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ABSTRACT

BreakdowncharacteristicsofcompressedSF,arestudiedtheoreticallyandexperimen-

tally.TheresultsareformulatedsothattheyareusefulintheinsulationdesignofSF,

gasinsulatedequipments｡

InChapterII,thedistinguishingtraitsoftheionizationprocessesinSF.arebriefed

andthecriterionoftheelectricaldischargeofthegasisformulatedbasedonthesingle

avalanchestreamermechanism.Strongdependenceoftheionizationandelectronattach-

mentcoefficientsofSF,onelectricfieldsimplifiestheformulationverymuch.Asa

resultofthesimplification.themaximumfieldstrengthatthedischargeinceptionorthe

breakdownofanarbitrarygapinSF,isexpressedasasimplefunctionofgaspressure

andthegeometricalshapeofthegap.SomeimportantpropertieswhichcliaracterizeSF6

gasoutofcommongases.suchasairandnitrogen,arededucedtheoreticallybythisfor-

mulationofthedischargecriterion｡

InChapterIll,thesetheoreticalconclusionsonthedischargecharacteristicsofSF6

arecomparedwiththeresultsofacanddcexperiments.Itwasshownthatthetheory

explainstheexperimentalresultsverywellatlowgaspressureswherethedischargechar･

acteristicisapurerepresentativeofthepropertyofsamplegas.Athighgaspres-

sures,however,thedischargecharacteristicisgovernednotonlybythepropertyofSF6

gasbutalso,moreorless,bythepropertyofelectrode.Experimentalbreakdown

voltageislowerthanthetheoreticalestimation･undertheeffectoftheelectrode.Thedis-

chargecharacteristicsatthishighpressureconditionarefoundtobeinfluencedbythe

surfaceroughnessandtheareaofthenegativeelectrode｡

TheeffectofelectrodesurfaceisstudiedinChapterIV.Microscopicirregularitiesor

protrusionsontheelectrodeenhancetheelectricfieldattheveryvicinitiesofthem.As

farastheelectronmultiplicationprocessintheenhancedfieldconcerns,theeffectof

theprotrusionsonthebreakdownvoltageisappreciableonlywhentheheigl!tofthe

protrusionexceedsacriticalvalueoftheorderoflOμwhichisafunctionofthegas

pressure.Whentheeffectoftheelectrodesurfaceisappreciableonthedischargecharac-

teristicsofagap,verylowprebreakdowndarkcurrentoftheorderof10‘9t010-sA

isobservedexperimentallydependeingontliegapcondition.Breakdownofthegapunder

theeffectofelectrodefollowsoneofthepulsativedarkcurrentwhichattributedtothe

effectofaprotrusionontheelectrode.Sincelargeelectrodehasmoreirregularities

-1-



statistically,theeffectoftheareaofthestressedpartoftheelectrodeonthebreakdown

characteristicsissuggestedinthischapter｡

Theresultofthestudyonthestatisticaldistributionofthebreakdownvoltagesand

theeffectoftheelectrodeareaarcpresentedinChapterv.Statisticaldistributionofthe

breakdown‘voltagesofSF6obeysWeibulldistributionratherthannormaldistribution

undertheeffectoftheelectrodesurface.Thefactshowsthatthebreakdownisgoverned

bythestatisticalpropertiesoftheweakpointsinthegap.asexpected.Thecriticalcon-

ditionwhetherthebreakdowncharacteristicofagapisinfluencedbytheelectrodeor

notisdeterminedasafunctionofgaspressureandtheareaofthestressedpartofthe

negativeelectrode.AstheresultofthestatisticalstudyoftheareaeffectofSF.,the

reductionofthebreakdownvoltagefromthetheoreticalestimationisexplainedquanti-

tativelysothattheinsulationdesignofapracticalgasinsulatedequipmentcouldbe

doneusingtheresultsofsmallscalelaboratoryexperiments｡

InChapterVI,voltage-timecharacteristicofthebreakdowninSFfiisstudiedfor

impulseandswitchingsurgeappliedvoltages.Thecharacteristicisclassifiedintothreepat-

ternsdependingonthegapconfigurationandgaspressure.Thecriterionthatthebreak-

downcharacteristicofagapisclassifiedintooneofthesepatternsandthedetailedpro-

pertiesofthev一tcharacteristicofeachofthesepatternsarepresented.Theresultsare

generalizedasasemi-empiricalformulawhichwillbeusefulinthequantitativeevaluation

oftheinsulationco-ordinationandtheabnormalvoltageprotectionofSF.gasinsulated

powerequipments.
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§1.SF,asGaseousDielectric

I.INTRODUCTION

S･】furhexafluoride(SFg)wasfirstintroducedbyMoissanandLebeauin1900when

theyburnedsulfurinfluorineぺ1]Thesulfurburnedwitha“lividflame",andthegas

productwasfoundnottoattackglassinspiteofitsrichfluorinecontent.Studiesshow-

edthatthegasisquitestablechemicallyanddoesnotreactevenifitisheatedinthe

presenceofvariousmaterials.Thegaswasonlypartlydestroyedbyelectricarcing｡

Itwasnotuntil1937,though,thatCharltonandCooperpointedoutthehighdie-

lectricstrengthofthegas.[21In1938,CooperappliedforU.S.pattentontheuseof

SF63sagaseousdielectric.【3】SF6gashasbeenproducedcommerciallysince1947in

theUnitedStatesandlaterinmanyothercountries｡

Gaseswithhighmolecularweightusuallyhavehighdielectricstrengthぺ4]However

whetherornotagasissuitableforelectricinsulatingpurposesdoesnotonlydependon

itsdielectricstrengthbutonthefollowingphysicalandchemicalproperties.15,61

a.Chemicalinertness

Thegasshouldbechemicallyinert.Atleastitshouldnotattackthematerialscom-

morilyusedinhighvoltageequipmentsuptothehighestpossibletemperature.

b.Lowcondensationtemperature

Condensationtemperatureofthegasmustbeloworthevaporpressureattheope-

ratingtemperaturemustbehigh,sothatthegascanbeusedatelevatedpressures

withhighdielectricstrength.

c.Non-toxicity

Thegasanditschemicalproductsunderthenormalandabnormalconditionsshould

benon-toxictoassurethesaftyoftheequipmentinwhichthegasisutilized.

d.Thermalconductivity

Thegasshouldhavehighheattransfercoefficientsoastotheheatproductionin

theequipmentiseffectivelyremovedbythegas.

e.Availability

Ofcourse,thegashastobereadilyavailableandnottooexpensive.

-1-



Amongmanygaseshavinghighdielectricstrength,SF6hasalmostallthefavorable

propertiesasgaseousdielectricandhaswidelyacceptedfortheinsulationofhighvoltage

equipments.【71ThedielectricstrengthofSF.istheorderofthreetimeshigherthan

thatofcommongasessuchasairandnitrogen.Thegasisveryinertupt02000Cin

contactwithmostmaterialsinhighvoltage.equipments.Thevaporpressureisabove7

atmat-200C.Thehighvaporpressureatlowtemperatureallowstheinsulationofan

equipmentathighgaspressure｡

SF,isnon-toxic.However,caremustbetakentothedecompositionproductsby

electricarcinginthegas.Theyhavemoderatetoxicitybutcanberemovedeffectivelyby

someabsorbent.[5]

Mostofgasesdonottransferheataswellasliquid.Moreover,gasesoflow

molecularweightusuallyhavemuchhigherthermalconductivitythanthosewithhigh

molecularweight.However･SFatransfersheatmostlybyconventionandoverallheat

transfercoefficientisknowntobegreaterthanthatofheliumandhydrogenべ8]

§2.ApplicationsofSFainPowerEquipments

TheearliestapplicationofcompressedSF6gasinsulationwasinelectrostaticgenera-

torsandx-raymachines.【91Thentheapplicationisextendedtoelectronicsandpower

industries.[5,10]

Thegashasbeenwidelyusedoverthelast20yearsinpowercircuitbreakers.In

theapplication,SF.gasisusedasaninsulantaswellasanarcquenchingmedium.As

thesamekindofapplication･SF6lightningarresterisalsodevelopedandintroducedin

thefieldquiterecently.【111

Thegasproveditssupremeimportancebytherecentintroductionofhighvoltage

gasinsulatedpowersubstations.[12-16]Whiletheprincipaladvantageofthegasinsu-

latedsubstationsistheircompactness,theprefabricationinthefactoryreducesfieldin-

stallationcostandtheymaybemoreeconomicalthanconventionalstationsevenexclu-

si゛eofthesavinginspace.[17]AgreatnumberofSF.gasinsulatedsubstationsare

nowinoperationinJapanatthevoltagerangingfrom60to500kV.[181

Gasinsulatedpowertransmissionsystemisanotherpromissingapplicationofthegas

asadielectric.[19]Thesystemisexpedientforveryhighpowertransmission.Though

thedevelopmentfirststartedinJapan,【20,21]theapplicationisparticularlyaccepted

2-



andseveralsystemsareinoperationintheUnitedStates.[22-241

Sofar,itcanbeseeneveryindicationthatthedemandfora110fthesegasinsulat-

edpowersystemswillcontinuetoincreaseinthefutureinJapanandallovertheworld.

§3.ScopeofthePresentWork

ThesehighvoltagepowersystemshavebeeninsulatedbymineraloUandatmospheric

airinconjunctionwithsolidinsulationformanyyears.Andasamatterofcourse,they

aredesignedtogivefullplaytothemeritsoftheseinsulatingmaterials.Co汀espondingly,

newdesignsofSFfigasinsulatedsystemshavetobecoordinativewiththepeculierdis･

cliargecharacteristicsofcompressedSFfigasarisingasaresultofthestrongelectron

affinityofthegas thetendencytoattachfreeelectronstoformheavynegative

-3-

ions.CompressedSFfigasinsulationisalsospecialtotheo】dairinsulationschemebe-･

causethehighdielectricstrength,hencethehighelectricfieldattheelectrodesurface

yieldsastrongelectrodeeffectonthebreakdowncharacteristicsofthemedium.

Toattainwellrefinedinsulationdesignofthesepowersystemstotaketheadvantage

ofthepropertiesofSF,,theelectricalbreakdownofSF,havebeenstudiedexperiment-

allyinmanylaboratoriesonvariouselectrodeconfigurations.

Inthefirststageofthestudy,agreatdealoftheeffortswerestressedonthe

characteristicsofverynonuniformfieldgaps,whosebreakdownvoltagehasunusualnega-

tiveslopeupongaspressure.[5,10,25-31】Breakdownfieldstrengthofuniformfield

gapsinSF6were,ofcourse,anotherpointofinterestasabasicinsulationpropertyof

thegas.[32.33]

Researcheffortswereextendedtomoregeneralfactorswhichinfluencethebreak-

downcharacteristicsofthegas,suchastheshapeoftheelectrode,electrodematerials,

impurities,appliedvoltagewaveform,breakdowntimelagsetc.[34-38]Anumberof

dataoflargescaleexperimentsuptotheextra-higli-voltagelevelarenowavailablein

public.[39-42】

Inspiteofalloftheseresearchefforts,theunderstandingofthebreakdowncharact-

eristicsofSFfiisstil】farfromcomplete.A】thoughafewattemptstoformulatebreak-

downvoltagesofsimplegapsasafunctionofthegeometricalconfigurationandgaspres-

sure.[43-49]verylittlehasbeendonetounderstandandformulatethecharacteristics

ofthegasinmoregeneralform'tobeapplicableforpracticalinsulationdesign,neither



ontheoreticalnoronempiricalbasis.

Thefirstaimofthepresentworkistoformulatetheoreticallytheelectricaldischarge

characteristicsofSF.inasimpleform,sothatwecanforetellthebreakdowncharacte-

risticsofagivengapofarbitrarygeometry.Theresultsofthetheoreticalapproachwere

testifiedbylaboratoryexperimentsinvarioustestconditions.

Theresultsofthesmallscalelaboratoryexperimentsandtheirtheoreticalformulatioり

usuallyfailstoexplainthebreakdowncharacteristicsoflargepracticalgasinsulatedequip-

ments.Becauseofthisscaleeffect,thedesignofthepracticalequipmentshavehadto

bedonebyfullscalemodelexperiments,althoughmostofthesedevelopmentaltestsare

usuallynotreportedinpublic.

Thesecondaimofthepresentworkistoclarifythebasiclawwhichgovernsthe

scaleeffectofthedischargecharacteristicsofSFandobtainatheoreticalbasistothe
6●

interpretationofthebreakdowncharacteristicsinactualapplicationconditionintermsof

smallscalelaboratorytestdata.Theeffectofmicroscopicirregularitieswhichareinevi-

tableonthesurfaceoftheelectrodearediscussedquantitativelybytheaidofWeibull

statisticsastheoriginofthescaleeffectofelectrode.

Thirdly,timefactorinvolvedinthebreakdownprocessinSF6isstudiedasthevolt-

age-timecharacteristicforimpulseandswitchingsurgeappliedvoltages.Theresultsare

generalizedasasemi-empiricalformulawhichwillbeusefulinthequantitativeevaluation

ofinsulationcoordinationandabnormalvoltageprotectionofSF.gasinsulatedpower

systems.

Asawhole,thepresentworkisdevotedtoformulatethebreakdowncharacteristics

ofSF.tobeusefulforpractical･application.ThemechanismofthebreakdowninSFfi

isoutofthereachoftheworkandonlytakenintoconsiderationasthebasisofthe

aboveformulation.

Therearemanyfactorsotherthanthegasandelectrodeswhichwillbeimportantin

gasinsulation,suchasthedustparticlesunavoidableintheenclosure,[50-55】thesolid

insulatingsupporttoholdthelivepartmechanicallyfromtheground.[38,40,56-59]

However,theinterestofthepresentworkislimitedtothebreakdowncharacteristicsof

pureSi^6withoutanydetectableforeignparticlesorsolidinsulation.Inthepractical

●
designofgasinsulatedequipments,specialcaremustbetakenofthesefactors.
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§1.Introduction

II.DISCHARGEPHENOMENAINSFg[47]

Gasmoleculeswhichhavehalogenatomsintheirstructuregenerallyhavestrong

tendencytoattachfreeelectronstoformnegativeions.Becauseofthiselectronaffinity,

electricaldischargecharacteristicsofSF,aredifferentfromthatofcommongases｡

Theprimaryionizationprocessinacommongasdielectricisionizationbycollision

betweenneutralgasmoleculesandfreeelectronsacceleratedbytheappliedfield.The

numberofnewelectronionpairsincreasesquiterapidlybythisprocessbuildingupan

avalancheofelectrons.Inanelectronegativegaswithstrongelectronaffinity.theelectrons

producedinthiscollisionprocessareattachedbyneutralmoleculresveryeasily.Several

investigatorshavestudiedonthenegativeionformationinSF,.adetailedsummaryis

presentedbyNaiduandPrasad.[60]Mostabundantspeciesproducedbytheattach-

meritprocessareSF6iSFj‘andF-.SF6'isformedasaresultofresonancecapture

processwhichfo°flSexcitedions(SF^*whichisthenstabilizedbyacollisionwitha

neutralmolecule.

e十SF6之(SF6う* →

SF6

SFfi

TheformationofSFs'isbymeanofadissociativeattachmentprocessoftheform;

e十SF6→SF;十F

TheionF'isformedindissociativecaptureofthetypeas;

e十SF6→(SF5十Fつ,(SF4十F十Fつ

Oncetheelectronsarecapturedtoformthesenegativeions,theycannotgainsuf-

ficientenergytoionizeneutralmolecules.Thustheattachmentremovestheelectronsfrom

thedischargeprocessandtendstopreventthegrowthoftheavalanche｡

GeballeandReeves[331appliedTownsend'smechanismtothebreakdownofelect-

ronegativegasessuchasSF6andobtainedthecriterionofuniformfieldbreakdownas;

5



7a
-
a-T?

【expI(a-rj)dI-1]･･゜1 (1)

Fromthisequation,theyshowedthattheuniformfieldbreakdownvoltagehasanasymp-

toticvalueofE/Pandthelimitingvalueisgivenbythecondition;

a=1?
(2)

whereEistheappliedelectricfield,pgaspressure,atheTownsend'sfirstionization

coefficient,rjtheattachmentcoefficientofthegasand7istheprobabilityperpositive

ionofliberatinganelectronfromthecathode.Theconditionhasbeenverifiedexperimen-

tallybyGeballeandReeves[331,CroweandDevins[61],BhallaandCraggs162]and

otherpeoplefor10wpdregion,wheredistheelectrodeseparationofthegap.Itis

knownthatthecriteriondoesnotholdathighpdregion.Thedisagreementisexplained

astheeffectofthefieldemissionofelectronsfromtheasperitiesonthesurfaceofele-

ctrode,[62,63]andveryslightfieldenhancementattheroundededgeoftheelectrode･

[64,65]

Recently,Perdersenextendedthecriterioninequation2tothenon-uniformfield

gapsandobtainedthefollowingequationasthecriterionfortheTownsendbreakdown

ofanelectronegativegas.【451

7J:“p【j':(‘l‾η)dx]d)c°.1 (3)

ThesecondaryprocessinTownsend'smechanismwillbeverysensitivetothecondi-

tionoftheelectrodeandgasimpurityandtheabovecriterionwillonlybewelldefined

undercarefullycontrolledlaboratoryconditions.However,thebreakdownofSF,under

practicalconditionswillbeexplainedbystreamermechanismratherthantheTownsend's

generationmechanism.Thestreamertheoryassumesthatthegrowthofasingleelectron

avalancheresultsintheformationofthefastmovingstreamerfromtheavalanchehead｡

Thoughqualitativetheoryofstreamerformationhasnotyetbeenwellestablished,

Meek[66】andReather[67]assumedthatthecriterionofstreamerformationisfulfUled

WllCIIihespacecharge函idattheheadofanavalancheissufficientlyhightoproduce

secondaryavalanchesintheenhancedfield.Thiscriterionisequivalenttothecondition

thatthenumberofelectronsinanavalanchereachestoacertaincriticalvalue.They

appliedthecriteriontonon-attachinggasesandprovedtobeingoodagreementwithex-

perimentsforrelativelyhighpdregion.
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ThecriterionisappliedtothedischargeinSF6･byTakuma･[46]Pedersen145】3"d

thepresentauthor･【47],Independently.Thepresentauthorshowedthatthestrongelect-

ronaffinityandotherphysicalpropertiesofthegassimplifytheformulationofdischarge

voltageforuniformandnon-uniformfieldgapsverymuch.【47]Thecriterionexplained

theexperimentswellforacertainlimitedconditions.Itisshowninthischapterhowthe

criterionisappliedtotheelectricaldischargeofSF,.Someofthepeculierbreakdown

characteristicsofSF6areexplainedtheoreticallyusingtheaboveformulationofthebreak-

downordischargeinceptionvoltageofthegasinthelastpartofthechapter.

§2.DischargeCriterioninSFfi

2-IElectronAvalancheinSF,

Electronmultiplicationprocessbyco】lisionionizationinelectronegativegasestakes

placeintheregionwheretheionizationcoefficientaexceedstheelectronattachment

coefficientη.Whenaninitiationelectronofanavalanchestartsfromthemostfavorable

position,theaveragenumberofelectronsintheavalancheNisgivenbythefollowing

relation.

InN=にMa-T?)dx (4)

Herex(cm)isthedistancefromthesurfaceoftheelectrodewhichgivesthemaχimum

electricfieldmaxandxcisthevalueofxwherea=Tj.Incasethattherelationa>r]

holdineverypartofthegap,''cisthespacingofthegap｡

Valuesofafpandη/pforSF,asfunctionsofE/phavebeenmeasuredbyGeballe

andHarrison【68】andBhallaandGraggs.[621Figurelistheresultofthemeasure-

mentbyBhallaandCraggsat5mmHgpressure.Becauseofthepracticaldifficulty,there

isnoexperimentaldataavailableontherelationatthepressureshigherthanatmospheric.

But,inprinciple,therelationhaslittledependenceongaspressure｡

ItshouldbenotedthatthevaluesoIa|≪and7?/pinFigurelareapproximatedas

thefollowinglinearrelationsataroundthecrosspointofthetwocurves.

alp=23(E/p)-1250(cm''･atm-')

rj/p=-4(E/p)+1150(,")

-7-
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Fig.1IonizationandAttachmentCoefficientsofSF,astheFunctionof

ElectricField

Therelationbetween(a-n)andE/pforSF6iscomparedv/iththatofairin

Figure2.ThevalueofE/pata=7?forSF6isabout3timesthatforair.Thiscomes

fromthefactthatthevalueof1}ofSFfiisextraordinarilylargewhereasαisnotso

differentfromthatofah･.Thestartofanelectronavalanchenaturallyrequiresαtoex-

ceed7?,atleastinacertainpartofthegap.Thisisthesimplestreasoningforthehigh

dielectricstrengthofSF6｡

AttentionmustbepaidtothegradientKoftheselinearrelationsatthepointof

α゜7?.ThevalueofKforSF,isseveraltensoftimeslargerthanthatforair.Thefact

meansthatthevalueofNinequation4islargeenoughtosatisfythecriterionof

streamerformation,whenE/pslightlyexceedsthecriticalvalue(E/p)･-thevalueofE/p

ata=T?｡

Fromequation5･therelation0f(゜-77)Ipvs.tlpforSF6c°beapproximated

bythelinearrelation;
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Fig.2(a-i?)/pvs.E/pOiaracteristicsofSF,andAir

V=叶

K=27(kV-')

(E/p)｡｡it=89(kv/cm･atm)

(6)

Substitutionofequation6toequation4givesthenumberofelectronsinanavalanche

inSF.as;

InN=K【J:cﾌE(x)dx-(E/p)｡it･p･xc】

-9-
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_加N�t
Vd-ﾏ 十(E/p)｡it･p･d (9)

(8)゛(E/p)a

Hence･theblでakdownvoltageV.isexpressedasafunctionofpdas;

Thebreakdownvoltageforuniformfieldgapisexpressedasafunctionofpdand

therelationcorrespondstoPaschen'slawofbreakdownvoltageforlargepdregionwhose

dischargecharacteristicsaregovernedbythestreamertheory｡

Foranonuniformfieldgap,breakdownvoltagecanbeobtainedbysolvingthefollow-

ingequationssimultaneously,providedtheelectricfielddistributionfunctionE(x)ofthe

gapisknown.

