwhmge* pDX),_ . #DDXDDV.support |
._?I}'AFX V‘[R’IUAL Z' ' - 1;

- N Implemntanon :
pmtected -
. BICONm _hicon;

' VGenemmdmessage map ﬁmctions
I{{AFX_MSG(CCSincepDig) -

' virtual BOOL OnlnitDiatog();

- afx_msg void OnSysCommand(UINT nq’ L LPARAM IParam)

" afx_msg void OnPatne(; .

af_msg HCURSOR DnQueryDragloon();

- afc_msg veid OnSIMULATE(:
IYYAFX_MSG

 DECLARE,_ MESSAGE, MAP(J

8



ok

#
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‘Bdblgh :
//BdDlg.hi : header file

fflff/f,’/ffl(MM’!f:’!//IH!/!:’!{/I:‘ff{.’flllf/3‘M’:'{//!11/fﬂl!ﬂ}!fﬁ!/ﬂll
# CBdDlg dialog

' ¥ D:alog Date

. ¥ Overridss

-class ‘CBdDlg : pubhc CD:alog

{
/) Consu'uctmn
. puhlm‘

CBleg(CWnd* pPamnt-= NULL], ff standard construcior

H{LAFX ] DA’I‘A(CBd.Dlg)
ens § DD =ID0D_BDDLG &

" double m_;

. dosble mw_%:

- donble " m_w:
1} }AFX_DATA

i Clnsst:u'd generaled vnrmal function overrides
#{{AFX_VIRTDAL(CBdDlg) =~ - _

protected: o
virtual void DuDataExchange{CJJataEw:change* pDX'* i DDX!DDV supporl

' INATX_VIRTUAL

!! Implemantanun

. | pmm

Y, Generated message Taap ﬁmct_xous

ﬂ{{AFx . MSG{CBdDlg) . . ' L '
o IFNOTE: memﬁswimﬁmlladdmmhmeUnshm

© NPIAFK-MSG
DECLARE_MESSAGE, - MAY)
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/i stdafi.h * inciude Al for standard system include files,

#f or project specific include files that are used frequently, but
#  are changed infrequently :

i :

#dofine VC_EXTRALEAN ~ ~  #/ Exclude smrely-used stuff from Windows headers

#include <afowimb>  #/MFC core and standard components
- #include <afvext.h> {F MFC extensions
. #ifndef _AFX_NO_AFXCMN_SUPPORT

.- #inclufle <afceranh> 0 - /I MFC suppart fm- Windows Comz.on Controls _
" Hendif//_AFX_NO_AFXCMN_SUPPORT

&




Resource.h ;

M {NO_DEPENDENCIES}}

# Used by CSIncept.cc
#define TDM_ABOUTB(GX OxOM0
#detine IDD_ABOUTBOX 100
#define IDS_ABOQUTBOX: . = 101
 #define IDD_CSINCEPT_DIALOG 02
Adefine IDR_MAINFRAME . 128
#define [DB_BITMAP! - 129
.- #define IDD_BDDLG 130
- .- #define IDC_DISTANCE 1601 _
define IDC_PARTLENGHT . looz
#define IDC_VOLT 1002
- #define IDC_TIPRADIUS  ~ ~ {003
#define IDC_SECOND -i003
. #define IDC_APPLIEDVOLTS . 1004
©+ #define INC_CHARGE 1004
" i #detine [DC_FRESSURE 1008

7 7 Next defanlt values for new objects
N/ .
- fifdef APS'IWIO INVOKED
' #ifndcfAPSTUDIO READONLY | SYM:BOLS

#define APS_NEXT RESOURCE_VALUE 131

" idefine _ APS NEXT_COM:{AND_VALUE 327171

- ddefine APS _NEXT | _CONTROL VALUE 1005

| #define _APS_NEXT, ~SYMED. VALUE o
- dendif - '
dendif

APPENDIX C
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- # PROP BASE Qutput_Dir "Releass®.. . - .
" # PROP BASE Intermiediats. Dir "Relemn N
~ # PROP BASE Target_Dir W .

' _ CSInceﬁtmak LA

" T‘ARGTYPE "Win32 (x86) . pplication” 0x0101

IF *$(CFG)" ==

CEG=CSIncept - Win32 Debug

IMESSAGE No cunﬂgurahan specified, Defnultmg to CSIncept - Win32 Dehug
IENDIF

ITF "$(CFG)" }="CSIncept - Win32 Release" && "$(CFG)* 1=\
*CSIncept - Win32 Debng" -
IMESSAGE Invalid con. guration "$(CFG}" specﬁied

APPENDIX C

IMESSAGE You can specify a confipuration when running NMAKE on this makefila

IMESSAGE by tefining the fmacro CFG on the command line. For cx:nnple
IMESSAGE =

. IMESSAGE MMAKE ff “CSIncept mak® CFG="CSI.nmpl W1n32 Debug
IMESSAGE
" IMESSAGE Posslblc: chmces for cunﬁgumuon are:

IMESSAGE - -

" IMESSAGE "CSInrept - Win32 Release" (based on "Win32 (x86) Apphcatmn"}
.~ IMESSAGE “CSIncepl Win32 Debug" (based on ‘WmB" ix86) Apphmmon“)
AMESSAGE
' IERROR An mvahci conﬁguraﬁnn is speclﬁeti
T IENDIF -

AR *scosr = "Winduws NT*
NULL=
1ELSE

NULL=nul

JENDAF -

"#:Begm Pm_]ect - ' '
- #PROP Target_Last Scanned "CSIncapt W1n32 deg

REC=ro.exe
MTLumnkiypiib.exs
CPP=¢l, e '

i "s(cm)* me "CSIncept + Win32 Reease"
' #PROP BASE Use MEC 6

# PROP BASE Use Debug_leranés 0

# PROP Use_ MFC§ -
}(ROP Uss_Debug Libyaries 0
ROP Output_Dir”

- # PROP Intermiediate_Dir “Release“ :

# PROP Target_Dir ™.
QUTDIR= \Relesse

. INTDIR=\Releuse

ALL : "S(OUTDIR)\CSInceptene®

LT

g

8
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~ferase "SINTDIR)\BaDIg.oby" -
ierase "§(NTDIRMCSincept,obj"
" -@erase "B{INTDIRNCSTncept.pch”
- <erase "S(INTDIRNCSIncept. res” .
_-iderase "S(INTDIRNCSInceptDlg.obj”
~@erase "SINTDIRNStd AR .ob"
- <@erase "$(0UTDm)\CSIncept exe”

"s(OUTDIR)“ .
B not exist "s{OUTDIR)IS{NULL)" mkdu' "S{OUTDIR}"

# ADD BASE CPP /nologo MD 1W3 IGX }02 D "WIN3Z" /D "NDEBUGH /D *_WINDOWS" /D
" AFXDLLY /D " _MBCS" /Yu"stdafx 1" i :
. #ADD CPP /nologe MD AWS /GX /02 1D "WIN32" /D "NDEBUG" /D *_WINDOWS' /D
£ AFXDLL" /D *_MBCS" fYu"stdafe.h" fo _ - _
CPP _PRO[=rmologo MD W3 /GX /02 /D "WIN32" fD "NDEBUG /D *_WINDOWS"/D\ -
" AI*’XDLL" Do MECS" JFP"${INTDHQ-‘CSII\B&|)LPCI‘1" Nu"stdn.fwc I* IFo“S(lN‘I’DIR]I"\
e :
‘CPP_ OBJS=. iRcImSw :
CPP SBRS=L . .-
. % ADD BASE MTL !nologo /D "NDEBUG" Awin32
. # ADD MTL /rologs /3 "NDEBUG" Awini2
- MTL_FROJ=/nologo /D "NDEBUG" /wini2 - _
Ui ADD BASE RSE /1 Uxd0Y /d *NDEBUG" /g " AF.‘CDLL" o
# ADD RSC /1 0900 /i "NDEBUG® /4 *_AFXDLL" - _
RSC PROY=/) Ox409 Ifn"S(INTDm]!CSIﬂoeptres” il "NDEBUG' " AFXDLL"