(10)

10--

゜(E/p)

crit

加Ncrit

-
K

十(E/p)crk･p･''c

2-2.FormulationofDischargeCriterionofSF.

CriterionofelectricaldischargeinSF.bystreamertheoryisfulfilledwhenNreaches

acriticalvalueN.,.RaethershowedthatthevalueofN�tisscarcelydependentonthe

kindofgasandhasthevalueoforderof108,regardlesstheuniformityofthe

distributionofelectricfield.【671

Applicationofthiscriteriontothebreakdownofanarbitrarygapclaimstheknowr

ledgeontheelectricfielddistributioninthegap.Thesimplestexampleisanuniform

fieldgapinwhichEisconstantthroughoutthegapand＼isequaltothegapspacing

d.Inthiscase,equation7issimplifiedaS;

加N°K[E-(E/p)｡･p】d

PuttingN°Ncrit,breakdownfieldstrengthEdisobtainedaS;

Ea/p=|ぺた1!

E(xc)

-

j:cE(x)dx=

v. =jdE(x)dx



Theequationshavebeensolvedforafewsimplenonuniformfieldgapsbytheaid

ofelectroniccomputersandtheresultsexplainedtheexperimental.resultsverywellat

relativelylowgaspressure.【45,46,48]However,thedirectsolutionofeqution10for

anarbitrarynonuniformfieldgapwithcomplicatedfielddistributionisnoteasyeven

withtheaidofanelectroniccomputer.Thecalculationincludestheelectricfieldanalysis

whichgivesprecisefunctionofE(x)ofthegapandthesolutionoftheintegralequation

10｡

Fig.3istwoexamplesofthenumericalcalculationofに(a-7j)dxatbreakdown

ordischargeinceptionvoltagefor5cmdiameterspheretospheregapatthespacingof

d゛0.5cmandpressureofland2atm(absolute),respectively.[45]Atatmospheric

pressure,thebreakdowncriterion10isfulfilledatthevoltageof45.2kVandthe

avalancheleadingtobreakdowncrossesthewholegap.Thistypeofbreakdowniscalled

streamermechanisml.0ntheotherhand,forthepressureof2atm,thebreakdown

equationissatisfiedatthevoltageof89.4kVforanavalanchelengthofonlyafraction

ofthespacing.ThistypeofbreakdowniscalledasstreamermechanismII｡

Thegapwhosebreakdowniscausedbystreamermechanismlislimitedtofairly

uniformfieldgapsinSF,.Asfarasthebreakdownvoltageconcerns,thegapcanbe

(
8
)
Ｚ

工

03Q4Q5

(cm)

Discharge

Criterion

Fig.3TwoTypesofstreamerMechanismofNon-Uniform

FieldBreakdowninSF6[45]
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lookeduponasanuniformfieldgapofthesamegapspacingwithsufficientaccuracy･

Theunifomifieldbreakdownvoltagebyequationgatlatmpressureis45.3kVinstead

of45.2kVcitedabove.Fromthispointofview,anynon-uniformfieldgapbreakdownin

SF6canbeconsideredasinstreamermechanismII｡

ThispropertyofSF6qualifiesaverysimpleapproximationinsolvingequation10

foranarbitrarynon-uniformfieldgap-Theapproximationformulationofthebreakdown

ordischargeinceptionvoltageofanon-uniformgapinSFeisdiscussedinthefoUowings｡

Whendischargevoltageisappliedtoagivennonuniformfieldgap,theaxialfield

strengthnearthetipoftheelectrodeissupposedtobeasinFigure4.Sincethevalue･

ofKinequation6isverylargeforSF6incomparisonwiththatofcommongases,itis

easilyunderstoodthatNreachesthevalue

requiredforstreamerformation,N�twhen

E^ax/Pe)cceeds(E/p)&byaverysmall

amountand△E/pinFigure4issmallin

comparisonwith(E/p)crit.Fromthisreason,

ELECTRIC

a一一-

thedistance"cissmallformostnonuniform｡(B･)cri↑P

fieldgapsofinterest,andthefielddistri-

butionE(x)iseffectiveonlyinthevicinity

ofthetipoftheelectrodeforthestreamer

formationcriterioninequation10｡

Theelectrodesurfacewhichgivesthe

maximumfieldissupposedtobesmooth

andtheradiiofcurvaturesintwodirections

orthogonaltoeachotheraretobeR.and

Xc
DISTANCEX

Fig.4ElectricFieldDistribution

intheVicinityofEmaχ

R2.1nthevicinityoftheelectrodetip,electricfluxisapproximatedtoflowinthe

directionperpendicular‘･totheelectrodesurface.Thentheelectricfieldstrengthatthe

pointx(cin)distantfromthetip(X<<R)isapproximatedbythefollowingequationas

showninFigure;5.

E(X)=

(1十

E

maχ

こ

Ri

)(1十 か
(11)

Since"cisgenerallyverysmallcomparedwithRiandR2inSF,.equation11can

beapproximatedasinequation12intherangeofO<X<xc･

- 12-



Here;

aS;

Em｡χ･RI･R2･deidOs

atEW･(Ri+ｴ)(R2十JOdeidOz

Fig.5FieldStrengthintheVicinityofElectrodeSurface

E(X)=

-
こ

(1

Emaχ

-

+ﾕ)2

R

1

-
2

(

ﾆ

Ri

十

二

R2

)

(12)

(13)

Substitutingequation12tothefirstrelationinequation10,thevalueof"cisgiven

)cc°R(

立

･1) (14)

Substitutionofequations12and14tothesecondrelationinequation10yields;

(E

maχ

)

d

- =( -

て匹ご
い√9瓦

)crit(1十

k

＼/Wp

k2
-
4R･p

=0.175(atm゛･cm゛)

)

(15)

Inmostofthepracticalelectrodeconfigurations,thevalueofk/vTirpissmallincom-

parisonwithunityandequation15isapproximatedas;
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(E

maχ

)

d

- =( - )�t(1十
k___

√ri7

)

(16)

Equation15or16showsthemaximumfieldinthegapatthestartofanelectrical

dischargeexpressedasafunctionofgaspressureandtheequivalentradiusof

curvatureoftheelectrodeR｡

Dischargeinceptionorbreakdownvoltageofthegapisobtainedusingtheutilization

factoru一theratiooftheaveragefieldEavandthemaximumfieldEmaxofthe

gap一asinequation17.

Vd°(Eav)d'd°(Emax)d'11°d

_Eavu一-

max

Puttingequation16and17together;

Vd°(

E

-
p
)crit･u･p･d･(1十

§3.BasicDischargeCharacteristicsofSF,

(17)

)

(18)

14-

k

√呵‾

Since(E/p).,andkaretheconstantsinherenttothegas,dischargevoltageofanarbit-

rarynonuniformfieldgapisgivenbytheknowledgeoftheutilizationfactorofthegap･

SomeoftheimportantdischargepropertieswhichcharacterizeSF^outofcommon

gasessuchasairareexplainedtheoreticallybytheformulationofthedischargecriterion

discussedintheforegoingsections.Moredetailedexperimentalstudiesonthegaswillbe

presentedinthesucceedingchapters.

3-IConstantEa/PinUniformFieldBreakdown

ThecomparisonofEd/pvspdcharacteristicsofuniformfieldgapforSF6andair

isshowninFigure6afterNarbutetal.[36]Thetheoreticalcurvebyeqμation8is

givenbydot-dashlineforSF,takingKn.as108.Thecoincidencebetweentheexperi-

mentalresultsandthetheor＼'isverygood.
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Fig.6Breakdov″11FieldStrengthofUniformFieldGapinSF6゛dAir【36】

Oneimportantch3｢acterspecialtouniformfieldbreakdowninSF6comesfromthe

verylargevalueofKinequation8.Thefirstterminequation8islessthan5percent

ofthesecondtermforthevalueofpdhigherthan0.14atm･cm.Whilethecorrespond-

ingpdvalueforairisabout1.8atm･cm.ThisisthereasonwhythevalueofE./Pfor

SF.canbelookeduponasconstantovertherangeofpdofpracticalinterest.

3-2ImportanceoftheMaximumFieldStrength

Narbutetalfirstpointedoutexperimentallythatthedischargevoltageofnonuni-

formfieldgapisverymuchdependentonthemaximumfieldstrengthinthegap-【361

1tcanbeunderstoodfromthefactthatforrelativelylargeradiusofcurvatureofelect･

rodeRandhighvalueofpressurepthesecondterminthebracketin･equation150r

16isnegligible.

Then;

(E

m｡χ

)

d

-
゜(E/p)

crit

- 15-

(19)



o

{
>
I
V
3
d
A
H
}
B
Q
V
i
l
O
A

○5
Z
弛
O
O
ｙ
く
山
l
a

○

○ 8

(20)

2 3 4 5 6 7

しRADIUSOFSPHERE(cm)

Fig.7acBreakdownVoltagesofSphere-SphereGapasaFunctionofSphere

Radius【471

Figure7isthecomparisonofthebreakdownvoltagesofspheretospheregapof

variousdiametersatp°latmandd=Icm.Thebreakdownvoltageofairis'notso

stronglyinfluencedbythenonuniformityoftheelectricfieldandkeepsanalmostcon-

stantvaluedowntothesphereradiusequaltothespacingofthegap-0ntheother

hand,slightnonuniformityoffielddistributionreducesthebreakdownvoltageconsiderably

inSF,.Solidlineinthefigureisthecalculatedcurvebyequation16｡

1tshouldbenotedthatequation19doesnotcoincidetoequation8foruniform

fieldgapinwhichRisinfinity,sincetheapproximationinvolvedinequation16isvalid

onlywhenXc≪くd｡

IEquation19explainstheimportanceofthemaximumfieldstrength,hencetheuti-

lizationfactorofthegap･inthedischargeinSF,.DischargevoltageVdforagivennon‘

uniformfieldgapoffieldutilizationfactoruisapproximatelygivenas;

Vh°(E/p)｡it‘11°p°d

FromthisparticularcharacteristicofSF.･aslightlyrionuniformne】dgaphasquitedif‘

ferentdischargephenomenafromthatofuniformfieldgap-Thispropertyisdiscussedin

detailbyPedersenctal.[65]
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3-3SaturationofBreakdownVoltagewithGapSpacing

Independentofthee】ectrodeconfiguration,V^showsverystrongsaturationtendency

withtheratioofthegapspacingdandtheradiusofcurvatureoftheelectrodeR.This

isoneofthemostcharacteristicfeatureofthebreakdowninSF6｡

Thesaturationtendencycanbeunderstoodfromthefactthatudecreaseswiththe

increaseofd/R,andu･dconvergestoaconstantvalueinequation18.Inthecaseofa

spheregapofradiusR,thissituationiseasilyanalyzedasfollows.Whenthegapspacing

dofaspheregapislargeenough,thefieldstrengthattheelectrodesurfaceofpotential

vconvergestothefieldstrengthofaconductivesphereofthesamepotentialvinthe

infinitespace.Thatis;

Emaχ→V/R

TheaveragefieldstrengthEavisgivenasEav°V/d.

u･d=(
)

d→R

-

)=V

｡･.≪p
(21)

E

av

-
E

maχ

Thus,fromequation18,thedischarge‘voltageofaspheregapofsufficientlylargespacing

ISgivenas;

Vh°(E/p)｡,it･p･R(1十
_k

√R“

Thisbringsustotheconclusionthatthedischargeinceptionvoltageofaspheregapof

radiusRconvergestov｡,spwhendtendstoinfinity‘Itisnoteworthythat°
°.5pis

givenasafunctionofpRand,0fcourse,independentofgapspacing･

Whendisnotsufficientlylarge,v.canbeputas;

vd°g°V･･,sp(22)

Here,g(=ud/R)isafunctionofonlytheratioofdandR,asuisafunctionof

d/Rfromthesimilarityrelationoftheelectricfield.Usingthefieldcalculationsofa

spheregapbyRyanandWalley,【69】d/RdependenceofgisplottedinFigure8.1tis

quiteobviousthatthed/Rdependenceofginthefigurebringsthesaturationtendency

ofdischargevoltage.
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10

Asimilardiscussioncan･begivenforanarbitrarynonuniformfieldgap.But,for:･

mostofnonunifornifieldgaps,thevalueofgandtheexpressionofv,χcannotbeOb-

tainedanalytically.AccordingtothefieldanalysisonrodgapbyAbou-SeadaandNasser,

【701theasymptoticvaluev｡forrodgapisabout1.7timesthatofspheregap･

^oo.rod゛1.7°(E/p).-R-pd十 -
√R‘7

)

(23)

Theva!ueofgforrodgapisplottedbydashedlinesinFigure8,usingtheresult

offieldanalysisinAppendixl.Thesaturationtendencyismuchstrongerforspheregaps

incomparisonwiththatforrodgaps.Similarly,thesaturationisstrongerforsphere-sphere

orrod-rodgapsincomparisonwithsphere-planeorrod-planegaps.

3-4PolarityEffect[71]

Pedersen【451pointedoutthefactthattheionizationprocessinasymmetricfield

gapinSF6shouldhavepolarityeffect･sincetheelectronmultiplicationprocessofan

electronavalancheisdifferentbythedirectionoftheavalanche,whetheritisheading

fromlowfieldtohighfieldregionortheopposite,dependingonthepolarityofapplied

voltage."
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Dischargecharacteristicsexpressedbyequation18havenoexplicitpolarityeffectby

itself.However,theeffect,ifany,wiUbeconsideredasthedifferenceinthevalueofNcrit

andhencethedifferenceofkinequation15or16bythepolarityofappliedvoltage.

Thepolarityeffectoftheionizationprocessisanalyzedinageneralizedformbythe

lightoftheformulationinsection2-2asfollows｡

Substitutingequation16toequation12,theelectricfieldinthevicinityoftheele-

ctrode(x≪R)isapproximatedbythenextequation,providedkくKヾR7i;:

E(X)a(

t=
2

-
k

E

ｱ)crit゛p'(1十

ｽﾞ

a-η=K･(

O｢

α 7?=K(

X

- p

E
- p

-

2X

- R

)

)c血゜k

)�t‘k2
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(perunitt)

(24)

(25)

(26)

ﾌﾞ

VITF

Togeneralizethediscussiontoanarbitrarynonuniformfieldgap,distancexis

normalizedbyavariabletas;

Then,fromequation6,a一??inthevicinityoftheelectrodeisexpressedasafunction

oftas:

ｽﾞ
1一

一
2

(1-t)(cm-')

t

Bythisnormalizationofdistancebyt,t°Ocorrespondstothesurfaceofthee】e-

ctrodethatgivesthemaximumfield.t=landt=2correspondtothepointofa=nand

thepointwheretheintegralofa-7?isreducedtounityandanyionizationprocess

stops,respectively,independentonthefielddistributionofthegap･

Forpositiveappliedvoltage,theavalanchestartsataroundthepointoft=land

proceedstowardt=0.Thenumberofelectronsinanavalanchechangeswithtas;

Np(t)=e.゛p/{-(゜-η)÷ｲ}dt

=exp{k.<ﾘ)-)�t°でy･゜(1-t)2}



Bythedefinitionofkineq°tion15'N(t)is

NP(t)゜crit (0<t≪1) (27)

Inthecaseofnegativeappliedvoltage,avalanchestartsatt=Oandproceedsto

t=2.

N^(t)=expf:(a-η)午

=N:2‾゛)

dt

(O≪t≪2) (28)

Itisveryinterestingthatthenumberofelectronsinanavalancheisexpressedas

functionsofgeneralizedvariabletindependentofthefielddistributionofthegap･

〔

e
O
P
0
(
*
)
U
N
'
(
+
)
d
N

→↑

Fig.9NumberofElectronsinanAvalanche

Fig.9sho＼″sNp(t)a･dNn(t)peiunitt‘111spiteofthesamefielddistribution,thedistri-

butionofthenumberofelectronsinanavalancheiscompletelydifferentdependingon

thepolarityofappliedvoltage.Thedistributionofpositive,negativeandnetiondensities

leftinthegapbyanavalanchearesimplygivenbymultiplying°'7?and“‾7?toNp(t)

orNn(t).
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(b)NegativePolarity

Fig.10DistributionsofNetChargeDensityperUnitt

Fig.lO(a)and(b)showtheexamplesofnetchargedistributionperunittforposi-

tiveandnegativepolarity,respectively.Thenetchargedensityforpositivepolarityis

morethanoneorderofmagnitudelargerthanthenegativeone,anddistributedinavery

smallregion｡

Convertingthevariablefromttox,thedifferenceinthedistributionofionsbyan

electronavalanchearesummalizedasfollows:

(1)Majorpartofthepositiveionsproducedbypositiveappliedvoltagedistributesinthe

rangeofxofoto令

/:j]

(cm),dependingontheshapeoftheelectrode

andgaspressure.Thispositivechargewillinducenegativeimagechargeofthesame

amountandoppositepolarityinsidetheelectrode.

(2)Positiveandnegativeionsproducedbynegativeappliedvoltagedistributearoundthe

rangeofxof÷y写to÷､//二ly:(cm)and寸言to

八百

(cm)､respectively.
4‘p
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(3)Thismeansthespreadofthedistributedchargefornegativeappliedvoltageisabout

1/T
(4)Chargedensityper

2
(cm)distanceproducedbypositivepolarityapr

plied･voltageisoneorderofmagnitudehigherthanthatofthenegativeatthesame

voltagelevel.

InfonnulatingthedischargecriterionofSFfiinSection2'2･wepostulatedacons-

tantvalueofNcrit･independentofthepolarityofappliedvoltage.However,theaboveex-

plaineddifferencemayintroduceadisparityinthevaluesofNcritforpositiveandnega-

tive^polarityappliedvoltages.Ifthecriticalconditionofstreamerformationisthecharge

densityofions･asproposedbyPedersen･【451thevalueof･Ncritf01positi゛eappliedvolt°

agewillbelowerthanthatofnegativepolarityforoneorderofmagnitude.otherpos-

siblecriticalconditionofstreamerformationisthelocalfielddistributionduetothe

chargeseparationinthegap.Inthecaseofpositivepolarity,imagechargeshownby

dashedlineinFig.lO(a)hastobetakenintoaccount.Becaueofthelinearrelationbet-

weena-77andtheelectricfieldasexpressedinequation6,thecontributionofthe

localfieldtotheionizationprocesswhichwillbetakenplaceaftertheavalancheisform-

edshouldbedetenninedbytheintegralofthelocalfieldstrengththroughtheavalanche

head｡

Ifwelookthechargeseparationuponasadipole,theintegralofthelocalfieldis

thepotentialdifferencebetweenthebothendsoftherealchargedistributionwhichis

proportionaltothedipolemomentofthechargeseparationfornegativepolarityand,be-

causeoftheimaginarynegativecharge,onehalfofthecorrespondingvalueforpositive

polarity.Becauseoftheverynanowspreadofthenetcharge,thevalueofthedipole

momentforpositivepolarityissmallerthanthatfornegativepolarityaswUlbeseenin

(a)and(b)ofFig.10｡

Thecriterionofthedischargeduetothespacechargedipolefieldwillimposethe

valueofNcritforpositi゛eapplied゛oltagetobehigherthanthatfornegativepolarityfor

oneorderofmagnitude｡

Sofarwehavenowaytojudgewhichofthesecriterionsorothersonthevalueof

NcritisgoodtoexplainthepolarityeffectofthedischargevoltageofSF,.However,the

differenceofafewordersofmagnitudeinthevalueofNj.^;jresultsinthechangeofthe

valueofkinequation15forseveralpercent.Thismeansthedifferenceindischargevolt-
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agesduetothepolarityofappliedvoltageistheoreticallynegligible｡asfarastheproperty

ofSFconcerns.Theconclusionisnottruewhentheeffectofelectrodeisinvolvedin
6-

theprocessandthecharacteristicwillbediscussedinthefollowingchapters.

§4.Conclusion

BreakdownordischargeinceptioncharacteristicsofSF,weretheoreticallyformulated

basedonsingleavalanchestreamertheory.Theformulationisgreatlysimplifiedbythe

strongandapproximatelylineal‘dependenceof(a-i7)/puponE/pinSF,.Themaximum

fieldstrengthofanarbitrarygapisexpressedinequation16asafunctionofgaspressure

andthegeometricalshapeoftheelectrodewhichgivesthemaximumfieldinthegap｡

Theformulationisappliedtoexplainthefollowingbasicdischargecharacteristicsof

SFfiwhichcharacterizethegasoutofcommongasessuchasairandnitrogen.

(1)Thevalueof(E/p)atthebreakdownofanuniformfieldgapinSF6canbelooked

uponasconstantoverthewiderangeofpd.

(2)ThemaximumfieldstrengthingapisveryimportantinthebreakdownofSF,.Be'

causeofthisproperty,breakdownvoltageofverynon-uniformfieldgapshowsstrong

saturationtendencywithregardtogapspacing.

(3)Inprinciple,breakdownchai･acteristicsofSF,shouldnothaveanyappreciablepolari-

tyeffect.
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§1.Introduction

III.ACANDDCDISCHARGEEXPERIMENTS【4?】

ManyexperimentaldatahavebeenreportedonthebreakdowncharacteristicsofSF,.

Somearerelativelylargescaleexperimentsaimingatthedirectapplicationtothedesign

ofhighvoltagegasinsulatedapparatus.[39-42]Someexperimentsareperformedon

smallscalegapsusingrelativelylowappliedvoltage.【34-38]Evenwiththerefinedtest

conditionsoftheselaboratoryexperiments,theresultsarenotconsistenttoeachother

particularlyathighgaspressures.

Asdiscussedin3-20fChaptern,themaximumfieldisthemostimportantfactor

thatdeterminesthedischargecharacteristicsofagapinSF,.Manyreportsdonoteven

includetheinformationonthepreciseelectricfielddistributionofthegapstested.Other

testconditionssuchasthefinishofelectrodesarealsoimportantincomparingthetest

resultswiththetheoreticalestimationofthebreakdowncharacteristics.

Aseriesofexperimentsisplannedandperformedtotestthevalidityofthedischar-

gecriterionandtheconclusionsofthediscussioninChapterII,usingafewsimplegaps

withvariousR･pvaluesrangingfromanextremelynon-uniformfieldrodtorodgapin

whichthesecondterminequation16hasappreciableeffectonthedischargecharacteristcs

ofthegaptonearlyuniformfieldlargespheretospheregap-

Sincethedischargecriterioninequation16includesnotimefactorinprinciple,

powerfrequencyacappliedvoltageisusedintheexperimentsasatypicalvoltagewith

lowtimevariance.Inordertoobtainbetterunderstandingoftheacdischargecharacte-

risticsparticularlyonthepolarityeffect,dcdischargecharacteristicsarealsostudied.

Forverynon-uniformfieldgapinlowpressureSF,,adischargestartedatthepoint

ofthehighestelectricfieldinthegapdoesnotdevelopthebreakdownofthegap.The

dischargeproducessteadycorona.Breakdownvoltageofthegapisquitehighinthiscase

duetothedeconcentrationofelectricfieldbythecoronadischarge.[25,10】The

phenomena1Scalledas“Coronastabilization".[5]Discussionsonthecriterionofthe

coronastabilizationisgiveninthelastpartofthischapter.Inthecaseofcoronastabili-

zedbreakdown,coronainceptionvoltageisthedischargevoltageinequation18.The

term“breakdownvoltage"isusedtodenotethevoltageofthetotalbreakdownofthe

gap,atwhichtheappliedvoltagecollapsesdrasticallytozero.
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§2.TestConditions

Aspheregap,thediameterofwhichis15cm(GapA)wasusedasax･epresentative

ofratheruniformfieldgapconfiguration.Inair,spheregapofthissizeisusuallycon-

sideredasagapwhichgivesfairlyuniformfieldforthespacingofseveralcentimeters

testedinthepresentexperiment.ThisisnottrueinSF6becauseofthestrongdependen-

ceofthebreakdowncriteriononthemaximumfieldasdiscussedinSection3-2in

ChapterII｡

Asrepresentativesofnon-uniformfieldgap.tworod-rodgaps,havingsphericallyrounded

tips,whosediametersare3cm(GapB)andlcm(GapC)areused｡

Theseelectrodesaremadeofstainlesssteel(SUS-27)andpolishedinglassysurface.

Theroughnessofthe-surfaceoftheelectrodesistheorderof±0.5μ.Thesurfaceof

theelectrodeisrepolishedbeforethestartofeachtestperformedunderacertain

pressure.ParametersofthesegapsaresummalizedinTablel.

G(】p Shape R(cm)
Spacing
(cm)

Materic】|

A (瑞゛) 75 ○
410

S↑ainless
s↑eel

B (聡) 1.5
○

~20
●

C (洗) 0.5 ○-20 孝

TablelThreeElectrodesusedintheExperirrient

OneofthesethreeelectrodesissetinalargemetaltankshowninFig.ll.Thetank

isevacuatedandfilledwithSF6toaspecifiedpressure.Thespacingofthegapcanbe

setmechanicallyfromoutsideofthetankwithoutbreakingthepressure.Thisfunctionis

veryimportant､sincethesettingofthegapchangesbygaspressureduetothemechani-､

caldistortionofthetank.Sparkingpointofthegapcanbeobservedthroughfourview-

ingwindowsprovidedonthesidewallofthetank.Lowerelectrodeisinsulatedfromthe

groundedtankbylowvoltagebushingsothecurrentflowingintotheelectrodeis

measuredseparatelyfromthecurrenttoanyothergroundedpartinthesystem.
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Fig.11MetalTaりkUsedintheExperiment

Sincethemaximumfieldstrengthinthegapisthemostimportantfactorofthe

breakdowninSF6･precisefielddistributionsofthesegapsinthetankarecalculatedby

overrelaxationmethod,usingadigitalcomputer.Detailsofthecalculationaregivenin

Appendixl.FieldutilizationfactorUinequation170frod-rodandsphere-spheregapsis

shownasthefielduniformityfactott=＼iu-linFig.I-4inAppendixl.Thevalue

ofﾐisplottedinsteadofUsimplybecauseofpracticalconvenience.IfUisplotted

directly,precisedeterminationofUwillbedifficultforslightlynon-uniformfield

gaps,whereuisveryclosetounity.Becauseofrelativelylargesizeofthetank,

theeffectofthewallofthetankislimitedeveninSF,inmostofthegapspac-

ingandgaspressureusedinthepresentexperiment,asseeninthefiledanalysisin

AppendiχI●【74】'｡

Fig.12showsaschematicdiagramoftestcircuit.Acvoltagesourceisa350kV

testingtransformeiwhoseoutputisappliedtothetestgapbyputtingtheconnecting

switchesin“a"position.Tominimizetheeneigyfromthesourcetothetestgapafter

itsbreakdown,thesourceisshortcircuitedrightafterthebreakdownofthetestcap

withinぺafewmicrosecondsbyacdiverter.【73]Theacdiverterisaseriesoftrigger
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ToOSC

Ri=20Mii

R2=500Ka

Rs--IM屁

C=4/14μF

Fig.l2SchematicDiagramoftheTestCircuit

gapsworksinpressurizednitrogengaswhoseworkingvoltageiscontroledbythegaspres-

sure｡

Fordctesting,theconnectingswitchesareputin“b"positionandtheoutputof

thetestingtransformerisrectifiedbyaseriesconnectionofhighvoltageseleniumrccti-

fiers.SmoothingcapacitorCisaseriesconnectionof14units4μFoil-papercapacitors.

Thelargecapacitancelimitedtherippleofdcvoltageaslowas0.1%with300MΩdC

voltagedividerconnectedinparallel.Diverterfordccircuitisaseriesoftriggeredvacuum

gaps.Thediveitershowedverywidecontrolrangeandstableoperation,however,found

outtobeapplicableonlytodcorunipolarsurgevoltagesbecauseofitsstrongpolarity

effect｡

Voltageacrossthetestgapandthecurrentthroughthegaparemeasuredinthecx･

periments.

§3.DischargeCharacteristicsforacAppliedVoltage

TheexperimentaldataofacdischargevoltageofgapsA､BandCareshownin

Figures13､14andl5､respectively､togetherwiththetheoreticalvaluesbyequationl8

(solidlines).
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Inthecaseofcoronastabilizedbreakdownforverynon-uniformgapatlowpressures,

coronainceptionvoltagesareplottedasdischargevoltage.Coronastabilizedbreakdown

voltagesareshownbydashedlinesinthefigures.Thecharacteristicsofthecoronastabili-

zedbreakdownwillbediscussedindetailinthelastpartofthischapter.

Atratherlowpressurerangeoflessthan4atm,experimentaldatashowfairlygood

agreementwiththetheoreticalvaluesforaUofthethreeelectrodeconfigurationsused.At

higherpressures,experimentalvaluesareslightlylowerthanthetheoreticalvalues,andthe

higherthepressureisthemoresignificantthereductionofthebreakdownvoltageis.

Atthepressuresof50r6atmosphereforexample,themaximumfieldstrength

dividedbythepressureEmJpforGapAandBareabout80and83kV/cm.atm,res-

pectively.Thesevaluesaremuchlowerthanthevalue(E/p)｡｡itasseeninFig.2.This

meansthatbreakdownoccursevenwhenthemaximumelectricfieldstrengthislessthan

thevaluerequiredfora=η.Undertheconditionofa<rj,thereshouldnotbeany

electronmultiplicationprocess,hencethereshouldnotbeanydischargeinthegap･

Eitherthedependenceof(a-n)lvoverE/pinFig.2ortheestimatedvalueof

En,ax"selfareincorrecttoexplainthisunexpectedlylowbreakdownvoltage.A110fthe

availabledataontherelationbetween(a-r.?)/pandE/pareobtainedatthepressure

lowerthanatmosphericべ62]Therelationmaynotbeapplicableatthesehighpressures･

Sofar,thereisnodirectmethodtotestifytherelationathighgaspressures･

However,thereseemstobesomeexperimentalevidenceoftheenhancementofEmaχ

causedbymicroscopicirregularitiesontheelectrodesurface.Asanexampleoftheeffect

oftheelectrodesurface,acdischargevoltagecharacteristicofGapC,whoseelectrodesur-

faceisroughenedbymanybreakdowntests,isshowninFig.16.

Thereductionofdischargevoltagefromthetheoreticalestimationbeginsatlower

pressureandtherateofthereductionisincreasedbytherougheningoftheelectrode

surface.Forcarefullypolishedelectrode,thereductionofthedischargevoltagecalculated

fromthedatainFig.13t015beginswhenthesurfacefieldstrengthreachesacritical

valueofabout400kV/cm,independentoftheelectrodeshape.Forroughenedelectrode

inFig.16,thecriticalfieldstrengthdecreasesdowntoabout150kV/cmorless.

MeredetaileddiscuSSionCRtheeffectofelectrodesurfacewillbegiveninChapter

IVandv.

- 30-



A
M
)
3
9
V
X
1
0
A
3
9
a
v
ｴ
o
s
i
a

○ 5

THEORETICAL

一一DISCHARGEINCEPTION

一一一一BREAKDOWN｡

10

GAPLENGTH(cm)

15 20

Fig.16acDischargeVoltageforGapCofRoughenedElectrodes

§4.dcDischargeVoltageandPolarityEffect

Theoreticaldischaigecriterionbyequation18includesnotimefactor,andtobe

exact,itshouldapplytodcvoltage.Totestthedifferencebetweenacanddcvoltage

andtheeffectofthepolarityoftheappliedvoltage,dcdischargetestshavebeenper･

formedonGapA,BandC.InFig.17,18and19,theexperimentaldataofpositiveand

negativedcdischargevoltageforthesegapsareshownasafunctionofgaspressure,gap

spacingasaparameter.Theterms“positive"and“negative"usuallydenotethepolarity

oftheelectrodewhichgivesthemaximumelectricfield.Sincethemaximumfieldispro-

ducedatthetipoftheelectrodeonwhichthevoltageisappliedforallofthegapcon-

figurationsusedinthepresentexperiment,thepolaritycoincidestothepolarityofthe

appliedvoltage｡

Atlowerpressures,positiveandnegativedischargevoltagesareclosetoeachother

andwellcoincidetothetheoreticalestimationbyequation18.1tisnotclearlyshown

inthefigures,buttheaveragevaluesofnegativebreakdownvoltageisafewpercent

lowerthanthatofpositive.Theoretically,itisconcludedinSection3-4inChapterII

thatpolarityeffectonthedischargeinceptionisnegligible.Theabovementionedpolarity
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Fig.l8(a)
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Fig.l9(a)
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effectseemstobeattributabletothedifferentstatisticaldistributionofbreakdo■wnVolt-

ages.Fornegativeappliedvoltage,theavalanchethatleadstoastreameralwaysstartson

thecathodesurfacewhileitdoesinthemidgapforpositivepolarity.Sincethereare

moreinitiationelectronsonthecathode,averagedischargevoltagefornegativepolarity

willbelowerthanthatforpositive.Slightlylargerscatteringofdischargevoltagesfor

positiveappliedvoltagewillsupportthisinference｡

Atthepressureshigherthanacertaincriticalvalue,hence,whenthemaximumfield

strengthishigherthanacriticalvalue,experimentaldischargevoltagesarelowerthanthe

theoreticalestimation.Thecriticalfieldstrengthfornegativepolaritycoincidestothevalue

foracappliedvoltagepresentedinSection3.Thecriticalfieldforpositivepolarityis

alwayshigherthanthatfornegativepolarityandthedifferencebetweenthemislarger

formorenon-uniformfieldgaps.Thecharacteristicofthecriticalpressuresuggeststhe

effectofthecathodesurfaceforthereductionofthedischargevoltageasinthefollow-

mgS･｡

Fielddistributionsofthegapsusedinthepresentexperimentarenotsymmetric.

Themaximumfieldmaxonthefloatingelectrodeonwhichvoltageisappliedishigher

thanthefieldatthetipofthegroundedoppositeelectrodeEOPぺ74】Anexampleof

thedistributionforarod-rodgapwhosed/Ris6ispresentedinFig.I-5inAppendixl.

TheratioofmaxoverEOPisclosetounityforsmalld/Randnearlyzeroforlarged/R

ThevaluesofEop/E...forsphere-sphereandrod-rodgapsareshowninFig‘I-1＼n

Appendixl｡

IfweapplypositivevoltageonGapAwhosed/Risverysmallforthespacingtest-

ed,fieldstrengthonthesurfaceofthecathodeEOPisveryclosetomax‘Ontheother

hand,thefieldstrengthonthecathode,Eopinthepositivedischargeprocessisverylow

incomparisonwithmaxforlargerd/Rgaps｡

Totestifytheeffectofthecathodesurfaceinthereductionofdischargevoltage

fromthetheoreticalestimation,theratiooftheexperimentalandtheoreticaldischarge

゛oltagesV｡/VhareplottedinFig.2Oasafunctionofthemaximumfieldstrengthonthe

cathodeｱEふax'ThevalueofEふaxisidenticaltomaxfornegativeappliedvoltage･while

itisequalto^opforpositivevoltage.Theplotsforthesamegapfallononecurve

independentofthepolarityoftheappliedvoltage.Thesamedataforroughenedelect-

rodesarealsoshownbydashedlines,althoughtheplotsareverylimited｡

Fig.2OshowsthefollowingtwopropertiesoftheelectricaldischargeinSF6｡
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(1)Thereductionofthedischargevoltagefromthetheoreticalestimationathighpres-

suresiscausedbytheeffectofcathodesurface.一一一一ElectrodeSurfaceEffect

(2)Thereductionisafunctionofthesizeoftheelectrode.

Thereductionispronouncedforlargerelectrode.

§5.CoronaStabilizedBreakdowninSFfi

Thesetwopointsareofthemostimportanceinthepracticalapplicationofcom-

pressedSF6gasinsulationandwillbediscussedquantitativelyinChaptersIVandv.

5-1.SteadyCoronaandDeconcentrationofElectricField

Whentheelectricfieldofagapisextremelynon-uniform,thedischargestartedat

theareaofthehighestelectricfieldinthegapdoesnotalwaysdevelopthebreakdown

ofthetotalgap.Itproducessteadycoronadischargeinthelimitedareaofthegap.The

presenceofthecoronabringsaboutdeconcentrationoftheelectricfieldstressandhence

highbreakdownvoltageofthegap.Thisphenomenaiscalledas“Coronastabilizedbreak-

doWn"byCamilli,GordonandPlump.【51
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Fig.21isanexampleofthedischargeandbreakdowncharacteristicsof1.6mmdia-

meterhemisphericalpointtoplanegapof25.4mmspacingobtainedbyWorksandDakin.

【271Atlowpressures,bothpositiveand.negativebreakdownvoltagesareveryhigh

showingtypicalcoronastabilizedbreakdown.However,atthepressureshigherthan4atm,

coronastabilizationdiminishesforpositivepolarityandpositivecoronaonsetvoltage

coincidestothebreakdownvoltageofthegap.Thisproducesawellknownnegative

slopeinthebreakdownvoltagevsgaspressurecurveinSF,.Coronastabilizationfor

negativeapp】iedvoltageneverdiminishesovertherangeofgaspressuretestedinmostof

theliteratures.【5,25-31】

Inthecaseofthepresentexperiment,veryhighcoronastabilizedbreakdownvoltages

areobservedforGapBandCatlowgaspressuresforbothacanddcappliedvoltages･

Fig.22and23showtherelationbetweenthedischargevoltageandthecoronastabilized

breakdownvoltageofGapBandCfordcappliedvoltage.

ForGapB,thecoronastabilizationisobservedonlyatlatmofpressureforthe

gapspacinglargerthanabout6.7and4,5cmforpositiveandnegativepolarity,respec-

tively.Itisobservedatland2atmforpositiveandlt06atmfornegativeapplied

voltageonGapC.Whilethecoronainceptionvoltageorthedischargevoltagefornega-

tivepolarityisslightlylowerthanthatforpositiveaspointedoutinSection40fthe

presentchapter,thecoronastabilizedbreakdownvoltagefornegativepolarityisalways
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higherthanthatforpositivepolarity.Theseresultsshowthefactthatthecoronastabili-

zationismorestablefornegativeappliedvoltage.

Thesedcdischargecharacteristicsshouldbecomparedwiththeresultsinacexperi-

､mentsinFig.14and15.

5-2.ConditionsforCoronaStabilizationinSF,【751

Noquantitativeanalysisontheconditionsofthecoronastabilizationbreakdownin

SF6hasbeenreportedsofar.Asastartofourdiscussion,wepostulatethatasteamerﾀ

thatisinitiatedatthehighfieldregioninthevicinityoftheelectrode,willcrossthe

gapthroughthelowfieldregioninthegap.whenthefieldatthetipofthestreameris

sohighthatthesizeofanewavalancheattheheadislargerthanNcHc-Forsimplisity,

wesimulatethetipofthestreamerwhoselengthisxbyaconductivesphereofradius

randpotentialV.assho゛ni11Fig.24.[72]

I'‾冪

lEs

|

S↑reamerheadv=vs

ElectrodeV=Vo

Fig.24AModelforStreamerPropagation

ThevalueofVswillbeclosetothatoftheelectrodeVo.whentheconductivity

ofthestreamerstemishigh.WhileV.willcoincidetothepotentialv(x)ofthepoint

xbeforethestartofthedischargeprocess,iftheconductivityofthestemissufficiently
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low.TheactualvalueofVwillbeinbetweenthesetwovalues,dependingongaspres･

sure,fielddistributionandthepolarityoftheappliedvoltage.

VOc)<vs<vo(29)

Ifweassumetheradiusofthestreamerrissmallenoughsotheappliedfield

strengthE(x)isuniformwithintherangeofx士r,thenthefieldatthetipofthe

streamerE^isgivenbysimpleelectricfieldtheoryas;

Es°3°E(x十
vs-V(x)

-
(30)

Asthesimplestquantitativeanalysis,astreamerinitiatedatthemaximumfield

regionunderacertainappliedvoltageisconsideredtoprogressacrossthegap,whenthe

valueofEsinequation303tEOc)゜minexceedE^ax-Thatis;

O｢

max≪3min十

(1-

3°min

-
Emaχ

)≪

vs-V(x)

-

vs-VOO

-

r゛Emaχ

(31)

Thenumeratoroftherighthandofequation3lisroughlyproportionaltothe

breakdownvoltageofthegap.Whenweconsidertwosimilargapsofdifferentsize,break-

downvoltagesofthesegapsatagivenpressureareapproximatelyproportionaltoa

characteristiclengthofthegaps.Theradiusoftheelectrodeatthepointofthemaxi-

mumfieldstrengthwillbethebestlengthwhichrepresentsthegeometryofthegap･

Sincethedenominatoroftherighthandofequation31isthefunctionofgaspressure

andnottoomuchdependentonthegeometryofthegap.therelationisapproximately

expressedaS;

(1-

3min

-Emaχ
)/R≪F(p)

Where,F(p)isafunctionofgaspressureonly
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Equation32suggeststhatthecriticalconditionofthecoronastabilizedbreakdownis

expressed゛ISafunctionofthegaspressureandthepa°meter(1-3･Emin/E｡χ)/R.To

checkthevalidityoftherelation,experimentaldataatthecriticalpointwherethebreak-

downvoltagestartstobecoronastabilizedareplottedonthegaspressure゛S(1-3･Em･

/E｡｡)/RplaneinFig.25.Therehavebeenreportedanumberofexperimentaldataon
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thecoronastabilizedbreakdowninSF6'Mostoftheseexperimentswereperformedon

verydivergentfieldgapsandcoronastabilizationisobservedonlyforpositivepolarity

withinthemoderatepressurerangeofseveralatms.Someofthereporteddatainthe

literaturearealsoplottedinFig.25.Althoughthedatascatterconsiderably,theresults

clearlyshowthecriticalconditionofthecoronastabilizedbreakdownforpositiveand

negativepolarities.

5-3.CoronaStabilizationandacBreakdown

InSection4and5,twoveryimportantcharacteristicsofelectricaldischargeinSF*

werediscussedindependently.

(1)DischargevoltageofhighpressureSFfi93sislowerthanthetheoreticalestimation,

andthereductioniscausedbytheeffectofcathodesurface.Theconditiononthe

surfaceofanodehaslittletodowiththedischargecharacteristicsofthegap･

(2)Coronastabilizationismorelikelytooccurfornegativeappliedvoltage.Inthecase

ofGapC,forexample,coronastabilizationisobservedupto6atmfornegative

polarity,whileitisobservedonlyinthepressurerangelowerthan2atmforposi-

tivepolarity･

IncomparingFig.15andFig.23,wecanseethatcoronastabilizationforacapplied

voltageisquitesimilartothatofpositivedcappliedvoltage.Thisisquiteunderstandable

sincepositivevoltageislowerthanthecoronastabilizednegativebreakdownvoltageandac

breakdownisdeterminedbythesevererhalfcycleoftheappliedvoltage｡

However,thedetailedinvestigationofacanddccharacteristicsshowsveryawkward

propertyofacdischargevoltageathighpressures.Asanexample,thecomparisonofac

anddcexperimentalresultsofthedischargecharacteristicsonGapCat6atmgaspres･

sureand20cmspacingarelistedinTable2fromFig.15and23｡

Thereisnocoronaobservedinthisgapconditionforacappliedvoltageandpositive

dccase.However,acbreakdownvoltagecoincidestonegativecoronainceptionvoltage

ratherthanpositivebreakdownvoltage.0napplyingacvoltageonthegap,negative

coronawillonsetat380kVonnegativehalfcycle.Thevalueislowerthanthetheoreti-

calestimationwhichisabout420kV.Thereductionisunderstoodastheeffectofthe

cathodesurface.However,thereductionshouldnotcauseacbreakdownvoltage,dueto

thehighcoronastabilizedbreakdownvoltagefornegativepolarity.Butactuallyacbreak-
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Coronav B.D.V.

QC NoCoronc】 380kV

Pos.dc NoCorona 420kV

Neg.dc 380"V 430kV

Table2CriticalConditionsofCoronastabilizedBreakdown

forGapBandC

downoccurswhenthepeakvoltagereachestothisnegativecoronastartingvoltage｡

Thisrelationbetweenacbreakdownvoltageandreducednegativecoronaincpetion

voltageismorepronouncedforroughnedelectrode.