. BSC32=bsemake.exe.

e

© # ADD BASE BSC32 /mologo
# ADD BSC32 /rologo - - '
- B8C32 ,_FLAGsainqugo fn“s{OUmIR)!CSInoept bsc" -
- BSC32 SBRS=*

mezatmk,em; o
© #ADDBASE LINK32 inologorsuhqystem windows !machine..lSSﬁ '

# ADD LINK3? /nologn /subsystem:windows /iachine: (386 '
LINK32_FLAGS=/nologo /subsystem:wiridows fincrementafsio\
by "S(OTJTDR}!CSInceptpdb“ !maciuna 1386 ldut."$(0U'I‘DIR)!CSInmpt.exe
LINK32 OBIS=\

o "S{IN'I'DIR.J\BdDIg.obJ*X

o "S(INTDIRNCSIncept.obi’ \ -

™ "S(INTDIRNCSIncept.ces' v T : 1 o
"${IDTIDE)\C$InueptDIg.obJ"\ R

"S(OUI‘DIR)\CSInwpme“ "s(oumm)" S(DBF FEE}$(LINK32 OBJb) o
CSLINKI) @
sa.lmc:sz FLAGS) $(LINK32 DBIS)

ELSETF ~sccm}"a="csmcept Win32 Debug

' #PROPBASEUse_M[‘Cf T A
#PROP BASE Usa Dbty Libraes's TR
© #PROP BASE Ouwpui_Dic “Debug*
. #PROP BASE Tntermediate_Dir "Debug"
# PROP BASE Target Dir ™" -
. #PROP Use_MFC6 -
#PROPUse Debug_l.fbmriesl


mailto:-@.erase

. _CL.BAN

- LINK32_OBIS=\ T
"SINTDIRNBADIgob\ - e e

* APPENDIX.C

. #PROF Quput, Dir "Debug”

# PROP Intermediate_Dir "Debug"
# PROP Target Dic " - -
OUTDIR=\Debug -
INTDIR=\Debug

"$(OUI'D!R)\CSIncept.exc"

_ -(mernsa "S(INTDIR}\BdDIg obj"

- <Firerase "SINTENRNCSEncept.obj” .

. ~@erase "S(INTDIRWNCSincept. peh”
~Aerase "S{INTDIRNCS Incept. res"
merase "S(INTDIRWCSInceptDlg.obj"
-f" aerase "SUNTDIR\StdAfx obj™
wierase "S(EINTDIR)wedD.idb”

- ~gerase “${INTDIR it pdb"
. ~derase *$(OUTDIRNCSInceptaxe”
. =gierase "SOUTDIRNC Sincept. itk
) erase "${0U’I'DIIU\CS]ncept.pdb" .

iy "s{omuu" :

-if not a:ust "S(OUT'DIR).‘${'{~IULL}" mkdir "$(OLTDIR)"

# ADD BASE CPP frologo AMDd /W3 /G /GX /21 /0d /D "WIN32" /D *_DEBUG® /D

* WINDOWS" /D *_AFXDLL" /D" _MBCS" fvu"stdafx.h ko

. # F ADD CPP /ndingo /MDd /W3 /Gm JGX 123 70d /D "WIN32" /D" DEBUG“ D" WINDDW "/

*_AFXDLL" /D "_MBCE" Mfu"stdafy.b” &

. CPP,  PROI=/nologa MDA /W3 /Gm /GX /Z1 /0d /D "WIN32" /D" DEBUG" m* WINDOWS"\
- /D "_AFXDIL" Ay "_MBCS" /Fp"$(INTDIRY/CSncept.peh” /Yu"stdafy. o

JPS(INTDIRY" [Fd"S(INTDIRY" fe

. CPP_OBJSu\Debug/ -

CPP_SBRS=\.

. #ADD BASEMTL fnologo 2 " DEBUG“ fvmﬁz
. # ADD MTL /nologo /D "_DEBUG® /wind2 -

MTL_PROKE/nologo /D "_DEBUG" /win32

© . # ADD BASE RSC /1 0%409 A1"_DERUG" /4" mm«
- ¥ ADD'RSC /t 08409 /d*_DEBUG" /d *_AFYH

RSC_PROJ/T 0%409 ﬁb“S(]N'I'DIR)fCSInceme" fd DE’BUG" i 'AFXDIJ.-“

| BSCi2=bscmakeexe -
-# ADD BASE BSC32 /nologd

# ADD BSC32 /nologo’

. BSC32 FLA(i’:‘Mnol_ugu !0"$(OUI‘DIR]ICS!ncept hsc

Brscsz SBRS*\.,

» © LN d2=fink e '
" % ADID BASE LINK32 /nusiogo Imbsystgmwdo\vs fdeing fmachine: 186
' # ADD LINK32 /nologo: !subsystem windows /debug /machine:1386
. LINK32_FLAGS=fualoga finbsysteni:windows fingramental:yest
« . ipdbi*$(QUTDIRVCSIncept.pdb* Adebug /machine: 1386\

louL"S(OUI‘EJIR)fCS_InmpLaxe" h

. TSUNTDIRNCSInceptohi*y - - - _ S
_“s{mmm)\cslmmlw B . o ST

© o SONTDIRNCSIncspDlgobi'n S :
"SOINTDIRASHAL 0" :

o

.81 .



APPENDEX C

_"S{OU'TDIR)\CSIncepLe»:e’ "${0UTDIR)" $(DEF FILE) S{mesz OEJS)
HLINKI2) @=<< : :
BLINK32 ] FLAGS] S(LINK32_0OBIS)

-

IENDIE -

C{$(CEP OBIS)}.obj:.

$(CPP) $(CPP_PROJ) $<

" cop{S(CPP_OBJS)}.cbi:

$(CPP) $(CPP_PROY) $<

| cxx{8{CEP. OBIS)).cbj: -

" ${CPF) $(CPP_PROT) 3<.

G{S(CPP, SERS)Lsbr:_
© S(CPP) $(CPF_PRON $<

. .cpp{S(CPP_SBRS)}.sbr:
. S(CPP) S(CPR_PROD 3<

L .cxx{${CPP_SBRE)}.shr: i

- S(CPR) STPR PROD$<

' '#Bcgm‘rargct

. #Name "‘CSInoept . Wm32 Release"
. #Name "CSIncept Wm32 Debug

'_;EuntF

CMIF "S(CFG)" = “CSlm:epl Wm32 Rel..ase

lELSEIF "s(cmw "CSInoept WmB‘? Debug"

e N
v

. # Begm Soum; File

someSmman © o
' "mm)\Cancept.pCh"

-. DEP_CPR CSINCE=\ o . . o e
S P ARdDight B B

Wt
DEP_CPP_CSINC=
© *\CSIncepth

* 1ACSInceptDlg. fl*\
rISARIR

"‘S{INI'D]R)\CSImptob_]' ${SGURCB) ${DEP CPP CSINC) "S(I ¥ IF} RJ"\

#EndSmF’Ic A e e

i Be.gm Snurce File

SOURCE=\CSlceptDIg.cop

A
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" \CSIncept.h" _
" ACSTnceptDIg ™
".\StdAﬁc.h“\

' "${1’NTDIR)\CSInceprDIg obj" : $(SOURCE) $(DEP_CPP CSINCE) "S(INTDER]"\
_ “${INTDIR}\CSIncept.th"

# End Saurca F!le

o #Begm Source File

 SOURCE=AStdAf.cpp
' DEP_CPP_STDAF=A
: “\StdAf'c.h“\

' '_iIF";$(CFG)" "csmcept Win32 Relense"
EADD CPP ree'sately
| BuldCmdser )
B CRPY Inciogo MD W3 16X /02 "WIN32" /D "NDEBUG" /D *_WINDOWS" D)

" AFXDLLY /0 " MECE pr"$(IN’1'DIR!!CSInceps pch“ MYestdat 1 !Fo"$(INTDl’R).~“\
e SSOLRCE)

' 5«s(mrwm}u::mabjﬂ scsouacm S(DEP CPP smm “SUNTDIR)" -
SBulldComds) - ¢ o

e NTIRACSTacigh pob msouacm smsr CPRSTDAR) "Stm’mm)“ |
MEuldCmds)

. IELSETF '\S(CFG)"“—"CSIncept Wmsznebug o _' T

- #aDD CPP stdaf\:h"
"Bl Id( ‘d wk

U ARILLY D * MBCS )Fp“s(INI'DIR)fCSIncept.pch" Fc*sidafi.b
: Fo"scmmmy" ;Fd"sfm'rnmv" o s(souacm\

b "S(m‘mm)\smm obj" stsouncﬁ) SOEP cee s"mm "s(m'rnm)"

SfNIDE{)\CSInceptpch“ $(SOURCE} smnp c\P smAF} "s(rmnm)" 3
SEuildCmds) |

ENDEF -

#EndSuumFiIe L A

' # Begm SnumcFile

| SOURCEﬂc'ﬂncepm' e

_ -/f/ 93
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* \resibitmap[.bmp™
* \res\CSIncept.fco*
2 \res\CSlncept. re2"™

"S(II\ITDIR}\CSInceme“ ${SOURCE} $(DEP RSC CSINCEP) "${1N’I‘DIR)"
.n(RSC) ${RSC_FROD) S(SOURCE)

_# Emi Sourcn: F:!c

# Begin St‘mrce File . .

SOURCE=\BdDlg.cop.

- DEP_CPP_BDDLG=\"

*\BdDig.h"\
- ®ACSIncept.h™
. \StdAﬁt.h_“\

' "${1NTD1R)\BdDIg nbj“ $[SOURCE] S(DEP CPP BDDLG] "S(INTDIR}"\

o "$IINI‘D]R}\CSInceprch“ '

0.

# End 'Source File - -
# End Target
# End Project

v
)
L
- i
el '
Ty
o
[
w2 '
i
.} .
L i i
I
B
A _ %



CSIncept.clw :

: CLW file contains information for the MFC ClassWizard

" {General Info]

Version=]

LastClass=CBdDIg
LastTemplate=CDialog '
NewFilelnclude 1=#include "stdafx. h*

~ NewFilelnclude?=#include *CSlncept. h’

o : ClassCount-i
" Class|=CCSTceptApp

Class2=CCSInceptblg

. Class3—CAhuutDlg

: Rﬁuﬂﬂ:&CﬂUﬂt—’*ﬁ

Re\'ml‘“mD ABOUTBOK .
Resouwrce2=IDR, MAINFRAME

"+ Resource3=IDD,_CSINCEPT_DIALOG

Class4=CBdDlg

Resource:=IDD_ BDDLG.

4

[CLS: CCSlncepLApp]

“ Type=0)

HeaderFile=CSIncept.h
lmplamcnmuom“ile"CSIncept cpp

. Ftlt&F‘N

- [CLS CCSInceptDlgl

Type=0
HeadesFile=CSlnceptDlg.h

: -ImplemenmuonFﬂFCSInceptblgcpp_ '

- Filter=D.

BageClase=CDialog
VirmualFitier=dWC -

' Lastohjectaccsmcepmtg' o

. B CLS: CAbomDIgl

HeaderFlle==CSInceptD}g,h

o ImplmnmwﬁonFHECSInqpplﬁlg.épp

- Filtex;*D a _ ey e .
| pLG: IDD ABOUI‘BQX] B

Type=t

. Clsss-CAhoutDlg
- Contro]lConnt=4

Control |=IDE STATIC,S(‘&I:IC.I342177233

. Control2=MC_STATIC static. 1342308480

Controi3=IDC_STATIC stotlc, 1342308352
Comm14=_-momuunn,134_ﬁ37ssss

- DLGIDD_ CSINCEPT DIALOG]
. Typesl

: CIasFCCSInoépLDIg

ControlCountwi2 -~

T
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Conirol1=IDC_STATIC static, 1342177294
Contral2=IDC_STATIC.static, 1342308352 -
Control3=IDC_DISTANCE.edit, 1350631552
Controtd=1DC_STATIC,static, 1342308352
' Control5=IDC_PARTLENGHT edit, 1350631552 -
Control6=IDC_STATIC, static, 1342308352 _
Control7=IDC_TIPRADIUS.edit, 1350631552
' Control$=IDC_STATIC static, 1342308352
Control9=IDC_APPLIEDVOLTS. edit, 1350631552
Conuotl0=IDC_STATIC.static, 1342308352~
Controi11=[DC_PRESSURE edit, 1350631552
Conzol12=IDOK button, 1342242817

 (DLG:IDD_BDDLG]
'I‘ype==l o
" Class=CBdD)g
. CoawelCoums=11 . .
. Contrel1=IDOK. button, 13423428 (7
. - Control2=1DC_STATIC static. 1342308352
- Control3=IDC_STATIC static. 1342308352
. Conirol4=IDC_ST 3 YIC static, 1342308352
. Conwrol5=IDC_STATIC static, 1342108352
- Contrpl6=IDC_STATIC. static, 1342308352
. Control7=IDC_VOLT.edit, 1350633600
* Control8=IDC_SECOND.edit. 1356633600
Cuntml‘9=-TDC CHARGE.£dir. 1550631600
- Contrel 10==er: STATIC static. 1342308352
- Controili=IDC_STATIC staic. 1342308352

. [CLS: CBdD]gI

. Typest

i HeoderFlle=BeDigh
Immementanonf"ll:—Bleg.cpp
Ba.seCJass=CD|alog S

. Filier=D

. VirmalFilter=aWe
LastObject=CEdDlg ~ -

%
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CSInceptire :

* J resource script.
#
. #include “resource. h"

#lefine APS'I'UDIQ READONLY SYMBOLS

!!ililllﬂ!ﬂ!ﬂﬂﬂ.wmb'ﬂlﬂ!!!ﬂﬂﬂﬂﬂIr‘!fffﬂﬂﬂﬂHﬂﬂﬂﬂﬂ!ﬂﬂ

i

i Generated from the TEXITNCLUDE 2 resnurce.
/) :
#include "afxres.h"

T R e T 1102
. '#undef APSTUDIO_READONLY | SY'MBDLS

.r‘!fﬂﬂ”ﬂﬂﬂ!ﬂ!{lﬂfﬂfb‘fﬂ;‘ﬂiﬂfﬂﬂmﬂlﬂlﬂfﬂ ’:ﬂfh‘]ﬂﬂ!ﬂr‘ﬂ!] .
it Enghsh (U 8) resaurces '

: #1f‘deﬁned{Al-‘x RESOURCE DLL) § deﬁned{AFX TARG ENU)
#ifdef WIN3I2 - :
. LANGUAGE LANG BNGLISH r‘ULBI.;!‘.J*IG ENGLISH_ 1°8
. #pragma code _pageuz:z)
- #endify WINZ2

| #ifdef APSTUDIO_ INVOKED
: s‘Iﬂ!fi!f_t_l!!!ﬂ!mIﬂﬂ!f!lulﬂiﬂb‘ﬂﬂﬂllﬂfﬂf :mm;;mmﬂwm

ﬂTEXTMCLUDE R - b
l'rﬂxm{cwnsmscmmﬂm o S e,
"remume.h " '.
: z'mxrmcti.uns DISCARBABLE
BEGIN -
“include ""m.}res.h""\r’\n“ .
'_ "\G" .
ST'EXI"'NCI.UDE DISCARDABLE
BEGEY