Fig.26(a)and(b)arepositiveandnegativedcdischargeandcoronastabilizedbreakdown

voltagesforroughenedgapC.IfwecomparetheCUr｡eswithaccharacteristicsinFig.16,

againtheconditionforcoronastabilizationforacappliedvoltageisquitesimilartothat

forpositivedcvoltage.Butacbreakdownvoltageswithoutcoronacoincidetocoronain-

ceptionvoltagesfornegativedcappliedvoltage｡

Tounderstandthisawkwardpropertyofacdischargevoltage,pre-breakdowncurrent

throughthegroundedelectrodehasbeenmeasuredbyaparalleldetectivecircuitof4Kn

resisterand1000pFcapacitor.Fig.27(a)showsthephaserelationofappliedvoltageand

pre-breakdowncurrent.Itisclearlyseenthatthecurrentpulseatthenegativepeakof

theappliedvoltagetriggersthebreakdownofthegapatthesucceedingpositivepeakof

theappliedvoltage.Thismeanstheionsproducedbythenegativecoronaremaininthe

lowfieldregioninthegaporontheelectrodesandbringaboutbreakdowninthesue-

cessivepositivehalfcycle.Fig.27(b)isthedetailedwaveshapeofthenegativepre-break-

downcurrentpulse.
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§6.Conclusion

Breakdowncharacteristicsforacanddcappliedvoltageswerestudiedexperimentally

andtheresultswerecomparedwiththetheoreticalconclusionsdiscussedinChapterll｡

Itisshownthatthetheoryexplainstheexperimentalresultsverywellatlowgas

pressures.Athighgaspressures,however,breakdownvoltageisfoundouttobelower

thanthetheoreticalestimationduetothee叩ectofnegativeelectrode.

(1)Thereductionofthedischargevoltagefromthetheoreticalestimationbeginsatlow-

erpressureandtherateofthereductionincreasesbytherougheningoftheelect-

rode.ヽ

(2)Forcarefullypolishedelectrode,thereductionbeginswhenthesurfacefieldstrength

reachesacriticalvalueofabout400kV/cmindependentoftheshapeoftheelect･

rodewhileitbeginsatabout150kV/cmorlessforroughenedelectrode.

(3)Accordingtotheresultsofdcexperiment,thereductioniscausedbytheeffectof

thenegativeelectrode.

(4)Thereductionisthefunctionofthesizeoftheelectrode.Itispronouncedfor

largerelectrode.

Inthecaseofaverynon-uniformfieldgapinrelativelylowgaspressure,thedis･

chargestartedatthehighlystressedareainthegapdoesnotdevelopthebreakdownof

thetotalgap.Itproducessteadycoronadischargeinthehighfieldregionanddeconcent-

ratestheelectricfieldtobringaboutunusuallyhighbreakdownvoltage.Theconditions

ofthisso-called“coronastabilized･breakdown"isquantitativelypresentedasshownin

Fig.25.
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IV.EFFECTOFELECTRODESURFACEONTHEELECTRICAL

BREAKDOWNOFCOMPRESSEDSF,[77]

§1.Introduction

AsaresultofexperimentalstudiesexplainedinChapterIll,theeffectofelectrode

surfaceisfoundtobeplayingveryimportantroleinthedischargecharacteristicsofSF,.

Theroughenedsurfaceofelectrcxieiseffectivetoreducethedischargevoltageofthegap.

particularlyathighgaspressures.Thefollowingthieepossibleexplanationshavebeenpro-

posedfortheeffectofelectrode.【52】

(1)Surfaceirregularitiessuchasmicroscopicprotrusionsontheelectrodeenhancethe

electricfieldstrengthatthepoint.Electronmultiplicationprocessinthisenhanced

fieldishighenoughtosatisfythedischargecriterionandproduceelectricaldischarge

ofthegap･

(2)Iftheappliedfiek!strengthexceedsacertaincriticalvalue,fieldstrengthatthetip

ofanirregularityonthecathodeishighenoughtocausefieldemissionofelectrons.

Eveniftheelectronmultiplicationcausedbyeachfieldemittedelectronisnegligible

ortoo10wtoinitiatedischargeofthegap.negativespacechargefieldformedby

theattachmentoftheseelectronsiS‘highenoughtoproducedischargeofthegap･

(3)Achargedconductingparticleontheelectrodeislevitatedbytheeffectofapplied

voltage.Thenjustbeforeithitstheoppositelychargedelectrode,itproducesmicro-

dischargewhichmaytriggerthebreakdownofthegap･

Thethirdmechanismisimportantwhenratherlargeconductingparticlesofthesize

ofmillimetersexistinthegap.Theeffecthasbeenstudiedbymanχpeoplebyputting

largeconductingparticlesintentivelyinthegap-[50-55,5711nthepresentdiscussion,

welimitourinterestinthereductionofdischargevoltageofhighpressureSFawithno

intentionalparticlesorirregularities.Thereexistsomemicroscopicirregularitiesontheele-

ctrode,evenifthegapispreparedverycarefully,andtheywillworkasweakpointsof

thegaptolowerthebreakdownvoltage.Theseweakpointsstatisticallydistributeonthe

electrodeatacertainratedependingonthewayofthefinishoftheelectrodesurface.
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Inthefirstpartoft^'epresentchapter,surfaceirregularitiesontheelectrodefinished

intwodifferentgradesarestudiedusingelectronmicroscopetechnique.Then,thefield

enhancementduetotheindividualirregularityisdiscussed,assumingtheshapeofeach

protrusionasahemi-spheroid.Theeffectoftheprotrusionontheelectricaldischargeof

SF6gasisdiscussedbasedonthestaticfielddistributioninthevicinityoftheprotrusion.

Whenthedischargevoltageislowerthanthetheoreticalestimation,lowdarkcurrent

oforderof10-'to10-'ampisobserveddependingonthetestcondition.Resultsof

anexperimentalstudyonthedarkcurrentarepresentedandthecharacteristicsaredis-

cussedinthelastpartofthepresentchapter.Thepropertyofthedarkcurrentandthe

succeedingbreakdownordischargeinceptionofthegaphavesuggestedthefactthatthe

dischargeatthevoltagelowerthanthetheoreticalestimationisattributedtothefielddis-

tortioncausedbysomekindofchargeaccumulationinthegap･

§2.ElectrodeSurfaceCondition

Itisverydifficulttodefineandcontroltheconditionoftheelectrodesurfacequan-

titatively.Evenifthesurfaceisfinishedinthesameway,theconditionisnotexactly

reproducibleandstatisticallychangesbynature.Thesurfacewillalsobedependenton

thematerialoftheelectrode,astheshapeandthedistributionoftheirregularitiesare

differentbythekindofmaterials.Theeffectofelectrodeisdependentonthematerial

fromthisreasonaswellasthedifferenceinthephysicalpropertiesofthematerialsuch

asworkfunction｡

Somemeasurementsonthesurfaceirregularitiesarepresentedtogetanideaofthe

microscopicpropertiesofelectrodes･madeofstainlesssteel(SUS27)andaluminum.Two

differentgradesofsurfacefinishhavebeentested.GradeしAisfinishedtoglassysurface

by#2000emerypaper.Thesurfacecorrespondstothatofcarefullytreatedlaboratory

electrode.GradeBco汀espondstothesurfaceofcarefullymanufacturedgasinsulatedap｡
-

paratusandtreatedby#80emerypaper｡

Roughnessofthesesurfacesaremeasuredbyaneedletypesurfaceroughnessmeter

(KosakaLaboratoryLtd･,TypeSE-3C).Examplesofthetypicalroughnesscurvesfor

gradeAandBareshowninFig.28and29,respectively.Roughnessofanaluminum

electrodeishigherthanthat･ofastainlesssteelelectrodeabouttheorderoftwo,even

iftheyarebothfinishedinthesamegrade.
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Fig.28SurfaceRoughnessofFineFinishedElectrodes(GradeA)

IfthenumberofweakpointsistheoriginoftheeffectoftheelectrodeinSF6

breakdown,equivalentareaofanaluminumelectrodewillbelargerthanthatofstainless

steelelectrodeinthesamegapconditions.Mostoftheirregularitiesontheelectrodeare

depressionsratherthanprotrusions.OnlyprotrusionswiUbeeffectiveinreducingthe

breakdownvoltage.Thismeansthatthenumberofweakpointsisnottoomanyas

mightbefeltfromtheroughnesscurvesinFig.28and29.Thisistrueparticularlyfora

finefinishedelectrode.
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Fig.29SurfaceRoughnessofRoughFinishedElectrodes(GradeB)

ThelargestprotrasfonontheelectrodefinishedinGradeAwillbeoftheorderof

0.5μinitsheight,whiletheyareoftheo㎡erof10-20μinGradeB.Incomparison

withthislargedifferencebythewayoffinish,thedifferencebythematerialis-onlyof
㎜･●W
theorderoftwoasmentioned.上

Theconditionsoftheelectrodesurfacearephotographedbyascanningelectron

microscope(S.E.M.)-ExamplesoftheS.E.M.photographareshowninFig.3Oand31
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　　　　　1　　＿」　　10μｍ

(a) Stainless steel, Grade Ａ（XI260）

一 一 - － ‥ -

　　　Ｌ』10μｍ

(b) Aluminum, Grade Ａ（ｘ420）

Fig.3O　　S.E.M. Photographs of the Surface of Fine Finished Electrodes

　　　　　　　Ｌ」10μｍ

(a) Stainless Steel, Grade Ｂ (x420)

　　　　｜　　　」　100μｍ

(b) Aluminum, Grade Ｂ (xl26)

Fig.31　　S.E.M. Photographs of the Surface of Rough Finished Electrodes
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The surface has many scratches which will

correspond to the depressions observed

in the roughness meter experiment. There

are also observed some sharp scobs at the

edge or the end of the scratches. One of

the typical sharp protrusions on the sur-

face of rough finished stainless steel elect-

rode is shown in Fig.32. These sharp prot-

fusions may work as the weak points of

the gap which reduce the breakdown volt-

age of the gap･
　　　　Ｌ一一」　10μm

Fig.32 Example of ａ Sharp Protrusion

　　　　(SUS, Grade Ｂ，ｘ 1260)

§3. Effect of Microscopic Protrusions on the ElectricalDischarge【771

　　　In the foregoing section, we get an idea

of what kind of irregularities are present on

the surface of electrode of two different grades

of finish. The effect of these surface irregulari-

ties on the electrical discharge of uniform field

gap in SFfi　is discussed in this section from

the static field point of view. As the simplest

approximation, a protrusion on the surface of

electrode is approximated as a hemispheroid as

shown in Fig.33. The size of the protrusion is

chosen as negligibly small in comparison with

the gap spacing｡

　　　Since the protrusion is very small, not

the approximate form of the discharge incep-

Fig.33 Postulated Hemi-

　　　　Spheroidal Protrusion

-一一一二

tion criterionin equation 15 or 16，but equation 10 in Chapter II is applied directlyin

estimating the discharge voltage under the effect of the protrusion by the aid of an elect-

ronic computer. Electricalfield distributionalong the axis of the hemispheroidal protrusion
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isanalyzedbyasimpleapproximationasdetailedinAppendixII.Theapproximationis

verygoodwhentheheightoftheprotrusionissmallincomparisonwiththegapspacing

asitisthecaseinthepresentapplication｡

Itshouldbenotedthat･becauseofthestrongdependenceofa―TJofSF6gas

overelectricfieldstrength,evenamicroscopicprotrusionontheelectrodecanbeeffective

toreducethedischargevoltageappreciably.Theeffectistheoreticallyestimatedfordifこ

ferentshapeandsizeoftheprotrusion｡

Thecalculatedreductionofthebreakdownvoltageofaparallelplanegapwitha

protrusionissummarizedinFig.34(a),(b)fortwodifferentvaluesofaib,theratioof

verticalandradialradiusofthespheroid.Relativevalueofthebreakdownvoltageunder

theeffectoftheprotrusiontothatofsmoothparallelplanegapisindependentofthe

spacingofthegap,sincetheheightoftheprotrusionisnegligibletothegapspacing.

ThebreakdownvoltageofthesmoothparallelplanegapVaisobtainedbyequationg

inChapterII｡

Theeffectofaprotrusionisprominentathighgaspressures.Aprotrusionwhose

heightismorethan10μisappreciableat6atm,whileaprotrusionsmallerthan75μin

heighthasUttleeffectonthebreakdownofSFfiatlatmpressure.Thesevaluesofthe

criticalheightwhereaprotrusionbecomeseffectivearealmostconstant,independentof

itsshape.ThecriticalheightisplottedasafunctionofgaspressureinFig.35.For

constantheightlargerthanthecriticalvalue,sharperprotrusionismore
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Fig.35CriticalHeightofProtrusionasaFunctionofGasPressure
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effectiveinreducingthebreakdownvoltageofthegap-Anyprotrusionlessthan10μin

heighthaslittleeffectindeducingthebreakdownvoltageofthegapasfarasthestatic

fieldconcerns｡

Theexperimentalresultsonthereductionofbreakdownordischargeinceptionvolt-

agepresentedinChapterIII.showthatthecriticalpressureswherethereductionbecomes

appreciableareabout6and2atmsforfineandroughelectrodesurfaces.Theexpected

heightoftheprojectionswhichcorrespondstothesecriticalpressuresaredeterminedfrom

Fig.35as15μand40μforfineandroughelectrodes,respectively･｡

AccordingtotheobservationontheactualelectrodesurfaceinSection2,afew

protrusionsoftheorderof40μinheightmaynotbeunrealisticforthesurfacefinished

inGradeB.However,theprotrusionsof15μinheightseemstobetoolargeforthe

surfaceofGradeA｡

Itshouldbenotedthattheabovecalculationsareperformedbasedonthe

breakdowncriterionofequation10,withoutanyfartherconsiderationsontheapplicability

ofthecriterion.Thecriterionhasthefollowingtwoproblemsinapplyingtothesemicro-

scopicl汀egularities｡

Firstly,thefieldstrengthattheheadoftheprotrusionEmaχatthecalculatedbreak-

downvoltageisquitehighincomparisonwiththefieldstrengthrequiredfora=7?･

Linearrelationbetween(a-n)/pandE/pinequation6maynotholdinthishigh

fieldregion.Neglectingthelocalfieldinthevicinityoftheprotrusion,macroscopicfield

strengthofanuniformfieldgapatitsbreakdownisgivenbyequation8aS;

InNcrit
E°[(―u･p十二二led

a( 七)･.ｺﾞ
p�゛pVd

V

Here,V/V.Jistheratioofthebreakdownvoltageanditstheoreticalestimationandthe

valueistheorderof0.4t01intheconditionofpracticalinterest.

Fieldenhancementfactorβ(=Emaχ/Eav)forhemispheroidalprotrusioniscalculated

asinFig.36fromFig.II-3inAppendixII.Themaximumfieldstrengthattheheadof

theprotrusiondevidedbygaspressurepisroughlygivenas;

÷

゜(く卜)critV,

ｰ

β
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Fig.36FieldEnhancementattheTipofaHemi-Spheroidal

Protrusion

Equation33,togetherwithFig.36,showsthefactthatthecalculationmaybe

quiteerraticfortheprotrusionwhosea|bvalueismuchlargerthanunity,sincethe

fieldstrengthistoohighforproperapplicationofequation6,Fortheprotrusionof

largera/h,thevalueofa-ηwillbesmallerthantheestimatedvaluebyequation6.

Thismeanstheeffectofsharperprotrusionwillbelessthanthevalueestimatedbythe

calculationabove｡

Thesecondquestiononthevalidityofthedischargecriterionusedistheeffectof

thefieldemissionofelectronsfromthetipoftheprotrusion.Themaximumfield

strengthatthetipofaprotrusionofa/b=4at6atm,forexample,isabout7MV/cm.

Ifweconsidertheuncleannessofthesurface,thefieldstrengthmaybehighenoughto

haveanappreciableamountoffieldemissionofelectronsfrommetalsurface.Thefield

emittedelectronswillproducespacechargeinthegapanddistortthestaticfield｡

Fromtheseproblemsonthevalidityofthedischargecriterion,thesametypeof

calculationontheprotrusionswhosea/bisliigherthan4ismeaningless.Forthesesharp-

erprotrusions,effectoffieldemissionwillbemoreimportantfactorindeterminingthe

dischargevoltageofthegap｡

Anexperimentalstudyofthefieldemissionfromtheelectrodesurfacewillbegiven

inthefollowingsection.
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§4.PrebreakdownDarkCurrentinCompressedSFa

WhenthedischargevoltageofSF6islowerthanthetheoreticalestimation,thereOb-

servedverylowdarkcurrentoftheorderofio-≫~10'5amp･,dependingonthetestcon-

dition.[79,80】Thisdarkcurrentmaybeagoodindicationoftheimportanceofthe

fielddistortioncausedbythespacechargeduetothefieldemittedelectrons,microparti-

clesinthegaporsomeothermechanismsalike.【811Thecharacteristicsofthedark

currentisexperimentallystudiedforvariousgapconditions.Theresultsofthetestare

detailedinthissection.

4-1.ExperimentalSetup

ThedarkcurrentismeasuredbythecircuitshowninFig.37.

350KV
TESTINGTr

1
呂
j

IMΩ

zi=ioivin zi=iMn

Zo=93Q

zi=iMn

Fig.37TestCircuitforDarkCurrentMeasurement

CRO

Longtermvarianceofthedarkcurrentisrecordedbyapenrecorder.Transientcompo-

nentofthedarkcurrentpriortothebreakdownismeasuredbytheuseofatransient

recorder(Biomation,Type8100)incombinationwithasynchroscope.Thetransientre-

corderhasafunctiontosamplethetemporalchangeofthecurrentatacertaininterval

oftimeandthedataisdigitalizedandmemorizeduntilthememoryisreplacedbynew

dataafteraspecifiedperiodoftime.Thistemporalmemoryofdatapermitstoobserve

theprebreakdowncurrentjustpriortothebreakdownafterward,usingthebreakdownit-

selfasatrigger.
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Thedarkcurrentisattributedtotheirregularitiesontheelectrodeandhasstatistical

propertybynature.Thismeansthecharacteristicisdependentonthesurfaceareaofthe

electrode.Thedependenceisstudiedontwogaps,GapDandEofdifferentelectrode

surfaceareashowninTable3.

Gap Shape Arec】(cm2)
Spacing

(cm)
M(】↑eric】|

D
2Cmφ

Sp-PI ~0.05
0.05

-0.15

S↑(】inlessS↑.

E
10Cm芦

PI-PI
80 0.1 S↑(】inlessS↑.

Tablel3TwoGapsusedinDarkCurrentExperiment

GapDis2cmdiameterspheretoplanegap.Differentfromanusualsphereplane

gap,ahemi-sphereof2cmdiameterisplacedonthegroundedsideofaparallelplane

gapinsulatedfromtheground,sothatthedarkcurrentflowsintothehemi-sphereis

measuredseparately,thegroundedplaneasaguard.Thedarkcurrentismeasuredbyap-

plyingpositivevoltagesothehemi-spherewhichgivesthemaximumfieldisthenegative

electrode.Sincethespacingofthegapisverysmallincomparisonwiththeradiusof

thehemisphere,electricfieldofthegapiseventuallyidenticaltothatofasphereto

planegap.GapEis10cmdiameterparallelplanegapwhoseeffectiveareaisthree

ordersofmagnitudeaslarceasthatofGapD.Theestimationoftheeffectiveareaofa

sphere-planegapwillbediscussedmorequantitativelyinChaptervandinAppendixIV.

ThesurfaceoftheseelectrodesarefinishedinafewdifferentgradesincludingGradeA

andBdefinedintheforegoingsections,tochangethedarkcurrentflowsthroughthe

gaps｡

Thesegapsweretestedinasmallacrylatevesselof13cminnerdiameterand60

cminheightshowninFig.38.Thespacingofthesegapsarelimitedtorathersmall

valuestolimittheappliedvoltagelowenoughtobecoronafreeduringthemeasurement

ofverylowdarkcurrentandalsoeliminatetheeffectofthewall0fthevessel.This

limitationongapspacingwillbereasonablesincewearemostlyinterestedintheeffect

ofelectrodesurfaceandgapspacingweightassecondaryprocess.Thebreakdownvoltage

characteristicsofthesegapswillbepresentedinthefollowingchapter.
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CYLINDER

H.V.ELECTRODE

しVELECTRODE

Fig.38TestVesselforDarkCurrentExperiment

4-2.CharacteristicsoftheDarkCurrent

Anexampleoftheslowtemporalchangeofthedarkcurrentmeasuredbyapen

recorderonGapDfinishedinGradeBatp°6atmisillustratedinFig.39.Whenthe

appliedvoltagereachesabout14kV,orthefieldstrengthonthesurfaceofthenegative

electrodeisabout140kV/cm,verylowdarkcurrentoftheorderof10'9ampis

observed.Itshouldbenotedthatthefieldcoincidestothecriticalfieldstrengthfor

roughfinishedelectrodewherethereductionofthebreakdownvoltagefromthetheoreti-

calestimationbegins.Theaveragecurrentincreaseswiththeappliedfieldstrengthgradual-

ly,neverthelessitisnotstableandsporadicallyincreasestoaveryhighvalueofthe

orderofsubmicro-amperes｡

BreakdownofGapDusuallyoccursonsome･pointonthissporadichighcurrent,

howeverthebreakdowndoesnotnecessarilycorrespondtothehighestinstantaneousvalue

ofthecurrent.Toseethecharacteristicsofthedarkcurrentinmoredetail,thecurrent

justpriortothebreakdownismeasuredbythetransientrecorder.Fig.40(a)isthedark

currentseveralsecondsbeforethebreakdownonthesameshotshowninFig.39.
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Fig.39DarkCurrentObservedundertheEffectofElectrode

Surface(GapD,RoughFinished)∠

NotwithstandingthefactthatthedarkcurrentofGapDisnotsteadyasseenin

thisfigure,thetemporalchangeofthedarkcurrentisquiteslowincomparisonwiththe

timerequiredforthebreakdownofthegap-Ifweseeafewmicrosecondsaheadof

thebreakdown,thedarkcurrentisalmostconstantasshowninFig.40(b).