"define SAFX_NO_SPLYCTER, masouncsv\m"
_"#dafms “AX_NO_OLE_RESOURCES\fn"
"gdefine - AFX. NO_TRACKER_RESOURCES\n"
. Mdefine AFXNGPROPERTYRESDBRCES\ﬂn“ P S 2
. “'\r\n“ : . ’ T
| Idefined(AFX_ RESOURCE DLL}udaﬁnui(AFx TARG ENU]\I\R" L,
‘$ifdef WINI2f® - VRS
. "LANGUAGE 9, " _
"#pragma code _page{1252}\r\n" .
| Wanifitiein®
- igcinde “"re#\‘\CSJncchmZ“" i non-l\vﬁcrnanﬂ Visual CHedltedresuumﬁ\r\n‘ '
-."#mclude ""aﬁm e Standnrdcumpouents\r\n" : :



" END

_EN‘D

APPENDIX €

*fendif # APSTUDIO_INVOKED

iﬂﬂﬂﬂliﬂllﬂﬂ!flff/{ﬂ/{lﬂif/ﬂa’!ﬂ!ﬂﬂffl[ﬂHﬂlﬂﬂifﬂﬂﬂ[ﬁﬂﬂ
" ' - : g :

# Feon -

it

J# feon with lowest ID value placed”ﬁrst to ensure appliéatibn icon

.. i remains consistent on all systems,

DR MAINFR.AME ICGN DISCARDABLE "res\CSIncepLico”

_umymfmwﬂmﬂmrm;mmﬂfmmmm;mymmwmmm
w :

H Dlﬂog
"

" IDD_ABOUTBOX DIALOG DISCARDABLE 0.0.217. 55

STYLEDS _MODALFRAME | WS_POPUF |} WS_CAPT ION | WS SY‘&M'ENU

' CAPTION "About CSIncept”
. FONT 8, "MS Sans Serif*
" BEGIN

ICON IDR_MAINFRAME.IDC STATEC 1L, 17,20 20
: LTEXT " "CSIngept Version 1.0* IDC STATICAD.10.119.8,

- . 'S§_NOPREFIX =~

LTEXT - "Copyright 1997, lDC STA'I'IC 40,23, 119 8
DEFPUSHBU’I‘TON "Ok" IDOK.J.'J’S 3214 WS GROUP

IDP_CSINCEPT DIALOG DIALOGEX 0, 0. 341, 162

STYLE DS MOE ALFRAME | WS POPUP| WS_VISIBLE | WS camomws SYSMENU-_

EXSTYLE WS_EX_APPWINDOW

CAPTION "CSIncept"

FONT 8."MS S&ns Serif"-

BEGIN :
© CONTROL:: ~ 129,IDC ST&'I'IC,“S!auc“ SS BI’IMAP 129 744,30

CCLTEXT - ““Hater dxstam:e between plaes (d) i min *DC_STATY.

.

* 'EDITTEXT.~  IDC_PRESSURE,200,117.99,12ES AUTOHSCROLL

L 73541228 .
© EDITTEXT ~IDC) DISTANCE.200, 53 29,12, £5 AU‘[‘OHSCROLL
LTEXT - “Enterlength of particle {Lp) i m mm * IDC STATIC.QB ‘?1
.. 1023 .

EDII‘TEXT mC, PAR'ILENGHT.%U 69, 99 12.ES _,AU'I'OHSCRDI.L
LTEXT * “Enter tadius of tip of pam::le i mm 2", IDC_STATIC, 90

) 88,1058 - .
EDITTEXT - C_TIPRADIUS, 2{)0 85 .99 12.ES AUI‘OI—IbCROLL

| LTEXT “Entrimo ofchangs of poled voltage i kY per microseoond: .

BX)C_STATIC.8,105,187.8
'EDI’I‘I‘E}CT ~ IDC_APPLIEDVOLTS.200.101.99, I2,ES &UTOHSC‘RULL
LTEXT .~ "Enter pressurs in kPuscals ".iDC_S‘_rATIC 115122808

DBFPUSI-IBUITON SMII.ATE".HJOK.MS 161.50 123
EN‘D :

IDD BDDLG DIALOGI)ISCARDABLE 0 0, 313. 126
STY'LEDS MOJ?JALFRAME]WS POPUP[WS CAPTION]WS SYSMENTJ

o
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CAPTION "Breakdown!"

- FONT 8. "MS Sans Serif"

BEGIN
DEFPUSI-HE!U’ITON *OK", IDOK.ISI 105 50, 14 :
LTEXT "Breakdown has oceured ", IDC_ STATIC, 106,7 158

LTEXT "At a voltage of " IDC STATIC.17.28.47 ]
LTEXT - "in" IDC_STATIC,56,47.8.8

LTEXT  "secunds”JDIC_STATIC.25L48,31.8°
LTEXT - "at g charge of . K JDC_STATIC. 19,66 45 8

"EDITTEXT: .. IDC_VOLT.69.25.177.15ES_ AUTOHSCROLL [ ES_| READONI.‘{
EDITTEXT . IDC SECONDL69,46,177,13. ES_AUTOHSCROLL | ES_READONLY -
EDITTEXT IDC.CHARGE.64,66,177. 14.E8_AUTOHSCROLL  ES_READONLY
LTEXT "Volis".JDC_STATIC.252,28.16.8 . . .

- - LTEXT =~ "Coulombs”IDC_STATIC.251.68.32.8

. ENQ _ : _ .

" sifndef_MAC R
ﬂifﬂfﬂfllfH!!m‘!ﬂHﬂ,‘lﬂmﬂﬂﬂfﬁfl T Y

e o o

S Vemon
VA

Vs VERSION INFO VERSIONINFQ
FILEVERSION 1.0.0.1
. PRODUCTVERSION L0.0,1 -
. FILEFLAGSMASK 0x3fL.

- #ifdef DEBUG. '
'FILEFLAGS tML
- #rise .

F]LEFLAG.s mr_

. FLEOS {}x-l-L
FILETYPE 0x1L
FILESUBTYPE Ox0L

.. BEGIN

 BEGIN o
BLOCK ‘040904]30"
BEGIN o
"VALUE “Compamere "\ﬂ" - ' '
. VALUE "FileDeseription", "csma:rr MEC Appumun\o' :
. VALUE "FligVersion®, *1, 0.0, 1\ .
- VALUE “InternaiName”, "CSINCEPI\{J"
VALUE "LegaiCopyright", "Copyright £ 1991\0“ :
. VALUE "LepalTrademacks", 0" -

" VALUE *OriginalFilename”, "CSN&EPTEXE\G" Do
. VALUE "ProductiName", "csmcEPTAppncation\n" T
: -VAI.UE "Pmdm:tvermnn" “1 0 0 nor o R

_END. _
' )‘;LOCK “Vaﬂ“ﬂelnfu" '
. BEGIN '
. VALUE "Translation”. 0x409 1200
. IZEND

BLoac'smg_Fuelnfo T



!f.w!!ﬂII!fIf1!lr’!!f!!ff!lﬂMﬁ'fz‘/fﬂf‘.‘fﬂﬂllm‘rrﬂl}!ﬂﬂﬂh‘-’}fﬂﬂll
t :
{ DESIGNINFQ

W

- BEGIN

#endif Ai:srti_nm,,mvokzn

'If

#ifdef APSTUDIO_INVOKED
GUIDELINES DESIGNINFO DISCARDABLE
BEGIN
DD ABOUTBOX DIALOG -
BEGIN
" LEFTMARGIN, 7
RIGHTMARGIN, 210
CTOPMARGIN, 7 -
BOTTOMMARGIN. 42

- END

DD CSINGEPT . DIALOG, DIALOG

BEGIN
LEFTMARGIN.7
RIGHTMARGIN, 334 .
TOPMARGIN. 7
BOTTOMMARGH’I i?ﬁ

END.

- IDD _BDDLG, DIALOG

 LEFTMARGIN. 7
RIGHTMARGIN, 308 -
. TOPMAKGIN,7 .
- BOTTOMMARGIN, 119
END

i -M’ﬂ!Ilf!ffiff?ﬂe‘iﬂ!ﬂ/l}}” Ifﬂl[lﬂ!ﬂ#ﬂilﬂiﬂr"/!#ﬂﬂb’ﬂilll!ﬂﬂ
g

# Bitmag

DB ; BI'IMAPI i BI‘I‘MAP DISCARDABLE “res\\bmnapl bmp

: -';f6’H/{!fﬂf.’i;'a'!/ff/f.’!ﬂ!ff)!Ia"Mfl.‘.-'fll!a"Iﬂ}’!f}fﬂ!ﬂﬂfﬂﬂl}ffﬂﬂ!fil

&

o b::ing'!ablc
- )

smmcmsw DISCARDABLE i

- BEGIN

END

 #ifadef APSTUDIC, INVOKED

DS m_aocmaox ' "&Abum csrncepr il

o #endif ﬂ?ﬁn Iish(TIS resaur;;?s !
' _ﬂfe‘!ﬂ('a’ﬁ‘lf:’:‘?f?f/f/{#ﬂﬂf‘lfa!I)')'!f!!lﬂl lf/ﬂa’!fﬂﬂfﬂlﬂﬂf ﬂﬂa’ll
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B e i i e
it

i Genemre" from the TEX'TINCLUDE 3 rwuurce

A

¥define _AFX NO SPLITTER_ RESOURCES
#define _ AFX_NO_QOLE | RESCURCES

#define  AFX NO TRACKER _RESOURCES

- #defing AFX NO PRDPERTY RESOURCES
#iF |defined{ AFX RESOURCB _DLL}{) deﬁled(A.FX TARG _ENLU}

fifdef WIN32
LANGUAGE®S,1 -
#pragma code _pagegl..Sz‘
#endif -

-#inchide "res\CSIncept.re2" # non-Mm-asaﬁ Visval C++ edned resources
. #include "afwres.rc’  # Standard components
 gondif -

: _HIH!IlﬂJW:‘!Ifr‘iﬂlﬂ!h‘f!!J'."Iﬂf!ﬂfiﬂﬂ!?‘flﬂ.~’ffﬂlﬂ)‘;‘ifﬂlﬂ(ﬂlﬂm

" Sendif # net APSTUDIO INVOKED

101



References

| 1. Boeck 1. W nventy years of gas insulated subsfat;ons- promises, problems
- and sucoess of SFg application from 125kv up to BOOkV3, Elekiron, March ,
- pp.18-22, 1488,

. 2.Van Brunt R. J , Physics and Chemistry of Pan'iaf Dlscharge and Corona -
_Recent Advances and Future Chalfenges, \EEE Transactions on Dielectrics
and Electrical Insulation, Vol, 1, No.5, pp. 761-784 1994, ' o

3. Gallimberti \.., A Computer Model For Streamer Propagation, Journal of
~ Physics D. Applled Physics, Vol. 5, pp. 2179-2188, 1972.

‘4. Gallimberti 1, And Bondiou A., Theoreﬂce! Modef!mg of The 'DeVe!opment '
OF The Posilive Spark In Long Gaps Joumal of Physics D Appited Physics,
Vol. 27, pp.1252-1268, 1994, :

5. Wiegart, N. et al, Research Report CEA No. 1531 310 Comna stabmsaﬂon

- o festmg of gas-msufatfng thchgean Canadian Elecirical Associatson

- 8. Arunachala Sastry KS. at al. , Breakdown Of SF6 Gas Under
. Inhomogeneous Fields Under Impulse Voltage OF Different’ Waveshapes,
.. paper 32,01, Sixth International: Symposium an ngh Voltags Engmeer:ng, :

. New Orlaans, 198,

7, Wintle H J Basfc Phys;cs of Insulators, IEEE Transactnons on Electrical
_insuiation, Vol. 25 »Not, op- 27-44 , 1990, '

. '_:; 8. Van Der Zel GL Corona Stabmsaﬂon in SF8 and s mffuenoé on

breskdown under fast rising impulses. Ph.D. thes:s, Urwarsuty Of The . -

B Witwaterv\'and 1883,

'8, Van Brunt R.J. | Stochastio Properties of Partial Discharge Phenamena, -
IEEE Transactronson Elsctrical insulatlon, Vo, 26 No,5 , PP, 902-948 ,1991,

T Nlcholson K Modemrig Of Dynamical Systems Peter PeregnnUs Ltd

’ -1980

44 van Der zel GL. and Reynders JP. Corona Stabilsation end its

" Influence on Sreakdown Under Fast Rising impulses , paper 32-02, Saventh .-
- Intemationai Symposmm on High Valtage Engmeermg, Dresden, 1991.

42, Kuffel E. and Zaeng| ws High Vo!tage Engmeenng Fundamentafs,
e Pergamon Press 1984.

102



13. Gallimberti . and Wiegart N. , Sireamer and Leader Formation in SF6
and SF6 Mixtures Under Positive Impulse Condifions: Il. Streamer ta Leader
Transm:ssfon, Journal of Physics D: Applied Physics, Vol. 19 , pp.2363~
. 2379, 1986 '

14, Gallimberti I, and Wiagart N. , Streamer and Leader Farmarfon in SF6
and SF6 Mixtures Under _Positfve Impulse  Condifions: 1. Corona
Development, Joumal of Physics D: Applied Physics, Vol 18 ,-pp.23561-
- 2381, 1986. ' : ' : : o

. 15, Wisgart N. et al , Inhomogenous Field Breakdown in GIS - The Prediction
- of Breakdown Probabilities and Voltages, Part i - Overview .of a theory for

inhomogeneous field breakdown in GIS , |EEE Transactions on Power.
'Delwery, Voiumes No. 3, pp. 923-930, July 19848,

16 Wiegart N et al, Inhomogennus Ffeld Breakdown m GIS The Pred:ctron
of Breakdown . Probabmﬁes and Voltages. Part i : fon Densily and Stalistical
" Time Lag , IEEE Transactions on Power Delwem Volume 3 No 3, pp 831-

© 937, July 1988 : :

_1?‘ Niemeyer L. ot al | The Mechanism OF Leade’r Braakdown In
* - Elactronegative Gases, IEEE Transact:ons on Eiectncal insutation, Vol. 24,
© Na.2 ,pp.309-324, 1989, - _ _

18, Pinnekamp F. and Niemeyer L, , Leader Dfscharges in $F6, Journal of

Physics B: Applied Physncs, Vol 16, pp. 1031-‘1045 1983,

" 19, Pinnekamp F. and Niemeyer L. , Quaiftative Madel of Breakdown in SF6
Coin mhomogenous Gaps , Journal of Physms Dy Appheci Physms Val. 16,
- pp1293-1302 1983. :

20 Pinnekamp F., The !nﬂuenoe OF The Vanous Dfscharge Parameters On
The Breakdown In Inhomogeneous SF6 Gaps , 31-04 ,Fourth lnternauonal

o Symposmm on High Voltaga Enginaertng, Athens, 1983,

. 21, Sigmond R, 8. ,. The Un:,aolar Space Charge Flow Prob.'em Joumat of
Electrcstatlcs Volr 18 pp 249-272 1936 . _

B '22 Sigmond R. S S:mpfe Approximate Treatment Cof Unipo!ar Space"-

. Charge Dominated Caronas The Werburg Lew and the Saturatfaa Current, =

Joumal of Appiied Phys:cs, Vol, 88, Ne.2, pp. 891-898 1982 L
23 Wintle H. J., Pofnt~Flane and Edge-P!ane Space. Charge Umffed Ffows, -

. IEEE Transacuons on E!ecincal lnsulahon Vol EI-21 _ Noa , bp. 355._' o

373 1986,

o 24 Wintls H.J." Space Charye Ltm:ted Currsnt In “The Nsed(e—P!ane”'
-'Geametry, Jouma! of Electmstattcs, Vol.19, pp. 25?-2?4 4987, . -

B



25, Davies A.J. , Discharge Simulation, \EE F'roceedlngs Val. 133 Part A,
no.4, pp. 217-240 1686. -

26, Date H. et al, Ana!ysis of the Electrort Swarm Parameters by uwng Fouffer
Transforms of the Boltzmann Equation, pp.B44-847, Proceedings of the Tenth
international Conference on Gas Discharges and their Apphcatlons

_ _Swansea, 1992

| 27, Mnrrow R., Theory of Positive Corona in SFG Due ToA Voﬁage !mpufse

TOEEET ransactmns On Plasma Sciencs, Vol, 19, no. 2, pp.86-84, 1991.