Continuousdarkcurrentofabout0.7μAintheoscillogramcorrespondstothepeakof

thefluctuatingcurrentinFig.4O(a).UppertraceofFig.40(b)istheoscillogramofthe

appliedvoltagewhichshowstheinstantofthebreakdown｡

ThesporadicchangeofthedarkcurrentinFig.40(a)iscommonlyseenforsmall

areagapD.0nthecontrary,itisquitestableforGapEparticularlyathighpressures･

ThefeatureiscomparedbytheoscillogramsinFig.41.DarkcurrentforGapDat4atm

issimilartothatofthesamegapat6atmshowninFig.40(a),whilethecurrentfor

GapEat8atmisquitestableandthevalueismanytimeshigherthanthevaluefor

theformercase.Averagevaluesofthedarkcurrentinthesetwocasesarealmostpropor-

tionaltotheareaofGapDandE,sincethebreakdownfieldofthegapsatthetest

conditionsareatthesamelevel.Notethebreakdownfieldstrengthdecreaseswiththe

areaoftheelectrode.Ifwecomparethedarkcurrentatthebreakdownonthesetwo
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（b）ＧａｐＤ at p ＝6 atm

　　　app　° 41 kV (76.8%)

　　　Sens. Volt.:　51.6 kV/div

　　　　　　Curr.:　0.606μA/div

　　　Sweep　　　　　:　2μs/div

Fig.4O　Examples of the Prebreakdown Dark Current

　　　　Measured by the Transient Recorder
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(a) Gap Ｄ at p ＝4 atm

　　*app　° 33 kV （９１.１％）

　　Sens.:0.19μA (92.7%)

　　Sweep :　l sec/div

(b) Gap Ｅ at p ＝8 atm

　　Vapp　= 35.5 kV (50%)

　　Sens.:　31.5μA/div

　　Sweep :　1 sec/div

Fig.41　Examples of the Dark Current prior to the Break-

　　　　　down of Rough Finished Gaps Ｄ and Ｅ
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gapsatthesamepressure,theamountofthecu汀entisbynomeansproportionaltothe

areaoftheelectrodebecauseofthedifferentbreakdownfieldstrength.

Aslightincreaseinthecurrentisobservedjustpriortothebreakdownintheoscil-

lograminFig.40(b).Ifthecontinuouscomponentoftheprebreakdowncurrentcomes

frommorethanonesiteontheelectrode,aswillbereasonabllyexpectedfromthechara-

cteristicsinFig.41,whilethebreakdownoccursonlyatonepoint,thistransientcompo-

nentofthedarkcurrentwillberelatedtothebreakdownofthegap･

Toknowthemoredetailedcharacteristicsofthetransientcomponentjustpriorto

thebreakdown,thedarkcurrentismeasuredbycuttingoffthecontinuouscomponentby

aseriescapacitor,sothatonlythetransientcomponentcanbemeasuredwithhigher

sensitivity･

Examplesoftheoscillogramsofthetransientcomponentoftheprebreakdowncur-

rentareshowninFig.42t044.Fig.42isthecomparisonofthetransientcomponentof

GapDandEat4atm.ThebreakdownvoltageofGapDisprettyclosetothetheoreti-

calestimationinthisexampleandtheamountofthedarkcurrentisverylow.Percen-

tageintheblacketshowninthefiguresistheratiobetweenthebreakdownvoltageand

itstheoreticalestimation.ThedarkcurrentisoneorderofmagnitudelargerforgapEin

thistestcondition.Thebreakdownvoltageofthegapis78.6%ofthetheoreticalpredio･

tion.

Fig.43isthesamecomparisonatp°6atm.BreakdownvoltagesofgapDandE

arenotsodifferentintheexamplesandtheamountoftheprebreakdowncurrentis

･alsointhesamelevel.TransientdarkcurrentsforGapDandEat8atmarepresented

inFig.44.GapDhashighercurrentthanGapEintheexamples,despiteofthehigher

breakdownvoltageofGapD.Theamountofthecurrentinbothoftheexamplesinthe

figureisveryhighincomparisonwiththecasesatlowerpressuresshowninFig.42and

43.

Thetransientcomponentoftheprebreakdowncurrentstatisticallyscattersinwide

varietyfromshottoshot.However,differentfromthecontinuouscomponentofthedark

current,thereisobservednoparticulardifferenceintheaveragevaluesofthetransientcur-

rentofthesegapsDandE.Thefactmeansthatthetransientcurrentisoriginatedn･om

onesiteofthegap.andthesitebringsaboutreducedbreakdownvoltageofthegap･

Thatis,thesiteworks'aSa“weakpoint"ofthegap-AsintheexampleofFig.44,

higherprebreakdowncurrentdoesnotnecessarilymeanlowbreakdownvoltageofthe

gap-But,ifweconsiderthewidevarietyintheshapeandotherpropertiesoftheweak
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(a) Gap Ｄ

　　　Ｖ　　＝35 kｖ（り8.4%)
　　　　app

　　　Sens.:　0.0135μA/div

　　　Sweep :　2 μs/div

(b) Gap Ｅ

　　　app　ニ28 kV （78‘6％）

　　　Sens.:　0.357μA/div

　　　Sweep :　2 μs/div

B.D

Fig.42　TransientComponent of the Prebreakdown Dark

　　　　　Cｕ汀entof Gap Ｄ and Ｅ at p °4 atm
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(a) Gap Ｄ

　　　app　° 39°5kV (74.2%)

　　　Sens.:0.27μA/div

　　　Sweep : 2 μs/div

↓

V。。゜37.0 kV (69.3%)

Sens.:　0.281μA/div

Sweep :　2 μs/div

B.D.

Fig.43　TransientComponent of the Prebreakdown Dark

　　　　　Currentof Gap Ｄ and Ｅ at p ° 6 atm
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(a) Gap Ｄ

　　　^app　ニ44 kV (61.8%)

　　　Sens.:　3.57μA/div

　　　Sweep :　2 μs/div

(b) Gap Ｅ

　　　Ｖ　　＝42 kV (59.0%)　　　　app

　　　Sens.:　0.725μA/div

　　　Sweep : 2 μs/div

パI)'

Fig.44　TransientComponent of the Prebreakdown Dark

　　　　Currentof Gap Ｄ and Ｅ at p ° 8 atm
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pointsontheelectrode,thestatisticalscatteringoftheprebreakdowncurrentwillbe

quiteunderstandable.

4-3.PrebreakdownCurrentandBreakdownVoltageofaGap

Inspiteofthevarietyofthetransientcomponentoftheprebreakdowncurrent,

thereseemstobesomecorrelationbetweentheamountofthecurrentandthereduction

ofthebreakdownvoltagefromthetheoreticalestimation.Therelationistestifiedinthis

section｡

Thecorrelationismoreapparentinaseriesofsuccesivetests.Fig.45showsexamples

ofthetransientcomponentoftheprebreakdowncurrentoffinefinishedGapDat6atm

takeninseries.Wecanseethecorelationveryclearly.InthecaseofFig.45(c),thebreak-

downvoltageisveryclosetothetheoreticalestimationandthebreakdownisbuiltup

veryabruptlywithsmallprebreakdowncurrent.Wigglesonthezerolineofthisoscillo-

gramisthenoiseinthemeasuringcircuit.Theyarestepwisebecauseofthedigitalization

ofthenoiseinthetransientrecorder｡

Thecorrelationbetweentheamountoftheprebreakdowncurrentandthereduction

ofthebreakdownvoltageisnotalwaysinorderasintheexamplesinFig.45.Despite

ofthescattering,thereobservedsomestatisticalcorrelationbetweenthesetwophenomena.

Thereductionofthebreakdownvoltagefromthetheoreticalestimationisplottedasa

functionofthepeakofthetransientcomponentoftheprebreakdowncurrentfroma

numberofoscillogramsinFig.46.Thefigureshowsclearcorrelationandtheplotsfalls

onasinglecurveindependentofgaspressureandthetypeofgaps.Thefactshowsthat

thebreakdowniscausedbythesingleweakestpointontheelectrode.Temporalbuildup

ofthetransientcomponentoftheprebreakdowndarkcurrentinFig.42t045maysue-

gestthatthephenomenainvolvessomekindofdischargecausedbytheweakestpointon

theelectrode.Moredetailedstudyisnecessarytoclarifytherelationbetweenthepre-

breakdowncurrentandthebreakdownofthegap･
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43.2 kV (80.9%)

　0.27μA/div

　2μs/div

＝４４ ５ kV (83.3';?･）

　:　0.27μA/div

　:　2μs/div

= 52.0 kV (97.4%)

　:　0.27　μA/div

Sweep : 2 μs/div

Fig.45　Transient Component of the Prebreakdown Dark Current and the

　　　　　Reduction　of the Breakdown Voltage (Gap D, Fine Finish, p＝6 atm)
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§5.Conclusion
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Fig.46TransientComponentofDarkCurrentand.the

ReductionofBreakdownVoltage
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Microscopicirregularitiesorprotrusionsonthesurfaceofelectrodeandtheireffects

onelectricalbreakdownofSFagaswerestudied.

(1)Aglassysurfaceoflaboratoryelectrodehastheirregularitiesoftheorderof0.5μ,

whilethesurfaceoftheelectrodeofatypicalgasinsulatedequipmentwillhave

thoseoftheorderofafewtensofmicronsinheight.

(2)Theroughnessofanaluminumelectrodeishigherthanthatofastainlesssteelelect-

rodeabouttheorderoftwo,eveniftheyarefinishedinthesameway･

(3)Ifweconsiderthattheelectronmultiplicationprocessinthevicinityofaprotrusion

isthecauseofthereductionofthebreakdownvoltage,theeffectoftheprotrusion

willbeverysmall,unlesstheheightoftheprotrusionishigherthanthecritical

valuesshowninFig.35.However,theprotrusionmaybeeffectivetoreducethe

breakdownvoltagebythefieldemissionofelectonsfromitssharptipanditworks

asaweakpointoftheelectricalinsulationofthegap･
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(4)Whenthebreakdownvoltageislowerthanthetheoreticalestimation,darkcurrentof

theorderof10-'t010-sampflows,dependingonthetestcondition.Thecorrela･

tionbetweenthetransientcomponentofthedarkcurrentjustpriortothebreak-

downandthereductionofthebreakdownvoltagefromthetheoreticalestimationis

observed.Therelationisindependentofgaspressureandtheareaofelectrode.The

factsuggeststhatthereductionofthebreakdownvoltageiscausedbythesingle

weakestpointontheelectrode.Theshapeofthetransientdarkcurrentpriortothe

breakdownalsosuggestssomekindofelectricaldischargecausedbytheweakest

point.
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V.EFFECTOFELECTRODEAREAONTHEELECTRICAL

BREAKDOWNINSF6

§1.Introduction

BreakdownfieldstrengthofSF6gasistheoreticallyformulatedinChapterIIasa

functionofgaspressureandtheshapeofelectrode.Theformulationexplainsexperimen-

talresultsverywellforhighlypolishedsmallelectrodeinrelativelylowpressureSF,.

Therelationdoesnothold.however,whenthefieldstrengthonthenegativeelectrode

exceedsacertaincriticalvaluedeterminedbytheflnishoftheelectrodesurfaceandgas

pressure.Experimentaldischargevoltageislowerthanthetheoreticalestimationinthis

condition｡

Thecriticalfieldstrengthandthediscrepancybetweenthetheoreticalestimationand

theexperimentaldischargeinceptionfieldstrengthdependverymuchontheareaandthe

surfaceconditionsofelectrodeasdiscussedinthepreviouschapters.Fig.47showsthe

examplesoftheexperimentalevidenceoftheelectrodeareaeffectreportedbyBomik

andCooke[821andMoriietal【181plottedonthesamefigure.Remarkablereduction

ofthebreakdownfieldstrengthcanbeseenbytheincreaseofelectrodearea.
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ItisconcludedinChapterIVthatthedischargeVO】tageathighpressureisgoverned

bytheweakpointsontheelectrodewhichhavestatisticalpropertybynature.Ifthe

weakpointsstatisticallydistributeevenlyonthesurfaceoftheelectrodeandthebreak･

downofthegapisdeterminedbytheweakestpointinthegap.statisticalpropertyofa

gapwhoseareaisSisidenticaltothatofaparallelconnectionofSgapsofunitarea.

Becauseofthispropertyoftheweakpoints,stressedareaoftheelectrodebecomesone

ofthemostimportantfactorsindeterminingthebreakdownfieldofcompressedSF^gas｡

Inthischaptertheresultsofexperimentalstudyonthestatisticaldistributionofthe

breakdownvoltages,electrodeareaeffectandtheconditioni!ngeffectoftheelectrical

breakdownofthegasforvariousgapconditionswillbediscussed.【83,84】Then,the

reductionofthebreakdownvoltagefromthetheoreticalestimationundertheeffectof

theelectrodeisquantitativelyanalyzedbythelightofWeibullstatistics.[85]

§2.ExperimentalSetup

TheeffectofelectrodeareaonbreakdowncharacteristicsofSF,istestedusing

fivegapswithdifferentsurfacearealistedinTable4.Thegapofthesmallestareais

2cmdiameterspheretoplaneGapD,thesamegapusedinthedarkcurrentexperiment.

TheeffectiveareaofthesphereelectrodeofGapDisabout0.05cm2.(SeeAppendix

IV)
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GapEis10cmdiameterparallelplanesalsousedinthedarkCU汀entexperiment,

theareaofwhichisabout80cm'.Mostofthetestsonthisgapareperformedat

0.5cmspacingtoassurehighlyuniformelectricfield.

GapFandGarecoaxialcylinders.Theinnerandouterdiametersandthelength｡

0fGapFare13.2cm,15.2cmand11.6cm,respectively.ThosedimensionsofGapG

are23.75cm,25.75cmand40.2cm.Theeffectiveareaoftheinternalelectrodeof

GapFandGareabout480cm'and3,000cm^,respectively.ThespacingofGapF

andGis1.0cm.Thisvalueischoseninconsideringmanufacturingtoleranceofgapset-

ting･

GapDandEaretestedintheacrylatevesselinFig.38.ThemetaltankinFig.11

1SusedforthelargecoaxialcylindergapsFandG･

GapHisparticularlyusedinthestudyoftheeffectofultravioletUghtirradiation

onthebreakdownvoltagedistributioninthemetaltank.U.V.Ughtis'irradiatedthrough

aqualtzwindowprovidedonthewall0fthetank.

AsymmetricfielddistヰbutionofthegapexceptthatofGapEpennitstostudythe

effectofpositiveandnegativeelectrodesofthegapseparately･

Theprecisionofthegapsettingofa110fthesegapsiswithin1%.Preliminarytest

hasbeenperformedonGapEontheeffectofthegapspacing,consideringthevariety

ofthegapspacingusedintheexperiment.Accordingtotheresultofthetest,μpspac-

ingbetween0.1t01.0cmtestedhaslittleeffectonthestatisticalpropertiesofbreak-

downofSFfiasfarasbreakdownfieldstrengthconcerns･

SurfaceofthesefiveelectrodesisfinishedintwodifferentgradesAandBdiscus-

sedinsection2inChapterIV.

Testsareperformedapplying60Hzacandinsomecases,positiveandnegativedc

voltagesbythesamecircuitasinFig.12.Breakdowncharacteristicsforacandnegative

dcvoltagearescarcelydifferentfornearlyuniformfieldgapslikethoseusedinthe

presentexperiment.Directcurrentvoltageisusedonlyintestingtheeffectofthepola-

rityofappliedvoltage.

Appliedvoltageisraisedtoabout50%oftheexpectedbreakdownvoltageofthe

gapin20sec,thenslowlytothebreakdownvoltagebytherateofabout1%of･the

expectedbreakdownvoltagepersecond.Twohundredbreakdownsareobtainedineach

casewithtimeintervalofabout2minwithoutrefinishingtheelectrode.

Damageoftheelectrodebythebreakdownisminimized,usingthehighspeeddiverter

techniquepresentedinChapterIII.Voltagesourceisshortcircuitedbyaseriesoftrigger
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gapsaboutlμsafterthebreakdownofthegapundertest.Ifthedivertermissedto

work,thedamageoftheelectrodecausedbythebreakdownwasheavyenoughtolower

thesucceedingbreakdownvoltageconsiderably.Inthiscase,thesurfaceofelectrodehad

toberefmishedandthetestwasrunfromthebeginning｡

Surfaceofthetestelectrodesisrefinishedafter200shotsofbreakdownineach

testcase.

§3.TypesoftheBreakdownCharacteristics

Fig.48to51showthehistoricalsequencesofacbreakdownvoltagesofthefourfine

finishedgapsDtoGshowninTable4.Thepressuresdenotedareabsolutevaluesat

20°C.Thetheoreticalestimationsofthebreakdownvoltagebyequation18areshownby

dottedlinesinthefigures.
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CarefulinvestigationofFig.48-51suggeststhefactthatthesehistoricalsequencesof

acbreakdownvoltagecanbeclassifiedintofourtypes,dependingonthetestcondition

ofelectrodeareaandgaspressure.

TypeI:Breakdownvoltagesarealwayshigherthanthetheoreticalestimationshownby

thedottedlines.Thelowestvalueinthedistributionisclosetothetheoreticalestimation.

(Example,GapDatp=2atm)Thistypeofbreakdowncharacteristicisobservedonly

forthegapswithsmallerelectrodeareaatlowgaspressures.Thistypeofthebreakdown

voltagerepresentsthecharacteristicofSF,gasandnoelectrodeeffectisinvolved.

lyoe』1:Severalbreakdownsinthebeginningofatestoccuratlowvoltageincompari-

sonwiththetheoreticalestimation.However,afteracertainnumberofbreakdowns,the

characteristicisquitesimilartothatofTypel.(Example,GapEatp=2atm)

Lowbreakdcywnvoltagesinthebeginningwillshowtheexistenceofappreciableweak

pointsontheelectrodeandthedestructionofthembybreakdownsparks.Theincrease

ofthebreakdownvoltagewiththenumberofsparksiscalledas“sparkconditioningef･

feet".[81,861
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Tvpe■:Inthistypeofbreakdowncharacteristic,thelowbreakdownvoltagesnever

reachtothetheoreticalestimationevenafterthegapisfullyconditioned.Insomecases,

sporadiclowbreakdownvoltagesareobservedafterthegapisconditioned.(Example,

GapDatp=8atm)ThesporadiclowbreakdownvoltageswiUprobablybeattributed

totheproductionofnewintensiveweakpointsbytheeffectoftheforegoingbreak-

down.Thefrequencyofthelowbreakdownvoltageincreaseswiththeareaofelectrode

andalsowithgaspressure,becausetheenergyofthebreakdowndischargeincreaseswith

thecapdtanceofthegapandthebreakdownvoltage.Evenifthevoltagesourceisdivert-

edwithinaveryshortperiodoftime,theenergystoredinthestraycapacitanceofthe

gapisbeyondthereachofthedivertertechnique.Forlargerelectrodeareaand/or

highergaspressures,everybreakdownoccursatthevoltagelowerthanthetheoretical

estimation(Examples,GapGatp=2atm,GapFatp=4atm)Thistypeofbreak-

downcharacteristicswillshowtheexistanceofalargenumberofsmallweakpointsbut

limitednumberofintensiveweakpointsontheelectrode.

TypeⅣ::Breakdownvoltagesareverylowincomparisonwiththetheoreticalestimation.

Noconditioningeffectisobservedinthehistoricalsequenceofthebreakdownvoltμges･

(Examples,GapFandGatp=6atm)ThistypeofbreakdowncharacteristicwiU

showtheexistenceofmanyintensiveweakpointssothatthedestructionofweak

pointsby■breakdowndoesnotchangethestatisticaldistributionoftherestofthe

weakpoints.

Thebreakdowncharacteristic6fagivengapisinoneofthesefourtypesdepending

onthepropertiesoftheweakpointsontheelectrode.Thereisapossibilityofthefifth

typeofbreakdowncharacteristicwhosebreakdownvoltageisloweredbydeconditioning

effectofsparksforlargeelectrodeinveryhighpressureSFfi｡ﾄ

Foraspecifiedfinishoftheelectrodesurface,thenumberofweakpointswillbe

proportionaltotheareaoftheelectrode.Ifthereeχistsacertainirregularityontheele-

ctrode,theeffectasaweakpointisdependentonthegaspressure.Agivenirregularity

wiUbemoreeffectiveathighgaspressure｡

AUtheexperimentalresultsonfinefinishedgapinFig.48t051areclassifiedinto

thesefourtypesandplottedintheelectrodeareavsgaspressureplaneinFig.52,specify-

ingthetypeofthebreakdowncharacteristicsbydifferentma】･ks.Forexample,thechara-

cteristicforGapDwhoseeffectiveelectrodeareais0.05cm'･atp=2atmisTypel

andmarkedbyasolidcircletothebottomleftinFig.52.Afewpointon3cmdiameter
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rodgap(GapH)andothersnotshowninFig.48t051areaddedinthefigure.SoUd

linesshowtheroughestimateoftheboundariesoftheregionsoftheelectrodeareaand

thegaspressurefortheabovefourtypesofthebreakdowncharacteristic｡

ItisinterestingtonotethattheboundarybetweenTypelandIIandtheboundary

betweenTypeIllandIVdisappearafterthegapsarefullyconditioned.Inthiscase,the

wholerangeoftheelectrodeareaandthegaspressureisdividedintotworegionsfor

TypelandIVandtheboundaryisthatbetweenTypeIIandIllinFigure52｡

0ntheotherhand,thedifferencebetweenType11,IllandIVhasnomeaningfor

unconditionedelectrode.Thecharacteristicforanunconditionedelectrodeisofpractical

interest,sincemostofgasinsulatedapparatusarenotconditionedbeforetheyareenergiz･

edandthefirstbreakdownvoltageisthefailurevoltageoftheapparatus.Thebreakdown
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characteristic,0fanunconditionedgapinTypeIIandIllwithconditioningeffecthaveto

beobtainedasthecharacteristicofthefirstbreakdownvoltageofanumberofnewgaps･

IfitisdoneS0,thecharacteristicintheregionsforTypeII,IIIandIVwilleventually

havenodifference.Inthiscase,thebreakdowncharacteristicwillbeclassifiedintotwo

typesandtheboundarybetweenthesetwotypesofbreakdowncharacteristicistheboun-

darybetweenTypelandIIinFig.52｡

Thescatteringofthebreakdownvoltagedecreaseswiththeareaofelectrodeandthe

scatteringseemstobeduetothelackofinitiationelectronsintheregionofTypelbreak-

downcharacteristic.Thisisquiteunderstandablesincewecanexpectmoreinitiation

electronsonlargerelectrodearea.Ifthisisthecase,thescatteringwilldeminishbyultra

violetUghtirradiation.0nthecontrary,thescatteringintheregionswherethebreakdown

voltageislowerthanthetheoreticalestimationissupposedtobecausedbythestatistical

natureoftheweakpointsonthesurfaceoftheelectrode.Aswediscussedinthe

previouschapter,whentheweakpointiseffective,thereobservedsmalldarkcurrent

priortothebreakdownofthegap.Thefactwillshowtheexistenceofplentyofinitia-

tionelectronsinthegapundertheeffectoftheweakpoint.Fromthisreason,thescat-

teringintheregionsshouldnotbeinfluencedbyultra-violetUghtirradiation｡

Thesefeaturesofultra-violet恥htirradiationareclearlyshownbyanexperimental

resultsonGapHshowninFig.53.Withoutirradiation,breakdownvoltagesat2atm
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whichisinTypelscatterwidely,butthescatteringdecreasesdrasticallybyultra-violet

lightirradiationandthemodalbreakdownvoltageisloweredfrom101kVt080kV.

Incomparisontothischaracteristicatlowpressure,ultra-violetirradiationhasnoappreci-

ableeffectonthebreakdownvoltageat6atmwhichisinTypeIII.

§4.StatisticalPropertiesoftheBreakdownFieldstrength

statisticaldistributionofthebreakdownvoltageisoneoftheexplicitindicationsof

themechanismofthebreakdown.Sincethebreakdownisprincipallydeterminedbythe

maximumfieldstrength,statisticaldistributionofthemaximumfieldstrengthatthe

breakdownisdiscussedinthefollowing･

4-1.TransitionoftheStatisticalDistribution

Whenthestatisticaldistributionisdiscussed,conditioningeffecthastobetakeninto

accounttogarranteetheidentityofthesamplepopulationofthedata.However,toget

aroughideaonthetypeofthestatisticaldistribution,examplesofcumulativeprobability

distributionofthebreakdownfieldstrengthoffinefinishedGapDatvariouspressurein

Fig.48areplottedinFigure54onnormalprobabilitypaper.neglectingtheeffectofcon-

ditioning･
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TheplotsinFigure54showthatthedistributionsarenonnalatlowpressures.The

slopeoftheplotsisgettingsteeperwithpressure,becausehighfieldstrengthathighgas

pressureiseffectiveintheprovisionofinitiationelectrons.Thedistributiondeparts

fromthenormalathighpressures,wherethebreakdownstrengthisappreciablylower

thanthetheoreticalestimation.Wecannoticethetransitionofthetypeofthedistribu-

tionoccursattheboundariesoftheregionsofareaandgaspressureforTypelandII

discussedintheforegoingsection.Thesametypeoftransitionofstatisticaldistribution

isobservedwhentheareaofelectrodeisincreased.Theseevidencesshowthatthebreak-

downvoltagesatliighpressureiscausedbytheirregula】ritiesonthesurfaceofelectrode.

Hence,thestatisticalpropertiesofthebreakdownvoltagesshouldbedependentonthose

oftheirregularities.Statisticalpropertiesoftheseirregularitiesorweakpointsonthesur-

faceoftheelectrodeandtheirrelationtothestatisticaldistributionofthebreakdown

fieldstrengthwillbediscussedinthefollowings.

4-2.PropertiesofWeakPoints

Theweakpointsmaybedestroyedorintensifiedbytheenergyofthebreakdown.

Inthetheoreticaldiscussions,statisticalcharacteristicoftheweakpointsisassumedtobe

unchangedbythesuccessivebreakdownofthegap.Thismeansthatthestatisticalchara-

cteristicofthesuccessivebreakdownvoltagesobtainedonagivengapisidenticaltothe

characteristicofthefirstbreakdownvoltagesobtainedonanumberofnewgaps･

Ifabreakdownvoltageinsuccessivebreakdownexperimentislowerthantheforego-

ingvalueduetotheintensificationoftheweakpoint,thebreakdownwilloccuratthe

samesiteornear-bysitetothatoftheforegoingbreakdown.0ntheotherhand,the

locationofhighervoltagebreakdownwiUbetransferee!toanewsite,whentheweakest

pointisdestroyedbytheforegoingbreakdown.Fromthispointofview,theaboveas-

sumptionmeanstheexistenceofmanyweakpointsontheelectrodewhoseintensityis

closetothatoftheweakestpoint.Theexperimentalobservationshowedthatthebreak-

downspotsusuallydistributeda11overthestressedpartoftheelectrode.ThisfactwiU

supporttheplausibilityoftheassumptiononthepropertyoftheweakpoints.

Ifthenumberoftheseintensiveweakpointsissmallincomparisonwiththe

numberofthebreakdowns,theaveragevalueofthebreakdownvoltageswillincreasewith

thenumberofbreakdowns.Thisphenomenacorrespondstotheconditioningeffectof･the

gap-Thephenomenaisobservedexperimentallyonthegapsofsmallelectrodeareain

lowgaspressurewhosenumberofweakpointsarelimited.Thecharacteristicwillbe
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discussedinthelastpartofthissection.

4-3.WeibuUstatisticsoftheBreakdownFieldStrength

Itisknownthatthedistributionofthebreakdownstrengthwhichisgovernedby

theweakestpointobeysinWeibuUdistri!Dutionormoregenerallyineχtreme-valuedistri-

bution.[87]WeibuUdistributionisfirstappliedtotheproblemofhighvoltagebreak-

downbyWeberandEndicottforthestatisticalpropertiesofbreakdownvoltagesoftrans-

formeroil.[88]Theprinciplecanbeeχtendedtoexplaintheareaeffectofcompressed

●'●
gasinsulation.[81,83,89]Theoreticalbasisofthestatisticsofweakpointswhichexplain

WeibuUdistributionofthebreakdownfieldstrengthispresentedinthefollowing.【851

GradeofWeakPoint:

Thegradeofaweakpointisexpressedquantitativelyastherateofthereduction

ofthebreakdownfieldstrengthormorestrictlyastheratioofthebreakdownfield

strengthEanditstheoreticalestimationEd-BythisdifinitionsmallvalueofE/Ejcorres‘

pondstomoreintensiveweakpoints.

DensitofWeakPoints:

Foranelectrodeofspecifiedgradeofsurfacefinish,numberdensityofweakpoints

whoseg°deisbet゛eenE/Ejand(E十dE)/Eaperunitfieldstrengthperunitareaof

electrode･n(E/Ej),willbegivena多afunctionofBlEdsomethingUkeinFig.55fora

givengaspressure.ThevalueofE｡/Edisthegradeofthelargestpossibleweakpoint

correspondingtothesurfacefinishinquestion.Thedensityoftheintensiveweakpoint

whosegradeisEo/Edwillbeverylow,butitincreaseswiththevalueofE/E,.The

weakpointswhosegradeE/Ejislargerthanunityhaslittlemeaning,sincethey

havenoeffectinreducingthebreakdownvoltageofthegap｡

Asasimpleapproximation,followingequationisassumedforthemathematical

expressionofn(E/E.)｡

n(E/E.)=n｡･( ＼m―1(cm‘1･kV-') (34)

E‾EO

-
Ed

wheren^andmareconstantsatgivensurfacefinishandgaspressure.
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theG°deE/E.

CumulativenumberdensityN(E)ofweakpointswhosebreakdownfieldstrengthis

lowerthanEisobtainedbyintegrating11(E/Ed)dEfromE｡toEaS;

where

λo°
"o
- m

E‾EO

)m=λ｡(-≒j1･)゜

d
(35)

Ed
(36)

Inthisexpression,thevalueof"owillbegivenasafunctionofthedensityofthe

irregularitiesexist“αρがorVontheelectrode,whileconstantmwiUbedeterminedby

theeffectoftheseirregularitiesinreducingthebreakdownvoltageofthegap･

StatisticalDistributionofBreakdownFieldStrenth

ForagivenelectrodeareaS,probabilityF(S,E)ofhavingatleastoneweakpoint
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1･

|

･

whosebreakdownfieldstrengthislessthanE,hencethecumulativeprobabilityofthe

breakdownfieldstrengthofthegap,isobtainedasfollows.

TheprobabilityofhavingaweakpointwhosebreakdownfieldislowerthanEon

infinitesimallysmallelectrodeareadSisN(E)･dS.Then;

F(S,E)゛I1-F(S,E)}･N(E)ﾘS°F(S゛dS,E) (37)

Thefirsttermoflefthandsideoftheequationandrighthandsideoftheequationare

theprobabilitiesofhavingaweakpointwhosebreakdownfieldislowerthanEonthe

electrodewhoseareaareSandS十dS,respectively.Thesecondtermoftheleftsideof

theequationisthesameprobabilityontheelectrodeareadS,providingnoneofthemis

onareaS.Equation37istransformedinadifferentialequationas;

{1-F(S,E)}･N(E)=j£ljE?

Theintegrationofequation38givestheexpressionofF(S,E)as;

F(S,E)=1-e即{-N(E)･S}

Substitutingequation35

O｢

InIn
1

｢-F(S,E)
=m･In(

E‾EO

-
Ed

(38)

(39)

叫

)十加λ｡S

(40)

(41)

Equation400r410fthecumulativeprobabilityofthebreakdownfieldstrengthis

WeibuUdistributuion.[87]

Thesediscussionsleadustotheconclusionthatwhenthedensityofweakpointsis

expressedbyequation34asafunctionofE/Ej,cumulativeprobabilityofthebreakdown

fieldstrengthofthegapobeysWeibulldistributuionexpressedinequation41orvice･

versa,

InanalyzingexperimentalresultsbyWeibuUprobabilitycurve,therelationbetween
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Inl}l -
1-F(S,E)

relationis

andl″'(E-E)maybeplottedinsteado11n(

InIn -
1-F(S,E)

゜“1‘In(E-E｡)+1ﾀj?,･S

匹

Ed

).Thenthe

(42)

where

λ゜λ｡/E-(43)

AndWeibuUprobabilitycurveissimplyshifteddownwardbym'加Eh-Moredetaileddis-

cussiononthepropertiesofWeibuUdistributionisgiveninAppendixIII.

4-4.WeibuUDistributionofExperimentalBreakdownFieldstrength

ThevalueofEoatagivenpressurewiUbedeterminedasanasymptoticvalueof

theminimumbreakdownfieldstrengthwhentheareaofelectrodeisincreased,asitis

understoodfromequationIII-3inAppendixIII.Figure56showsG.5%breakdownfield

strengthatvariouspressureestimatedfromtheexperimentaldatainFig.48-51plottedasa

functionofelectrodearea.Thesameplotsarealsogiveninthefigureforroughfinished
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electrodeswhosecharacteristicswillbediscussedlaterinsection6.Thefieldstrengthcon-

vergestoE｡withtheareaofelectrode,andtheasymptoticvalueateachpressureisal･

mostindependentoftheroughnessofelectrode.ThevaluesofEoareplottedasafunc‘

tionofgaspressureinFigule57.ThevalueofE｡obtainedexperimentallyinthisfashion

maybeslightlyhigherthantheactualvalueofE｡･
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Fig.57MinimumBreakdownFieldStrengthofVeryLarge

Electrode,E

10

ThevalueofEoisinterpretedasthebreakdownfieldstrengthofinfinitelylarge

electrodeatthepressure.Theprobabilityofhavingsuchalowbreakdownfieldstrength

willbeeventuallyzeroforthegapwithsmallelectrodeareawhosebreakdowncharacte-

risticisinTypel｡

TheratioofEoandEdisplottedinFig.58.Solidlineinthefigureisanempirical

expressionoftherelationgivenby;

Eo
-
Ed

一

一

1

1十〇.355･pO゛7
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Therelationfitwithsufficientaccuracywithinthepressurerangeofpracticalinterest.

Therelationsbetween加加1/ {1-F(E,S)jandIn(E-E｡)plottedonWeibuU

probabilitypaperusingthevalueofEoinFig.57showgoodlinearityforentirerangeof

electrodeareaandgaspressurewherethebreakdownstrengthislowerthanthetheoretical

estimation(TypeIllandIV).Fig.59istheexamplesofWeibuUplotsofthreehighpres-

surecasesinFig.54.ContrarytothenormalprobabilityplotsinFig.54,linearityofthe

E-Eo

400a:X)

(KV/tm)

Fig.59WeibuUProbabilityDistributuionsofFineFinishedGapD
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plotsathighpressureswherethebreakdownfieldstrengthislowerthanthetheoretical

estimationisverygood.

4-5.ConditioningEffect

ConditioningeffectofbreakdownvoltagesisnotableexceptinTypelandIV.Type

lisfreefromtheconditioningeffectsincethegapisonlygovernedbythecharacteristics

ofSF6gasandinitiationelectrons,andtheelectrodeorweakpointhasUttletodowith

thebreakdowncharacteristic.0ntheotherhand,breakdowncharacteristicinTypeIVis

freefromtheconditioningeffectbecauseelectrodehasplentyofradicalweakpointsin

comparisonwiththenumberofbreakdownsinatest.Damageofelectrodebythefore･

goingsparksisalsothefactortobetakenintoaccountinthistypeofbreakdownchara-

cteristics.Itshouldbenotedthattheenergystoredinthegapisseveralordersofmagni-

tudehigherintheregionofTypeIVbreakdowncharacteristicincomparisonwiththatin

Typel｡

ForTypeIIandIll,sparkconditioningeffectisdependentonthecharacteristicsof

theweakpoints,hence,theareaofelectrode,electroderoughnessandgaspressure･

Breakdowncharacteristicsofthegapsinthesetypeswillbedifferentfromthoseshown

inFig.48t051,iftwohundrednewgapspreparedinthesamewayaretestedorthe

electrodesurfaceisrefinishedaftereachbreakdown｡

Fig.6OisWeibuUdistributionplotsofthebreakdownfieldstrengthoffinefinished
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GapDat8and10atmpressures.Thedataofthefirst25,succeeding25andtherest

ofallbreakdownsareplottedseparately.Thecurvesclearlyshowhowthedistributionof

thebreakdownfieldstrengthchangesbysparkconditioningeffect.Thenumberofbreak-

downsrequiredforconditioningincreaseswhentheareaandgaspressuremovefromthe

regioninTypeIItoTypeIII｡

InmanycasesshowninFig.48t051particularlyinTypeII,sparkconditioning

progressessorapidthatonlytheinfonnationonthedistributionofthebreakdownfield

strengthofunconditionedelectrodeisthefactthatthefirstfewbreakdownvoltagesonly

showtheapproximatemodalvalueofthedistribution.Statisticalpropertyofthistypeof

gapcanonlybeobtainedbythefirstfewbreakdownvoltagesofmanynewgaps.

§5.AreaEffectofElectrodeontheBreakdownVoltage

BreakdownfieldstrengthofagapinTypeIVandalsoinTypeIIandIllinun-

conditionedstateobeysWeibuUdistributionasmentioned.Theevidenceallowstheoreti-

caldiscussionofelectrodeareaeffectasfollows｡

AccordingtothepropertyofWeibuUdistribution,cumulativebreakdownprobability

ofagapofelectrodeareaSiplottedonWeibuUprobabilitypapershouldbeparallelto

thatofagapofareaS2andtheverticaldistancebetweenthetwocurvesisInS,/Sj.

(SeeAppendixIll)Figure61istheexamplesofWeibullprobabilityplotsforfinefinish-
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edGapE,FandGat6atmpressure.ThreeprobabⅢtyplotsarenotparallel

toeachotherbecauseofthedifferentconditioningeffectofthesegaps.Butthe

distributionofthefirst25breakdownsforGapFplottedbydotsisparallelto

thatofGapGasexpected.Asitisseenhere,cumulativeprobabilityofGapG

isthemostreliablerepresentativeofthestatisticalpropertyatthepressure,be-

causelargeelectrodeareaisequivalentt0largenumberofsmallgapsconnectedin

parallel.Thismeanslargesamplesizeinstatistics｡

AswecanseeinFig.51,breakdowncharacteristicofGapEatp°6atmhaslittle

conditioningeffect.So,Weibulldistributionofthebreakdownfieldstrengthatthepres-

sureshowninFig.61willbeagoodrepresentativeofthecharacteristicofunconditioned

electrode.WecancalculatetheparametersofWeibulldistribution,λ,m,byfittingthe

curvetotheexpressioninequation42.Theparameterscalculatedinthemanneraresub-

stitutedinequation42toestimatethecumulativeprobabilityofothergapsofarbitrary

electrodearea.DashedlineinFig.61isanexampleofestimatedcurveforGapF｡

Thereareconsiderabledifferencebetweentheestimationandtheexperimentaldata

onGapFevenforthefirst25breakdowns.Possiblereasonforthedifferenceisoneor

bothofthefollowings.Thefirst25breakdownsonGapFstillhavesomeinfluenceof

conditioningeffect.Secondly,thoughbothelectrodesarefinishedinthesamemanneras

faraspossible,surfaceconditionofsmallerelectrodemaybeslightlybetterthanthatof

largerelectrode｡

Thedifferencebetweentheestimationandthetestdataarenotsogreataswillbe

impressedatthefirstsight.Therelationbetween加SandthebreakdownfieldEisquite

weaksincewearedealingwithE-E｡ratherthanEandaslightdifferenceinEmay

causeverylargedifferenceinE一E｡.However,thefirstfewbreakdownvoltagesshowat

leasttheapproximatemodalvalueofthedistibution.Lowertailoftheexperimentaldistri-

butionofE‾EoforGapFisprettyclosetothemodalvalueoftheestimateddistribu-

tionshownbydashedline.Fromthisreason,thecalculatedprobabilitydistributionshown

bydashedlinesinFig.61willbeagoodestimationofWeibulldistributionforuncondi-

tionedGapFatthepressure｡

Atlowgaspressures,breakdowncharacteristicshaveconsiderableconditioningeffect

evenforthelargestGapG.However,inrealizingthefactthatthegapismadeofalumi･

numwhosesurfaceisrougherincomparisonwithstainlesssteelelectrodeandalsofine

finishoflargeelectrodeareaisnotasgoodasthatofsmallelectrode,aroughestimation

oftheparametersoftheWeibuUdistributionforfinefinishedelectrodewillbegivenas
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theparametersforGapGafterthegapisconditioned.

WeibulldistributionofGapGatthepressures2,4and6atmareparalleltoeach

other,afterthegapisconditionedasshowninFig.62.Thefactshowsthattheparamet-

ermisconstantindependentofgaspressure.Thevalueofmisestimatedfromtheslope

ofthecurvesinthefigureaS;

ma7.4(45)
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WeibuUDistributionofFineFinishedGapGaftertheGapis

FullyConditioned

Valuesofλoareobtainedfromequation43byfittingthesecurvestoequation42.

TheparametersusedinthecalculationandthecalculatedvaluesofλoaregiveninTable

5.ThevaluesofλoareplottedinFig.63asafunctionofgaspressure.Empiricalexpres-

sionoftherelationisgivenas;

λo°0.40･exp
{1

‘15p

]
(46)

Equation46istheestimatedempiricalexpressionofλ｡forfinefinishedelectrode.The

valuesaredifferent'bythefinishoftheelectrodeaswiUbediscussedlater.
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SincewehavealltheparametersofWeibulldistributionoffinefinishedelectrode,

statisticaldistributionofthebreakdownfieldstrengthofagivengapcanbeevaluated

quantitativelybyequation400r42.SoUdlinesinFig.64aretheexamplesofthecalcu-

latedmodalvaluesofthebreakdownvoltagesoffinefinishedelectrodebyequationIII-2

inAppendixIII.Theresultsshowprominentareaeffectofthebreakdownvoltageof

compressedSF,.
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Fig.64CalculatedModalValuesoftheBreakdownVoltages

forFineandRoughFinishedElectrodes

§6.EffectofElectrodeRoughness[83]

Fig.65and66showtheexamplesofthesequenceofbreakdownvoltagesofGapD

andGfinishedroughinGradeB.

AswecanseeinFig.65,thebreakdowncharacteristicinTypeIIisnotobservedinthecases

experimented.TheresultshowsthatTypeIIeχistsinaverylimitedrangeofarea

andgaspressure,ifany.Breakdownvoltagesofroughenedelectrodearemuchlowerthan

thoseoffinefinishedelectrodeinTypeⅢ,sincethereexistconsiderablenumberofradi-

calweakpoints,eveninsmallelectrcxlearea.AsitisshowninFig.56.thestrongestpos‘

sibleweakpointortheminimumpossiblebreakdownfieldstrengthE｡isalmostcon-

stantindependentofthefinishoftheelectrodetested,whilethenumberofweakpoints

ofacertainintensityonroughfinishedelectrodeismanytimesthatoffinefinished
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electrode.Fromthispointofview,breakdowncharacteristicofaroughfinishedelectrode

isquitesimilartothatoffinefinishedelectrodeoflargerarea.Itisworthnoticingthat

thecharacteristicinFig.65issimilartothatoffinefinishedGapEorF(Fig.49or50)

ratherthanthecharacteristicofthecorrespondingfinefinishedGapD.(Fig.48)Number

ofsparksrequiredforconditioningforroughenedelectrodeisalsomanytimeslargerthan

thatoffinefinishedelectrodeofthesamearea｡

ElectrodeareaandgaspressurediagramwhichshowstheboundarybetweenTypel

andIllbreakdowncharacteristicisshownbysolidlineinFig.67forroughenedelectrode.