-28._ Morrow R,, Theory Of Positive Onset Corona Pulses In SF6, |EEE '
* Transactions On Electrical Insulation, Vol, 26 , no. 3, pp. 398-404 , 1891,

29. Morrow R. and Lowks. J.J. , Electrical Breskdown in Air and SF6,
Proceedings of the Fourth international conference on the Properties and
. Applications of Dielectric Materials, Paper No 4248 AUstraha. 1994

30, Morrow R. , Properties OF Streamers And Streamer Channefs In SF6 '
Physical RevlewA Vel 36, no. 4, pp. 1778-1785, 1987, '

- _Morro_w R., A Survey of the efectron and fon transport properties of SF6,
" {EEE Trans. Qn Plasma Science, Vol p5-14, no 3 ,pp. 234-239, 1986.

32. Morrow R, and Cram L.E. , Flux-Corrected Transport and Difiusion on &
" Non-Uniform Mesh , Journal of Computatlona! Phys;cs, Vol. 5? pp. 129-13&‘
. 1985 :

.38, Lu 4. and Raju G R. G Sb'eamer Fonnat:on and Monte Car}o Space-
. . charge Field Calculation in SF& IEEE Transagtions on Electrical lnsulation
Vol.28 , No.2 pp 2614270 , 1 993 :

- '_34 Liu J, and Reju 6. RG Simulation of Corona D;scharge~ Positive”
Corona in SF6., IEEE Transactions on - Dielectrics and E!ectnraf lnsulatmn. o
_ VDH Noa PR 530-537 1994 ' . . '

- 35, Liu J. ‘and Ra;u GR. G s:mufatron of Gorona D;schargeu Negative o
Corona in SF§ , \EEE Transactrons on Di elactnps and- Elactr!_cal _lnsulalion

. Vold No3, pp. 520-529 1994,

36, Peitgen H et al, Chaos and Fractafs New Front:ers of Sc:ence, Springer- |
'Verlag, 1992 . - o

.37 Mandelbrot B B The Fracta! Geometry afNature Freeman. 1983

" 38, Niemeyer st al, , Fractal Dimension Of tielectric Breakdown, Physucai .
: Review Letters Vaol. 32 no. 12, pp 1033-1036 1984, -

i



39. Pistronero L. Wesmann H.J. and Everstz C. , Scaling Properties Of
Growing Zone And Capacity Of Laplacian Fractals, Proceedmgs of the Sixth
Trieste International Symposium on Fractals in Physics, ICTP, Trieste, italy,
pp 158-163, 1985

40, Wlesmann H.J. and Pietronero L, Prsperﬂes of Laplac:an Fracta)‘s For_
Dielectric Breakdown In 2 and 3 Dimensions, Fractals In Physics,
Proceedings of the Sixth Trieste International Sympos;um on Fractals in
Physics, lCTP Tneste ltaly, PP- 151-157, 1985. _

41. Barclay et. al. , Stochastic Modeﬂmg Of E!ecfncaf Treemg Fractal And
- Statistical Charadensﬁcs Journal of Physms D Applied Physics, Voi. 23,
pp. 536-545, 1990 '

42, Eglzlno L. et'al , Fractal Description of Ef_ectﬁca!_ Discharges, pp.137-
144, QGaseous Dielectrics VI, Proceedings of the Sixth International .
Symposmm on Gaseous Dlelactncs Knoxwlle, 1290. -

43, Ghatterton P.A. , A Mode! For The Breakeown Of SF6 In The Presence Of
Positive Impulse Gomna, paper 31.07, Third lnternatlonal Symposuum on
_ Hagh Vuliage Engineering, Milan . 1979. _

- 44, Nitta T. and Shibuya Y, , ~nectrical Breakdown of Long Gaps in Sufphur
- Hexefluoride, \EEE Transactions on Pawer Apparatus and Systems Vol. PAS
90, pp. 1065-1071, 1970. _

" 45, Nelson J.K. et al. Corbne Stablfzation In SFBN2 Mmfurés Unde'r -
“Impulse Conditions, Proceedmgs Of The Third Intemationai Symposrum On
.Gaseous Dlalectncs Knoxville, Tennessee, 1982

46, Abdel Salam M.. et al. , Analvsis of posifive stafic corona-stabilised
breakdown voltage of SFB, Fart 1: Rising voltage-pressure characteristics

~* Paper AT8, IEEE PES Summer Meeting. Los Angeles, 1978,

. 47, Parekh H And Srivastava KD Some Compufatfons And Observatfons'
- On Corona Stabilised Breakdown !n SF6.. (EEE Transactlons On Electr]cal
Insulat;on El16,Vol. 2 , 1880, ..

48, Parekh H. And Srwastava K.D. , Effsct OF Ava!anche Space Charye Fleld.
On Thé. Calculation Of Corona Onset Voitage, EEE Trensactians On o

.Eiectrlcal lnsulation, Vol. EI~14 ro, 4 1979,

" 48, Anis H. and Srivastava KD. , Pre-Breaktown Dlscharges in Rad Plane
Gaps in SF6 Under Posilive Sw]ft:hmg Impulses, IEEE Transactlons on
Electrical lnsulatlon, Vol EMB No.5 .pp. 552-563 1981, - _

B0, Qi Y. et Al , Effect afmjected Sspace charges on the positive :mpulse ) :
breakdown of SFS in 8 point-plane gap , Journal of Physics D Applied '

o Physics, Vol.25 , pp. 326-328, 1982,

05



'51. Nelson, J.K. , Modification of Corona Stabifisalio in Electronegative
Gases by Low lonization Potential Additives, pp.175-183, Saseous Dislectrics
iV, Proceedings of the Fourth International Sympos:um on Gaseous
Dielectrics, Knoxville, 1984,

52, Mufti A H. at al, Corona Characferistics for Free: Conducting Pamcfes in
Various 3F6 Gas Mixtures , IEEE Transactions on Diglectrics and Electrical
lnsuiattun Vol 1, No. 3,pp 509-5'19 1994,

- 53. Fansh O.etal, The Streamerieader Tmnsmon Inr SF6 and SF6~Freon
Mixtyres, 32-03, Smth lniematlona[ Symposmm on High Voltage Englneering,
New Orleans, 1888,

B4, Van BruntR. J. And Misakiari M. , Mechanisms “ception OF D.C. An_d
60Hz A.C. Corona In SF6. [EEE Transacﬂons On & val Insulation, VoLE!- _
17 no.2, - 1982 .