ThesamecurveforfinefinishedelectrodeisreplottedbydashedlinefromFig.52for

comparison.Thesecurvesareofpracticalimportance,sincetheyshowthecriticalcondi-

tionofhavingthereducedbreakdownvoltageundertheeffectofelectrodefortheres-

pectivegradeoftheelectrodesurface.
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ThesetwocurvesinFig.67forfineandroughfinishedelectrodeshavesimilarshape

andifweshiftonecurvehorizontallyaboutoneandhalfdecade,theyfitverywellto

eachother.Thismeansthataroughfinishedelectrodehasquitesimilarbreakdownchara-

cteristicofafinefinishedgapwhoseelectrodeareaisabout30timesaslargeasthe

areaofthegap.Theevidenceisunderstoodasthatthevalueofλoforroughfinished

electrodeisabout30timesaslargeasthevalueinequation46｡

TheboundariesinFig.67areestimabletheoreticallyasfollows.Undertheeffectof

electrode,breakdownfieldstrengthofagapwhoseeffectiveelectrodeareaisSscatters:

statisticallybetweenEoandEdobeyingWeibulldistributioninequation40.Whenthe

appliedfieldexceedsEdsneedlesstosay,thegapbreaksdownwithoutanyeffectof

weakpoints.Theprobabilitythatabreakdownoccursatthefieldlowerthanthetheoreti-

calbreakdownfieldstrengthEdisgivenbyequation40as;｀

り (47)

IfwesetF(Ej,S)toacertainlowcriticalvalue,equation47isthecriterionwhether

thegapisundertheinfluenceoftheelectrodeornot.SinceEo/Edandλoareexpress-

edasafunctionofgaspressureasinequation44and46,thecriterionisgivenasare-

lationbetweentheeffectiveareaofthegapSandgaspressurep｡

IfwesetF(E.,S)=0.05,thatmeanstheprobabilitythatthebreakdownvoltage

ofagivengapislowerthanthetheoreticalestimationundertheinfluenceofelectrode

islessthan5%,theestimatedboundariesareobtainedfromequation47asthedot-dash

linesinFig.67forfineandroughfinishedelectrode.Inthecalculation,thevalueofλ｡

forroughfinishedelectrodeisset30timestothatgiveninequation46｡

ThecomparisoninFig.67showsthattheexperimentalcurvesareinverygoodcoin-

cidencetothetheoreticalestimation.Themodalvaluesofthebreakdownvoltagesfor

roughfinishedelectrodearecalculatedbyequationIII-2inAppendixIllandplottedby

dashedlinesinFig.64.Theexperimentalresultsoftheareaeffectinpublishedpapers

showninFig.47isexplainedquantitativelybythecurveforroughfinishedelectrodeat

p°4atm,althoughnoquantitativedataonthefinishoftheelectrodearepresentedin

theoriginalpapers.
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§7.EffectiveAreaofElectrodeandPolarityEffect【75,85]

Theimportanceofthestressedareaofnegativeelectrodeonthebreakdowncharacte-

risticsofcompressedSFaisexplainedintheforegoingsections.Insomegapssuchas

parallelplaneandcoaxialcybndergaps,aflniteareaofnegativeelectrodeisstressedat

itsmaχimumandtheareacanbeconsideredastheeffectiveareaoftheelectrode.How-

ever,themaximumfieldstrengthonnegativeelectrodeappearsonlyatonepointin

manygapconfigurations.Forexample,themaximumfieldofasphereplanegapeχist

atthetipofthespherefacingtotheplaneelectrode.Fieldstrengthdecreasesgraduallywiththe

distancefromthepointofthemaximumfieldstrength.Itisquiteunderstandablethat

theareaofthesphereelectrodefarfromthetipofthespherehasUttletodowiththe

electricaldischargephenomena.Thenaquestionariseswhatpartoftheelectrodeis

“effective"tothebreakdownofthegap｡

ElectrodeareaeffectinoUinsulationhasbeendiscussed,takingtheeffectiveareaof

agapastheareaorvolumewhoseelectricfieldismorethan90%ofthemaximum

field.【88,90,91]Thereisnorationalreasoningforthecriticalvalueof90%.Evenif

thevalueisreasonableforoilinsulation,itisdubiousifthesame90%isapplicableto

thebreakdownincompressedSF6｡

AmorereasonablewaytodefinetheeffectiveareaofagivengapinSFaisdiscus-

sedbasedonWeibuUstatisticsofbreakdownfieldstrength｡

EffectiveareaofagapScffisdefinedastheareaofanuniformfieldgapstressed

atmaxoftheoriginalgap,andthestatisticalpropertyofweakpointsofthegapis

equivalenttothatoftheoriginalgap.Sincethenumberofpotentweakpointsonthe

negativeelectrodeincreaseswithEasinequation34,theareaofeachpartonthenega-

tiveelectrodehastobeweightedbythefieldstrengthatthepoint｡

First,theareaonthenegativeelectrodewhosefieldstrengthishigherthanEisde-

finedasS(E).ThentheareastressedatthefieldbetweenEandE十dEis

‾ヱuc.･uり111一石aiivりOlfeil1゛“｀゛“゛｀･｀s4i｀゛゛｀゛~~~ゝﾐｰsj゛゛一一'-'--一一一一4J--一一一一-一一

Iftheaveragenumberdensityoftheweakpointswhichcanproducebreakdownatthe

fieldstrengthlowerthanEisexpressedasafunctionofEasN(E)inequation35,the

effectiveareaofagapSeffisgivenbytheabovedefinitionas;
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(51)

dE (48)

Thelefthandsideoftheequationisthenumberoftheweakpointsonanuniform

fieldgapofareaScffwhichcanproducebreakdownatthefieldstresslowerthanmax

oftheoriginalgap.Therighthandsideoftheequationisthenumberoftheweak

pointswhichcanproducebreakdownoftheoriginalgapwhenthemaximumfield

strengthofthegapisequaltoEmax｀SiilceN(E)iszeroforE<E｡,lowerrangeofthe

integralinequation48canbesetasEoinsteadofzero｡

Thenegativeelectrodeislessstressedforpositivepolarityincomparisonwiththe

casefornegativepolarity.Thedifferenceinthe･numberoftheweakpointsbythepola-

rityoftheappliedvoltageisevaluatedbytakingthevalueof一
dS(E)

-
dE

dEasthearea

onlyonthenegativeelectrode,whilemaxisthemaximumfieldinthegapeitheron

positiveornegativeelectrode.

Bythisdefinition,thepolarityeffectontliebreakdownfieldstrengthisinterpreted

asthedifferenceintheeffectiveareaS.ffIfweputthemaximumfieldstrengthonthe

-
negativeelectrodeasEn,ax.theeffectiveareaofthegapis;

S.ff°-

1

_

N(Emaχ)

N(E)･
dS(E)

- dE

Here･maxisgivenbythepolarityoftheappliedvoltageas;

dE (49)

max'^op:forpositivepolarity

Emaχ:fornegativepolarity(50)

where,Eopi^themaximumfieldstrengthontheelectrodeoppositetotheonethatgives

themaximumfieldofthegap-Substitutingequation49,theeffectiveareaforpositive

鄙dnegativepola｢ityS:ff･Self31egivenas;

S:ff=-{゜゛(

S^ff°-
(

E‾EO

Emaχ‾EO

E-Eo

Emaχ‾EO
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Here,S-(E)istheareadefinedaboveonthemaχimumfieldelectrode,andS゛(E)isthe

sameareaontheoppositeelectrode.

dS-(E)

Theratio6°Eop/E^axandfunctionsづ and

dS゛(E)

-
dE

aredetermined

bythestaticfielddistributionofthegap-But,theeffectiveareainequation51isa

functionofthemaximumfieldmaxandEowhichisafunctionofgaspressureasin

Fig.57.ThedependenceonEmlχmeansdifferenteffectiveareaatdifferentlevelsofthe

appliedfieldstrength.Thisisnotrealistic,sincethebreakdownfieldscattersstatistically

fromshottoshot.Themostreasonable‘representativeofmaxofagivengapwillbethe

modalvalueofthebreakdownfieldstrengthobtainedinequation1II-2inAppendixIII.

max°Eo十(

or,fromequation44,

E
O

m

Seff°

-1

λo°m
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1

)゜
}-

E

maχ

WecancalculatethevalueofScffasafunctionofgaspressurebysolvingequation

53withequation51,simultaneously.Theequationscannotbesolvedanalyticallyfor

generalgapconfiguration,butcanreadilybesolvednumericallybytheaidofanelectro-

niccomputer.Somenumericalexamplesoftheeffectiveaieaforthegapsusedinthe

presentworkaregiveninAppendixIV.

(1)Bytheabovedefinitionofeffectivearea,theeffectofweakpointsonnegativeele-

ctrodeofagivengapcanbeevaluatedquantitativelyasthevalueofSeff･

(2)Statisticalpropertiesofagivennon-uniformfieldgapisequivalentto皿unifonn

fieldgapwhoseareaisScff･

(3)Safhasfinitevalue3sfarasmaxishll‘gerthanEo･whileS:ffhaspositivevalue

onlyV″henmax>E/6,(6<1).Thisiswhytheeffectofelectrodeisobservedin

moreextensivetestconditionsfornegativepolarity.

(4)Sincethe°tioEOP/Em･xislessth3･unity･S:ffis゛1｀″ayssmallerthanSelf

PolarityeffectofthebreakdownfieldstrengthshowninFig.17to19canbe



explainedbythedifferenceinS:ffandKfi

Examplesofthequantitativediscussionontheeffectiveareawillbegivenin

ChapterVIforswitchingsurgebreakdown.

§8.Conclusion

Electrodeareaeffectisstudiedasaconsequenceofthee汀ectofweakpointsfor

breakdownofthegapwhichstatisticallydistributeonthesurfaceofelectrode.

(1)Thecriterionwhetherthebreakdowncharacteristicsofagivengapisundertheef･

feetofelectrodesurfaceornotisexpressedasafunctionofgaspressurepand

theeffectiveareaofthegapSeffasinFig.52and67.

(2)Insmallp-Sregion,noeffectofelectrodeisobserved,whiletheelectrodeplays

prominentroleinreducingthebreakdownvoltageatlargep･Sregion.Intheinter-

mediateregionofp°S,breakdownvoltagehassparkconditioningeffectinthebegin-

ingofthebreakdownexperiment.Thenumberofthebreakdownsrequiredforthe

conditioningincreaseswithpandS.

(3)Inhighp･Sregion,distributionofcummulativeprobabilityofthemaximumbreak-

downfieldstrengthobeysinWeibuUdistributionratherthannormaldistributionand

expressedmathematicallybyequation410r42.Constantsmintheexpressionisap･

prpximately7.4,independentofelectrodeandgaspressure.Thevalueofλ｡forfine

finishedstainlesssteelelectrodeisgivenasinequation46.Forroughfinishedelect･

rode･thevalueofλoisabout30timesaslargeasthevalueforfinefinishedelect-

rode.ThevalueofEoexperimentallygivenasinequation44asafuncitonofgas

pressure.

(4)Thestatisticalpropertiesofthebreakdownfieldstrengthofigivengapcanbeeva-

luated･･byequation41or42,usingtheseconstants.Theeffectoftheelectrodearea

observedintheexperimentisquantitativelyexplainedbytheevaluation.

(5)Effectiveelectrodeareaofanasymmetricfieldgapisgivenbysolvingequation51

and53simultaneously.Thevalueisalwayslargerfornegativepolarityincomparison
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withthevalueforpositivepolarity.Thisdifferenceintheeffectiveelectrodeareaex-

plainspolarityeffectofthebreakdownfieldstrength.

- 102-



§1.Introduction

VI.VOLTAGE-TIMECHARACTERISTICOFTHE

ELECTRICALBREAKDOWNINSF,[75]

ThecharacteristicsofacanddcbreakdowninSF,havebeendiscussedinthepre‘

viouschapters.Inallthediscussions,temporalchangeofappliedvoltageisassumedto

besoslowthatthevoltagecanbelookeduponasconstantwhileanydischargepheno-

menaistakenplaceinthegap｡

Theassumptionisnotvalidwhenthevoltage-timecharacteristicofelectricalbreak-

downforimpulseandswitchingsurgeappliedvoltage(V-tcharacteristic)isconsidered.

TheeffectoftheelectrodesurfacediscussedinChapterv,forexample,isinitsfuU

forcefordcappliedvoltage.Theeffectwillberelativelyinefficientforimpulseapplied

voltage.Thecharacteristicofcoronastabilizationbreakdownisanotherfactorwhichis

stronglyinfluencedbythetemporalchangeoftheappliedvoltage｡

Voltage-timecharacteristicoftheelectricalbreakdownofcompressedSF.isofpractical

importanceindesigningprotectionandinsulationcoordinationofgasinsulatedsubstation

andotherpowerequipments.Sincethesystemsarecompletelyenclosedingrounded

metalvessel,abnormalvoltageswhichtheyencounterinthefieldaredifferentfromthose

inconventionalsystems.[92]Besidethedifference,v-tcharacteristicsofthesystems

arequitedifferentfromthoseofconventionalsystemsinsulatedinair｡

V･tcharacteristicsofSFghavebeenstudiedbymanypeopleonvariousgapcondi-

tions.Theresultshaveshownthatthecharacteristicisdifferentinwidevarietydepending

ontheconditionsofthegapandgaspressure.v-tcurvesofrelativelyuniformfieldgap

inlowgaspressuresataroundlatm(absolute)arereportedtobequiteflatandimpulse

ratioislimitedwithintherangefromunityto1.2dependingonthetestconditions.【38,

40,72,92-94】Atelevatedpressures,theimpulseratioincreaseswithgaspressureand

alsowiththegeometricalsizeofelectrode.Avalueofashighas1.8isreportedfor

20cmdiameterspheretoplaneelectrodein4atmSF,gas.【401Polarityeffectisone

ofthemostconfusingmattersinthebreakdowncharacteristicsforsurgeappliedvoltage.

Insometestconditions,positivebreakdownvoltageishigherthanthenegative,【38,40,

72,92-941whileitisoppositeinothertestconditions.【35,76,95】Insomecases,
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thereobservedlittledifferenceinthepositiveandnegativebreakdoVitV＼oltages.[38,72]

Thereisnogeneralizedtheoryorexperimentalformulatounderstandthesevarietiesof

v-tcharacteristicsinconnectionwiththetestconditions｡

Inthepresentchapter,v-tcharacteristicsofSF.gasarestudiedinwidetimerange

fromsteepfrontimpulsetoswitchingsurgeundervariousgapconditionsandgaspres-

sures.v-tcharacteristicsarecategolizedintothreepatternsandformulatedinageneraliz-

edexpressionbywhichthecharacteristicofanarbitrarygapcanbeevaluatedquantitati-

vely.Thetestconditionsinwhicheachofthesethreepatternsisobservedarealsodis-

cussedinthelightoftheresultsofdcandacexperimentsdiscussedintheforegoing

chapters.

§2.Experimentals

2-1.TestSetup

Threegaps.A,BandCinTablelusedinacanddcexperimentsinChapterIll

wereusedagaininthepresentexperiment.Thesurfaceofthesestainlesssteelelectrodes

werefinishedby#80emerypaper.Thefinishcorrespondstotheroughsurfacewhich

wasdefinedasGradeBinChapterIV.Theelectrodesarefinishedonlyinroughsurface

becauseofthetechnicaldifficultyofkeepingthesurfacefineinthecourseofimpulse

test｡

OneofthethreegapsissetinalargemetaltankinFig.11andpreparedfortest

inthesamemannerasinacanddcexperiments.Inmostcases,ultravioletlightirradi-

ationisutilizedthroughaqualtzwindowprovidedonthewall0fthetank.Gaspressure

andgapspacingaresetwithintherangeoflt06atmandlt016cm,respectively｡

Fig.68showtheschematicdiagramofthetestcircuit.Impulsevoltageisproduced

puttingtheswitchesin“a"position,whiletheyareputin“b"positionforswitching

suigevoltage.

-104-



TESTTANK

Fig.68TestCircuitforImpulseandSwitchingSurgeExperiment

Impulsevoltagesof1.7x40μSandswitchingsurgevoltagesotn0×3,000μsareused

toobtainv-tcharacteristicsofthesegapsbyincreasingtheappliedvoltagestepwiseand

applyingabout5shotsateachvoltagelevel.Theincrementofthevoltagelevelisabout

5%oftheminimumbreakdownvoltageofthegap.Timeintervalbetweenthesuccesive

voltageapplicationsisatleast30secondswhichisrequiredforthechargingofthe

impulsegenerator｡

Impulsevoltageismeasuredbyaresistancedividerwhichisspeciallydesignedfor

steepimpulsemeasurement.【96]Theresponsetimeofthetotalmeasuringcircuitis

about0.1μs.Sincethetimeisnotlowenoughforthemeasurementofsteepfrontim-

pulsevoltagewhosetimetobreakdownislessthanlμs,measuredvaluesforsteepimpulse

arecorrectedbytherateofriseofvoltageandtheresponsetimerobythefollowing

relation.[97]

correct

d
°(1+7.･『iF』･measure (54)

Switchingsurgevoltageismeasuredbyacapacitance-resistancedividerwhoseresponse

timeisabout1μs.Thisvalueislowenoughfortheswitchingsurgemeasurement.

Examplesoftheoscillogramoftheimpulseandswitchingsurgeappliedvoltagesareillust-

ratedinFig.69.
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Fig.69　Wave Shape of Impulse and Switching Surge Applied Voltages
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2-2.TestResults

Examplesofv-tcharacteristicofGapAareshowninFig.7Oand71.Theoretical

estimationsofthebreakdownvoltagebasedonsingleavalanchetheorybyequation18are
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shownattherighthandsideofthefigures.AsseeninFig.7O,breakdownvoltagefor

switchingsurgenevergoesbelowthetheoreticalestimationatlatmandtheminimum

breakdownvoltagecoincideswiththetheoreticalvalue,whilethereductionofthebreak･

downvoltagefromthetheoreticalvalueisremarkableathighgaspressuresundertheef-

feetoftheelectrodeaS･itisforacanddcbreakdown｡

Itshouldbenotedthatthepolarityeffectisnegligibleasfarastheeffectofthe

electrodeisnotinvolvedandtheminimumswitchingsurgebreakdownvoltagecoincides

withthetheoreticalestimation.Theminimumswitchingsurgebreakdownvoltagesathigh

pressuresarealmostidenticaltothosefordcbreakdowndiscussedastheeffectofthe

irregularitiesonnegativeelectrodeinChaptersIVandv.Sincethereductionofthebreak-

downvoltagefromthetheoreticalestimationisdependentonlyonthenegativeelectrode,

0rtheeffectiveelectrodeareaislargerfornegativepolarityasdiscussedinChapterv,

negativebreakdownvoltageislowerthanthepositiveforasymmetricfieldgaps｡

Dependenceofthebreakdowncharacteristicsongapspacingatlatmpressureare

showninFig.71.Theminimumbreakdownvoltagecoincideswiththetheoreticalestima-

mationupt04cmspacingbothpositiveandnegativepolarities.Thereductionofthe

breakdownvoltageisobservedonlyfornegativepolarityatd=8cmspacing.Sincethe

asymmetryoftheelectricfieldofthegapisverysmallintherangeofthegapspacing

tested,theeffectofthepolarityofthebreakdownvoltageisverylimitedinthistest

condition｡

Fig.72t074aretheexamplesofv-tcharacteristicsofGapB.Breakdownvoltagesat

land2cmspacingarehigherthanthetheoreticalestimationupt04atmforpositive

polarityandupt02atmfornegativepolaritybecauseofthemoderateasymmetryofthe

field.IntheexperimentatatmosphericpressurefordifferentgapspacinginFig.74,the

characteristicsforpositiveappliedvoltagearesimilartotheseupt016cmspacing.For

negativepolarity,however,thecharacteristicsarequitedifferentfromthoseforpositive

polarityatthegapspacinglargerthan4cm.Breakdownvoltagesareunusuallyhighin

comparisonwiththepositivecase.Inthiscondition,thebreakdownvoltageseemstobe

highduetothecoroanstabilizationdiscussedinChapterIII｡

Positivebreakdownvoltageofthisgapat2and4atminFig.73(a)isslightlyhigher

thanthenegativevalueorthetheoreticalestimation.Thesameslightlyhigherpositive

breakdownvoltageisobservedinmanyothercasesatlowgaspressureswherethereduc-
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tionofbreakdownvoltagebyweakpointsisnotappreciable.Thispropertyisnotappre-

ciableforGapAoflargeelectrodeareabutmorepronouncedforsmallerelectrodeGap

Caswillbeseeninthefollowing.Thisslightlyhigherpositivebreakdownvoltageispro

bablycausedbythestatisticalscatteringduetothelackoftheinitiationelectronsinthe

stressedpartofthegap.Theywillbemoreefficientlysuppliedfromthesurfaceofele･

ctrodefornegativepolarity,whiletheyhavetobeprovidedathighstressedregioninthe

midgapforpositivepolarity｡

Similarv-tcharacteristicsofGapCareshowninFig.75t077.Atthegapspacing

oflcm,thereductionofthebreakdownvoltagefromthetheoreticalestimationoccurs

inbetween4and6atmforpositivepolarityand2and4atmfornegativepolarity･

Atlargergapspacings,theincreseofthebreakdownvoltageduetocoronastabilization

observedbothinpositiveandnegativepolarities.Butitismorelikelytooccurfornega-

tivepolarityasexpectedfromthedataondcexperimentinFig.25.Sincethecorona

stabilizationislikelytooccurinthedivergentfieldgap,thecharacteristicisobservedin

widerrangeofgaspressuiで.gapspacingandthepolarityoftheappliedvoltageinthis

gap･

§3.ThreePatternsinv-tCharacteristic

Theresultsoftheseexperimentssuggestthefactthata110fthev-tcurvesofFig.7O

to77arecategolizedintothreepatterns.Thepatternsaredistinctivebythefollowing

features.