~55, Van Brunt R.J. and Leop D., Charactenzaﬂon of Pomt—Pfane Corona -
Puises in 5Fs . Appl. Phys. , 52, 0.6588, 1981, '

56, Niemeyer L. et al, Phase Resolved Partial Dfscharge Mesurements in

" Patticle Gontaminated SF6 Insulation. pp.579-586, Gaseous Dielectrics Vi,

. Proceedings of ihe Sixth Imernationai Symposium on Gassous Dielectrics,

N Knomlle T 990

57 Fansh 0 ot al Prebreakdown Corna Processes fn 8F8 And SF6 .

- Mixtu.85, paper 31 15 Third Intemattonal Symposzum on ngh Voitage
Engtneerlng. Malan 1979. _

58 Dale $.J. and Wooton R. E , Effect OF Fixed Particle. Pmtmsmns On Bon_ _
CAnd Impulse Breakdown Vo!tage-Pressure Characteristics In SF8, Paper

3210, Thll‘d lnternataonai Sympos}um on High Voltage Enginaenng, Mllan

1979, _ _
- 59 Niemeyar L., A Generalized Approach To Partiai Dlscharge ".ﬂodellng v
{EEE Transactlons on Dielectncs and Electncal lnsulatlon, an 2, nod,
_ p510 1995 ' . _

'60. Rohg X, et al, !nﬂuenoe OF The Steepness or impufse Voftages on The”

Cororia Stabilization "I SFs: . Farky ernsdional Conference On Gas _

" Dlscharges And Their Apphca. o, Bwarisds, P96, 1902

81, Cooke C.M., Surface Flashover Of GasfSoﬁd Interfaces, Third
- -__lntematlonal Sympostum on Gaseous Dlelectrics Knoxwile $.337, 1982 '

'62. Wiegart N, , A Mods! for the production of Iniial slectrons by detackment
- ofSFs fons IEEE Transactlons, Vol. 20, p.587, 1985 -

- 106



63 Bhuit S. et al, Preliminary Investigations of Pos:twe-!mpufse Corana in
 SFg, Proceedings of the Tenth International Symposium on High Voltage
Enginesring, Montreal, pp. 363-366, 199?

64. Hidaka K., Progress in Japan of Space Charge Field Measuremenf in
Gaseous Dtefectncs Using a Pockels Sensor, |EEE Electrical Insulation
Magazine Val. 12, No.1, pp.17-28, 1986 . :

'85. Bhuit 8. et al, Corona Sfab!f sation In SF; Currenf Undarstandmg,
Proceedings of the Sixth South African Umversrt:es Power Eng:nee'ing
Gorrfarence pp.8-12, 1886, :

66, Bt S. et al, Corona Stabilsation in SFs : Modelling, Procesdings ofthe
Sixth South African Universities Power L—.ngmeenng ‘Confererice, pp‘13~

16,1996,

107



Bibliography

Amer RY. Gomputaﬂon Of Positive Corona Onset Volfage For Compressed
- Gases. Paper 32.12. 7'th International Syrrposlum on. H1gh Voltage-
Engineering, Dresden, 1991,

- Amer RY. B:eakdo-.am Vo!tage Of SF6 At High Pressure. Paper 32.13. 7’
International Symposium on High Voitage Engineering, Dresden, 1991

_ Bartnikas R. and Novak J. P. , On the Character of thferent Forms of Pamal -
- Discharge and their Refated Tennfnofog:es, IEEE Transactions on Electrical

~ Insulation, Vol.28 , No.6 , pp.956-867 , 1993

" Berger G. et al., Time Lags In SF6 Under Jmpu!se Conditions, Proceedings
Of The Third Intematmnal Sympusnum On Gaseous Dislectrics, Knoxville,
Tennessee 1982

.Boggs S.A. and Stone G.C. Fundamentaf Limitations In The Measurament
- Of Carona And Pariial D;scharge |IEEE Transactions Oh Electrical Insulation,
_ ve! EI-17 na.2 , pp.143-145 , 1882

" Boggs S.A, Sulphur Hexsfluoride - A c;amp!ex drelectnc. IEEE - Electrlcai
Insulation Magazlne v0l.6, no.1, 1980 :

Bohrne H sttﬂb.mon Of The Breakdown—VoItage Of Gas-!nsuiaﬂon with - -

' Sfightly Nonumform Fifsd - A Modef Concept. Paper 32,15, 7'th Intermnational
Symposmm on High Voltage Englnaermg, Dresden. 1991,

: Bouzuene A et al, , As.sessmenf Of Camna Modefs Based On Ths Deufsch
Appmxrmatfon Joumal of Physics D: Applied Physlcs, vol. 27 pp 320~329 _

. 1es4

o .Bouziane A Et al, Verification Qf Direct-Current Corona Models Empfoymg

. The Deutsch Approximation, pp.407-412, = Gaseous Dielecirics WV, -
- Proceadings of the Sixtﬁ lntemattonal Sympos:um on Gaseaus DIe!ecirrcs, e

. Knoxyille, 1990

__ Chalmers 1. D, et ai Resfnkes In SFB Gorora Channefs -3 Method of _- o

-~ Channel Flald Assessment Journal of Phys!cs D Apphed Physncs, Voi 22,

~ pp. 1821-1426, 1989

_-'Charukupaih S.E at al Mechanfsm of Prebreakdown Spacer Chargmg in -

Nonuriform Fields under Unidirectional Voltages, \EEE Transectlons on L

Efectrical Irlsulatian, Vol 25 Nod, pp642-854 1990

Danikes M. G The Definitions Used for Partial Discharge Phenomen a iEEE_ - y

Transacilons on E!e:ctncal In_su[atuon Vol.28 , No.6 , pp.1075~1081, 1993

8



s

De Urquuo-Carmona J, ot al, Time-Resoived Study Of Charge Transfer in
SFﬁ Journal of Physncs D: Applled Physncs Vol 19, pp. L207 1210, 1986

" De Kok, N.J. Redesign of oamputer mode! of breakdown in SF6 and
- deve!apment of computer model of partial discharges under impulse voltages. -
M.Sc. thesis, The University Of The Witwatersrand, 1992. _

Dincer M.S. and Aydin T. , Simufation of Limiting Field Behaviour in Electron
Swarms in SF6 N2 Gas Mixiures , IEEE Transactions on Dielectrics and
Electrical Insulation, Vol1 No. 1 ,pp 138-145, 1994 '

Elmourst A, A. and § Speck C. E., Simulation of Space Charge in Unbounded
Geometries, IEEE Transact:ons on Industry Appiications, Vol.28, NUZ-
. PR 384-392 1990 .

" Gilbert A, et. al. , Dislectric Behaviour Of SF8 Point-Plane Gap Subjected To
Fast Rising Impu!se Voltage, paper 25.04, 6'th Irternational Symposiurn on
High Voltage Engmeermg, New Orleans, 1989 '

. Glelck J. Chaos Making A New Science, Penguin, 1987,

- ‘Goldman M. and Goldman 4., Corona D:scharges Gaseous Electronics Vol |
1, editors lesh M.N. and Oskarn Hd. , Ac:ademic Press Inc 1978. pp 219-
285 S . :

Go!dman M and Slgmcnd RS, , Corona and fnsu!at:on, iEEE Transactions o
on Electnca! 1nsulat|on, Vol Ei—‘l? No.2 , pp.-90-105 , 1982 .

Hlesinger H: , Leader Braakdown For fnhomogeneow Fields In Gase Of VFT
Conditions.. Paper 32.08. %h Intemat:onal Symposnum on . H[gh Vo[tage
-Engmeenng, Dresden, 199‘1 _

_ Hutzler B. , Space Charges ln Large Air. Gaps 42-02 A'th lntamationa{ 3
: Sympos:um on ngh Voltage Engmeerlng, Athens, ’1983 '

igarashn H et al, A Boundary Element Ana!ys!s of Space Charge Fields in a

_ é._Corana Device , -IEEE Transactions. On Magnetics, Vol. 28, No. 2, March
lwamo‘to M. et al Ana{ys:s of Space Charge In Insulating Materals Under

- Non-Unifarm Electnc Fields, |EEE Transactzons on Eiectrlcal lnsulatlon,
VolEl-22, N04 pp. 419-424 1987 S o .

- Jones..). E And Dav.as M., A Cm‘fque Of The Deutsch Assumpﬂon, Journal cf- .
* Physics D Apphed Physlcs, vol. 25, pp.1 749—1759 1992 : _

109



Khan M.M. and Nema RS. , Effect Of Surface Roughness On The
Breakdown Fhenomena In SF6 And lts Mixtures, Paper 32.08. 7'th
International Sympasium on High Voltage Engineering, Dresden, 1991

Kuffel et. Al . Breakdown OF SF6 In Nonuniform Fleld Gaps Under Combined
D.C. Fast Osc.rffatmg impulse and Standard Lightning Impuise Voltages. IEEE
Transacﬂons On Flectrical Insulation, vol.28, no.2, 1893 -

.' Lakdawala V.K, Effect OF lomzaﬂon Processes On The Gorona Stabilization
Braakdown In SF6 and SF6-Mixtures, 33-11 ,4'th International Symposium on
- High Voitage Engineering, Athans, 1983 '

Luxa G, et. Al Recént Research Activity On The Dislectric Performance OF
" SF6 With Special Reference To VFTs CIGRE Report Vol 1, Paper 15-08,

~ Pp.106-120, 1988

' Lyk]ema JW and Evertsz C., The Lap!acran Randorm . Wafk Fractals In
Physics, Procesdings of the S:xth “Trieste Infernational Symposium on
Fractals in Physics, ICTP, Triests, italy, pp.B7-92; 4 985 B

'Mallk N.H. and Qureshi Breakdown Mechanisms In SFb‘ lEEE Transactlons
. on Electrlce! Insutation, Vol, El 13 Noa pp. 135 145, 1978

Mandelbmt B. B An Overvfew Of The Language Of Fractals , The Fractal _
~ Approach To Hetarogeneous Chemlstry, Avrtir D. Ed John Wley and Sons .
' _'1989 PP. 3—9 _ o

‘Matsumoto S. etal. , Non-uniform flashover mecﬁam‘sm :‘n SF6 gas under =

fast-oscillating and non-oscmatmg impulse voflages, paper 32.16, Sixth
. International. Symposium on High Voltage Engmeenng, New Orleans :
_ Augusb'September 1989 : _ .

‘Nema R. S. et, al. , A Unified Approach For Calculafion OF Breskdown
. Voitages OF Mixlures of Flectron-Aftaching Gases. Proceedings Of The Third
: international Sympesnum On Gaseous Dielectncs Knoxwlle Tennessee _

. 1982,

. 'Nlemeyer L A Stepped LeaderRandom Wa!k Model. qurna[ of Phystcs D Sl

Applied Phys:cs Vol. 20, pp.897-908, 1987

" Ortega P, at. 4., Predictive Modemng Of Positive Letader Propagation Under
Standard And - Oscfﬂatory Impulse. Shapes. Journal of Phyeics D: Apphed

Physics, vol. 27, pp-1233-1241, 1994

- Dsamu Y. et al Betzawour Of Space charge Pmduoed By Posrtwe fmpufse -

- Qorana, 41-04, 4‘th intematlonal Symposlum on ngh Voltage Englneering, o
Athens, 1983 E _ _

10



s

-’__h\. . A . . .._. )
5 ) o . Co -

Pedersen A. , On The Elecfnca! Breakdown Of Gaseous Dieisctrics - An
Engineeting Approach IEEE Transactions on Electrical Insulation, Voi 24,
No.5, pp 721-7’39 1989 _

'Pedersen A. et al The Theoty and Mesurement of Partial Discharge

Transients, \EEE Transactlons on Electncel lnisulation, Vol.26, NeS pp.487-
497, 1991 -

' Pedersen A, Cm‘ena For Spark Breakdown For Su!phur Hexaﬂuena‘e IEEE
: Transar*tlens on Power Apparatus and Syetema, Vol, PAS 89, pp.2043-2048,
. 1970

Preifer P. And O:bert M. , Fractals : Basic Conce, i and Tennfne!egy, The

Freictal Approach To Heterogenenus (.‘.lfaermstn,(1 Avnir D. Ed. , John Wiley

and Sons, 1989, pp.11-43 o
_Pfeiﬁer W, And Violker P, , Formative Tme'Leg Irr SF6 and Né Procuedings

. Of The Third Intematlonal Sympos:um On Gassous Dselectncu Knox\nlie
- 'Tennessee 1982 :

_.'Ffelﬁer W. And Lelti A. ; About The Va!fdtty Of Sreamer Mecnamsm in
- -Compressed Gases, Preceedmgs Of The Third international Symposuum On_ :
-"-Gaseeue Dferac’tncs, Knoxw]le Tennessee 1982

. Pompm M. et al, The Eﬁ‘ecr of the Definition Used itr Measuring Pamai_
. Discharge !ncepﬁon Voltages , IEEE Transactiens on Electncal In"u[atlon S
Vol 28 Nos Pp: 1002-1006 1993 - '

‘_""_Qlu Y. e, Al Breakdown Of SF8 And Some SFS Mmtures InA Pumt-Piane -
- Gap, - Paper, 32.09. 7'th International Symposaum on ngh VOltage
: _Engmeermg, Dresden 1991. - _ _ o

Rusck S, SF6 Other Gases, Engmeenng Appmach papar 32 00, Thard o
. intemailonal Sympeetum on ngh Veltege Engineerlng, Milan 197’9 '

o Satpathy S Dislectric Bmakdawn in Three Dimens:ons Proceedmgs of the -
- Sixth Trieste Internationsi Symposmm on Fractals in Physrcs ICTP Tr[este .

Italy, pp 173-176, 1985 oo

" Schmidt W.F. and Van Brunt RJ. | Camments on The Effect OF E:ectmnf |

Datachiment I Iniliating Breakdawn in Gaseous Dielectrics, Proceedings Of.

_ "The . Third International - Sympesium On Gaseoue Dtelecfncs Knoxviue. . : e
'_'_Tenr'mee 1982 o _ e

l

Schmidt W.F. and Hiliert H. , Electron Detachment From Negaﬁore lons OF
=~ SF6 And Its Relation To Efecfnc Breakdown. Paper,32. 06 ?"th International . - .

Symposium on ngh Ve{tage Engfneerrng. Dresden, 1801, -



Selim E.O. et al, Space Charge Modeﬂihg'in impulse Corona, 41—02, 4'th
_ Intemationa! Symposium on High Voitage Engineering.' Athens; 1983

Somerville 1.C. and Tedford D.J. , The Statistical Time-Lag To Spark
Breakdown In High Pressure SF8, Procaedmgs Of The Third International
Symposium On Gaseous Dielectrics, Knoxville, Tenngssee, 1982,

- Wetzer J.M. and Van Der Lean P.C.T. , Prebreakdown Currents : Basic -
- Interpretation And Time [Resolved. Measurements IEEE Transactlons On

Electrlcal Insulation, vol.24, no.2 1989

_Wetzer JM. and Van Der Laan P.C.T. Prebreakdown Ctirrents Basic
 interpretation and Time Resolved Measurements \EEE Transactions o
: E!actrlcal Insulation, Vol. 24 No.2 , m, 297—308 1989

| Yamamotn et al Behawour of Space Charge Pmduced By Pos:t:ve fmpulsc-

Corona, 4th Intematrqnal Sympos;um on High Voltage Er"g:neermg, Athens -

 paper41.04, 1963

_ YukK, W etal Computer Simulation OF Space Charye American Joumal of
Physncs Vol. 59 No. &, pp. 454-458, May1991 L

112:'



Author: Bhutt, Sanjeev.

Name of thesis: An investigation into methods of modelling positive inhomogeneous-field breakdown and discharge
processes in SF6 with emphasis on the corona stabilisation phenomenon.

PUBLISHER:
Unlversity of the Witwatersrand, Johannesburyg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (ocne machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or cmissions from the information on the Library website.