Patternl;Theminimumvalueofswitchingsurgebreakdownvoltagecoincideswiththe

theoreticalpredictionbysingleavalanchetheory.Theriseofv-tcurveismoderateas

typicallyshowninFig.78.Theeffectofthepolarityofappliedvoltageisnegligiblein

thepattern.(Example,GapA,p=1atm,d=lcm,PositiveandNegative)

Pattern｣!JTheminimumvalueofswitchingsurgebreakdownvoltageislowerthanthe

theoreticalestimationundertheeffectofnegativeelectrode.v-tcurverisesmorerapidly

thanthatinPatternlinthetimerangeoforderofmicrosecondastypicallyshownin

Fig.78.Sinceonlythenegativeelectroderulesthebreakdown,appreciablepolarityeffect

isobservedforasymmetricfieldgaps.(Example,GapA,p=6atm,d=1cm,Positiveand

Negative)
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Pattern!II:Theminimumvalueofswitchingsurgebreakdownvoltageisabnormally

liigherthanthetheoreticalestimationduetothecoronastabilization.v-tcurvehasits

minimuminthetimerangeoforderof10μsastypicallyshowninFig.78,althoughthe

minimummaynotbeappreciableinsomecasesatlowpressures.Negativebreakdown

voltageishigherthanthepositive,whichisoppositetothecharacteristicinother

patterns.(Example,GapC,p=1,d=16,PositiveandNegative)

Foragiventestcondition,whichofthesev-tcharacteristicsoccursisdependenton

thegapconfigurationandgaspressure.A11thegapconditionsexperimentedandthepat-

ternsoftheirv-tcurvesareUstedinTable6.
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Table6ListofTestConditionsandthePatternsofv-tCharacteristic

ThecriticalconditionbetweenPatternslandncoincideswiththeconditionthatdc

breakdownvoltageofagapisinfluencedbythesurfaceirregularitiesonthenegative

electrodeinFig.67.ThecasesinPatternlandIIareplottedongaspressureandtheef-

fectiveareacoordinates.specifyingtheirpatternsasinFig.79andcomparedwiththe

curveforroughelectrodeinFig.67,sincetheexperimentinthepresentchapterisper-

formedonroughfinishedelectrode.Theeffectiveareainthesetestconditionsareestimat-

edasafunctionofgapspacingandgaspressureinAppendixIV.Forexample,thevalues

ofScffofGapAfornegativepolarityatthespacingof4and8cmatatmosphericpres-

surearereadfromFig.IV-l(b)as6.9and23cm^,respectively.V-tcharacteristicofthe

gapatlatmisinPatternlat4cmspacing,whileitisinPatternIIat8cmspacing･

Thesedata゛eplotted弓sthetwoplotsatthelowerrightinthefigure｡

TheseplotsclearlyshowthatthecriterionbetweenPatternlandnisexpressedasa

functionofS.ffandgaspressure.Thecriterioncoincideswiththatofthereductionof
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acanddcbreakdownvoltagespresentedinFig.67andreplottedbysolidcurveinFig.79｡

v-tcharacteristicinPatternIllisobservedonlyforverynonuniformfieldgaps.The

criterionisdeterminedbytheconditionifadischargeinitiatedatthehighlystressedarea

canproducethebreakdownofthegaporceaseatthelowfieldregioninthemidgap.

Theconditioncoincidestothecriterionforcoronastabilizationindcbreakdownpresent-

edinFig.25.
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§4.Shapeofv-tCharacteristic

Theshapesofthev-tcharacteristicsinthethreepatternsarestudied.ThoseinPatternl

andIIaregeneralizedasasemi-empiricalformulawhichwillbeusefulinthequantitative

discussionofinsulationcoordinationofgasinsulatedequipments.

4-1.Shapeofv'tCharacteristicinPatternl

Theenvelopesoftheminimumbreakdownvoltageforbothpositiveandnegativepola-

iitiesinPatternlareexpressedmathematicallyas;

VI(t)-vd

- ゜KI‘t'･1 (55)

Where･V,(t)istheminimumbreakdov″nvoltage゛ttimet(μs)inPatternl,Vdisthe

theoreticalbreakdownvoltageofthegap,>'landiijareconstantsdeterminedbythetest

conditions｡

Thevalueof"listherateoftheincreaseofbreakdownv01tage
{V
1(t)-va

}/

vdatt°1μs,andthevaluewillbeexpressedasafunctionofthetimewhichisre-

quiredforthedevelopmentofthebreakdowntocrossthegap-Fromtheexperimental

resultsinFig.7Ot077,thevalueofKi,isdependentongapconfigurationandgaspres-

sure,andexpressedasafunctionofd/puasshowninFig.8O.Here,uisfieldutili-

zation,factor,theratiooftheaverageandthemaximumfieldofthegap｡

Thedependenceond/puwiUbeunderstoodasfollows.Fieldutilizationfactor

uisusuallyintroducedtoshowthebreakdownvoltageofanon-uniformfieldgapis

equivalenttothebreakdownvoltageofanuniformfieldgapofspacingu-d.However,

forthedevelopmentofbreakdownacrossthegapatconstantpressure,equivalentspacing

ofthegapshouldbelargerthand.Weconsiderthegapisequivalenttoanuniformfield

gapwhosespacingisd/uandstressedatthemaximumfieldstrengthoftheoriginalgap･

Bythisinterpretation,anon-uniformfieldgapisequivalenttoanuniformgapwhichhas

longerspacingandstressedatthemaximumfieldoftheoriginalgap.Atdifferent

pressures,breakdownfieldstrengthisroughlyproportionaltogaspressure.Sincethevelo-

cityofthedevelopmentofthebreakdownissuspectedtobeproportionaltothefield

strength,thetimerequiredforthedevelopmentofthebreakdown･hencethevalueofKl

isexpressedasafunctionofd/pu.
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Fig.8OParameter･^1ofv-tCurveinPatternl

ThevaluesofK^fallonalmostonecurvewithintheaccuracyofthedataasin

Fig.8O,althoughthevaluesforsmallerelectrodeareslightlyhigherthanthoseforlarger

electrodes.Thisslightdifferencebythesizeofelectrodeisprobablyattributedtolarger

statisticalscatteringofimpulsebreakdownvoltagesduetothelackofinitiationelectrons

aspointedoutbefore.Ifthisisthecase,thevalueforthelargestGapAismost

reliable.Thevaluesof'^1forGapAaregivenbythefollowingexpressionasshownby

thesolidcurveinFig.8O.

g1°0.06(
＼0.66
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WhileK,determinesthevalueofthebreakdownvoltageatlμs,n,inequation55de･

terminestherateofriseofV-tcurveinPatternl.Thevalueof"lwillbeexpectedto

begivenasafunctionoftheequivalentgapspacingd/u.Sincethevalueisonlyrelated

totherelativevalueofvl(t)-vdatdifferenttimet,itwillbeindependentofthe

velocityofthedevelopmentofthebreakdownorgaspressure.Fig.81isthevaluesof"l

obtainedbythedatainFig.7Oto77plottedagainstd/uforthethreegapsusedinthe

test.Alltheplotsfitverywellonasinglecurveexpressedas;
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Fig.81Parameter"lofv-tCurveinPatternl
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(57)

Fromthesevaluesofglandn11V'tcharacteristicofagivengapinPatternlcan

becalculated.Thischaracteristicisunderstoodasthebasicv-tcurveoftheminimuin

breakdown゛oltagesofSF693swithnegligibleeffectofelectrode.

4-2Shapeofv-tCharacteristicinPatternII

Athighgaspressures,breakdowncharacteristicisinPattern11.andswitchingsurge

breakdownvoltageislowerthanthetheoreticalestimationundertheeffectofelectrode.

Thereductionofbreakdownvotlageismorepronouncedforslowappliedvoltage.Inthis

case,thetimedependenceinvolvedinPatternlismixedupwiththatoftheeffectof

electrode.

Thetimedependence-oftheeffectofelectrodeisobtainedseparatelyasthev-t
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characteristicofagapwhosed/puisverysmall.Inthiscase,thevalueof≪!isvery

smallasseeninFig.8Oandv-tcurveofthegapinPatternlisessentiallyflat.Anyrise

inthev-tcurvewillbeattributedtotheeffectofelectrode.Fig.82istheexamplesof

v-tcharacteristicofanunifoiTOfieldgapofd=lcm,whosed/puisverysmall.【38】
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Fig.82v-tCharacteristicsofGapE(d=lcmu=l)

Theoreticalbreakdownvoltagesareshownbydottedlinesinthefigure.Thecharacteristic

isinPatternlatp°latm,anditisquitenatasexpected.Theriseofthev-tcurves

undertheeffectofelectrodeatp°2and4atmareexpressedmathematicallyas;

V2(t)゜vo十(vd-vo)･exp(-g2°t"2) (58)

Where･V(t)isthebreakdo"wnVoltageattimetundertheeffectofelectrode,vothe

minimum.breakdown゛oltageforlongswitchingsurge.V,(t)convergestoVdwhentime

ttendstozero･whileitconvergestov｡withtheincreaseoft｡

Equation58willbeappliedtomoregeneralgapconfigurationasinthefollowing

fashion.V'tcurveV,(t)inFig.83isanimaginarycharacteristicobtainedbyequation55

postulatingthegapisinPatternl.Sincetheminimumvalueofswitchingsurgebreak-

downvoltagev｡islowerthanVd.v-tcurveinPatternIIwillbeapproximatedas

- 123-



Vd

Vo

音V,(t)

t

TlME(μS)

Fig.83Estimationofthev-tCharacteristicinPatternII

V
ご゜Vj(t),providedtheeffectofelectrodeisnotdependentonthesteepnessofthe

Vd

appliedvoltage.Inreality,astheeffectofelectrodeislesseffectiveforsteepapplied

voltage3sinequation58･actualV'tcurvewillbeclosetoV.(t)forsmallvaluesoft,

whileitapproachesto

＼

-v
d

Vi(t)andthentov｡withtimet.Asanexpressionof

thisrelation.v-tcharacteristicinPatternIIisexpressedas;

V2(t)゜V1(t)'-
jで

d

十(1- 脊 V1(t)･exp(-K,･t°2) (59)

Ifweput＼°＼asitisinPatternI,theexpressioncoincidestoequation55･

Thismeansthatequation59isageneralexpressionofv“tcurveofSFainPatternland

II.

Thevalueofconstantg2isindependentofthegapconditioinstestedinthepresent

experimentandthevalueis;

g2°0.615
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Thevalueof!12isdeterminedbytherateofthereductionofbreakdownvoltage

fromthetheoreticalestimation(1-V｡/vd)asshowninFig.84.Therelationisexpressed

aS;

n2ご

4｡5(1-

1
一匹)+0.5

Vd

(61)

FromthesevaluesofKj,n工lg2andnV-tcharacteristicofSF,0fagivengapin

PatternlandIIiseχpressedwithsufficientaccuracy.v-tcurvescalculatedbyequation

59areshownbysolidlinesinFig.7Oto77.Theyfitverywellforalloftheexperimen-

talresultsinPatternlandII.Inthecalculation,theminimumbreakdownvoltagefor

switchingsurgeisusedasV｡.However,evenifwedonothaveanyexperimentaldata

forthevalue･itwillreadilybeestimatedbyE5%inequationIII-3inAppendixIllas

willbeshowninSection5.
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4-3.V-tCharacteristicinPatternIll

BreakdowncharacteristicofSFeinPatternIllisnotverymuchimportantpractical-

ly,sinceSFagasinsulatedapparatusareusuallydesignedtohavenearlyuniformfield

distributionineverypartoftheinsulation.Steadycoronadischargeprecedestothebreak-

downinPatternIllandthedecompositionproductsofSFgduetothecoronamayde-

terioratetheinsulationinitsUfe.ThisisthereasonwhyagapinPatternIllisnot

utilizedinpracticalapplications｡

However,thebreakdowncharacteristiciriPatternIllisimportantasweencounter

thispatternquiteofteninlaboratoryexperimentsandwehavetobeverycarefulinap-

plyingtheresultsoftheteststothedesignofpracticalgasinsulation｡

v-tcharacteristicinPatternIllisdifferentfromthoseinPatternlandIIinthe

followingaspects.Negativebreakdownvoltageisalwayshigherthanthepositive.Thisis

oppositetothecasesinPatternlandII.SincethepatternismoreUkelytooccurfor

thenegativepolarity,asshowninFig.25,itfrequentlyhappensthatv-tcharacteristicis

inPattern111onlyfornegativepolarity,whileitisinPatternIorIIforpositivepolarity･

Fromthisreason,ifnegativebreakdownvoltageishigherthanthepositiveforagiven

testcondition,atleastnegativev-tcharacteristicisinPatternIII｡

V･tcharacteristicinPatternIllhasitsminimumatthetimerangeofaround10μsand

v-tcurveshowsV-shapewhichisweUknownforalonggapinatmosphericair.The

characteristicismorepronouncedathigherpressures.Bothsteepimpulseandslowswitch-

ingsurgebreakdownvoltageincreasesbytheeffectofcoronastabilization,whilethe

effectisminimumatintermediatedurationofappliedvoltage.At6atm,thehighestpres-

suretestedonGapC,breakdownvo】tageattheminimumisas10wasthevalueexpect-

edforthebreakdownvoltageofthegapinPatternII.

§5.StatisticalDistributionofBreakdownFieldStrength

TheexperimentaldatainFig.7Ot077arequitelimitedtodiscussthestatistical

distributuionofbreakdownvoltagesasafunctionoftimet.However,itisnoticedthat

theminimumswitchingsurgevoltageisprettyclosetothatofdcbreakdownvoltage

presentedinChapterIII.Thefactwillsuggestthatthestatisticaldistributionisalsoquite

similartothatfordcappliedvoltage.Ifthisisthecase,thedistributioncanbeestimat-
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edtheoreticallybyequation40｡

Tochecktheaboveguess,experimentalscattering,therangebetweenthemaximum

andtheminimumbreakdownfieldstrength,iscomparedwiththetheoreticalvaluescalcu-

latedbyequationsIII-3andIII-4inAppendixIllforGapA,BandCinFig.85to

87,respectively.Thevalueofminthetheoreticalestimationisgivenbyequation46

andthevalueofλoisobtainedbymultiplying30forroughelectrodetothevalueby

equation45.EffectiveareaSforpositiveandnegativepolaritiesareobtainedfromFig.

Ⅳ-2(b)inAppendixIV.ThevalueofEdiscalculatedbyequation16inChapterII,as

afunctionofgapgeometryandgaspressure.
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Thecalculatedminimumandmaximumfieldstrengthsareshownbysolidanddash-

edlinesforpositiveandnegativepolarities,respectively.Therangesofthescatteringof

experimentalswitchingsurgebreakdownvoltageswhicharelowerthanthetheoretical

estimationbytheeffectofelectrodeareshownbytheverticallinesinthefigures.Since

weareonlyinterestedintheeffectofelectrode,allthedatahigherthanthetheoretical

estimationareomittedfromthepolots.Inspiteofthescatteringintheexperimental

data,thecoincidencebetweenthetheoreticalandtheexperimentalresultsisverygood｡

Thestatisticalscatteringforimpulsevoltageisalsoquitesimilartothatofswitching

surgeappliedvoltage.Noparticularevidenceofdifferentstatisticalscatteringisobserved

betweenimpulseandswitchingsurgebreakdownfieldstrengths.Theindifferenceinthe

statisticaldistributuionbythewaveshapeoftheappliedvoltagesupportstheconclusion

inChaptervthatthescatteringofbreakdownvoltagesarecausedbythestatisticalpro-

pertiesofweakpointsexist‘1zpriori".

§6.Conclusion

Voltage-timecharacteristicsofimpulseandswitchingsurgebreakdowninSFfiare

categolizedintothreepatternsdependingonthegapconditions.Thecriterionsofthese

patternsofv-tcharacteristicsarededucedquantitativelyfromtheresultsofdcexperi･

meritsintheforegoingchapters.

(1)Whenthebreakdowncharacteristicsarenotinfluencedbythesurfaceofelectrode,

V'tcurveisexpressedbyequation55,ConstantsKland"laregivenasafunction

ofthegapconditionsinFig.8Oand81,respectively.Theminimumvalueofswitch-

ingsurgebreakdownstrengthinthispatterncoincidestothetheoreticalestimation

byequation16andnopolarityeffectisobservedasexpectedfromthetheoretical

analysisinsection34inChapterII.

(2)Whentheswitchingsurgebreakdownvoltageislowerthanthetheoreticalestimation

undertheeffectofelectrode,v-tcurveisexpressedbyequation59.Constantk^is

independentofthegapconditionandthevalueisabout0.615.Thevalueofn2is

givenbyequation61asafunctionofthereductionrateofbreakdownvoltagefrom

thetheoreticalestimation.Inthispattern,positivebreakdownvoltageisalwayshigher

thanthenegativevalue.
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(3)Ifagapiscoronastabilized.breakdownvoltageisunusuallyhighinthetimerange

fromsteepimpulsetoslowswitchingsurge.Thispatternofv-tcurvehasitsmini-

mumatthetimerangeofabout10μs,particularlyathighgaspressures.Negative

breakdownvoltageisalwayshigherthanthepositiveoneinthispattern,whichisop-

positetothecasesinothertwopatterns.

(4)Statisticaldistributionofimpulseandswitchingsurgebreakdownfieldstrengthisnot

particularlydifferentfromthatfordcappliedvoltage.Thedistributionisgoverned

bythestatisticalpropertyoftheweakpointsexist‘'aprioが"onnegativeelectrode,

andthedistributuionisquantitativelyestimablebythelightofWeibullstatistics.
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VII.CONCLUSION

ElectricalbreakdowncharacteristicsofSFgarestudiedintendingtogeneralizethe

characteristicsintheformtobeusefulinthedesignofSF.gasinsulatedpowersubs‘

tationsandotherhighvoltageequipments.Theresultsofthestudyaresummarizedin

thefollowings.

(1)ThemaximumfieldstrengthofSF6atbreakdownisexpressedtheoreticallyasin

equation16asafunctionofgaspressureandthegeometricalshapeofelectrode.

(2)Therelationexplainsexperimentalresultsverywellatlowgaspressureswherebreak-

downcharacteristicsarepurerepresentativeofthepropertiesofSFfigas.Athigh

pressures,however,breakdownvoltageislowerthanthetheoreticalestimationdueto

theeffect･ofelectroderatherthanthepropertiesofSF,.

(3)Inthecaseofaverynon-uniformfieldgapinrelativelylowgaspressure,breakdown

voltageissometimesunusuallyhighdueto“coronastabilization"ofelectricfield.

TheconditionofthecoronastabilizationisgiveninFig.25.Thephenomenaismore

likelytooccurfornegativepolaritythanforpositivepolarity.Inthiscoronastabi-

Uzedbreakdownofagap,theinceptionfieldstrengthofthecoronaisexpressedby

thetheoreticalequation16.

(4)Asfaraspurelyelectricaldischargeconcerns,amicroscopicprotrusiononthesurface

ofelectrodewillnotreducethebreakdownvoltageofagap,unlesstheheightof

theprotrusionishigherthanthecriticalvaluesshowninFig.35,provideditsshape

isnottoosharp.However,asharpprotrusionwillbeeffectivetoreducethebreak-

downvoltageofthegapbyfieldemissionofelectronsfromitstipanditworksas

aweakpointoftheelectricalinsulationofthegap･

(5)Thecriterionwhetherthebreakdowncharacteristicsofagivengapisundertheef-

feetofelectroderoughnessornotisexpressedasafunctionofgaspressureandthe

effectiveareaofnegativeelectrodeasshowninFig.67.

(6)Statisticaldistributionofcumulativeprobabilityofthemaximumbreakdownfield

strengthobeysinWeibuUdistributionratherthannormaldistributionandexpres-

- 131-



sedbyequation40.Constantmintheexpressionisapproximatelygivenas7.4,in-

dependentofgaspressureandthefinishofelectrode.Thevalueofλoforfine

finishedstainlesssteellaboratoryelectrodeisgivenbyequation46.Fortheelectrode

finishedsomethinglikeacarefullytreatedsurfaceofapracticalgasinsulatedpower

equipmentandwhosesurfaceroughnessistheorderof±20μ,thevalueofλ｡is

about30timesaslargeasthevalueforfinefinishedelectrode,whilethevalueof

misunchanged.ThevalueofEoisunderstoodastheminimumpossiblebreakdown

fieldstrengthforinfinitelylargeelectrodeandthevalueisexperimentallygivenby

equation44asafunctionofgaspressure.Statisticaldistributionofthebreakdown

fieldstrengthofagivengapcanbeevaluatedbyequation40usingthesevaluesof

constantandtheeffectofelectrodeareaisquantitativelyexplainedbytheevaluation.

(7)Effectiveelectrodeareaofagivengapisdefinedtheoreticallyasinequation51.The

differenceoftheeffectiveareabythepolarityofappliedvoltageexplainsthepolari-

tyeffectofbreakdowncharacteristic.

(8)Voltage-timecharacteristicsofimpulseandswitchingsurgebreakdowninSF.are

categolizedintothreepatternsl,IIandIlldependingonthegapconditions;

a.whetherdcbreakdownvoltageisreducedfromthetheoreticalestimationunder

theeffectofelectrodeornot.

b.whetherdcbreakdownvoltageiscoronastabilizedornot.

ThesecriterionsarequantitativelygivenbyFig.67and25,respectively･

(9)v-tcharacteristicsofSF,gasareformulatedinageneralexpressioninequation59･

sothatthev-tcharacteristicofagivengapcanbeevaluatedquantitatively.

InsulationcoordinationandabnormalvoltageprotectionofSFfigasinsulatedpower

equipmentcanbediscusseddependingonthetypeoftheirpatternsofv-tcharacte-

risticbytheexpression

Interestofthepresentworkwaslimitedtothebreakdowncharacteristicsofpure

SF6｀″ithollt゛ydetectableforeignparticlesorsolidinsulation.Inthedesignofapracti-

calSF6gasinsulatedequipment,factorssuchassolidinsulatingsupporttoholdlivepart

mechanicallyfromtheground,conductingparticlesleftinanenclosureareveryimportant.

Fundamentalinvestigationsonthesesubjectsareinduecourceasanextensionofthe

presentwork.Thoughthesefactorsmaketheproblemmuchmorecomplicated,thechara-
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cteristicsofpuregasstudiedherewiUbeveryhelpfulforthedesignofaSF6gasinsu-

latedequipment,andalsobebeneficialasthebasisofthefuturestudy･
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APPENDIXI

ELECTRICFIELDOFSPHEREANDRODGAPS【741

Sphere-planeandsphere-spheregapsandrod-planeandrod-rodgapshavingspherical

tipsareusedwidelyinthesutdyofelectricalbreakdownphenomena.Itisnecessaryto

knowthepreciseelectricfielddistributionofthesegapstoinvestigatethebreakdown

phenomenaquantitativelyusingthesegaps.Specifically,themaximumfieldstrengthatthetip

oftheelectrodeisthemostimportantfactorintheelectricalbreakdownofSF,gaS･

Minimumfieldstrengthinthegapplaysimportantroleinthecriticalconditionfor.

coronastabilizedbreakdownasdiscussedinChapterIllinthetext.Theratioofthe

maximumfieldstrengthsonbothelectrode゛Eop/E.,andthedistributionoffield･

strengthonthesurfaceofelectrodedeterminestheeffectiveareaofthegap｡

Thoughtherearesomepapersonthefielddistributuionalongtheaxisofsymmetry,

[69,70,74,98-101]verylimited･dataareavailableonthefielddistributuiononthesuri

faceofelectrode.[102]Electricfieldofsphereandrodgapswereanalyzedbyover

relaxationmethodusinganelectroniccomputer.Theresultsaresumarizedinthisappendix,

sothatwecangetagoodideaoftheelectricfieldofthesegaps.Thesegapsareusually

setinagroundedmetaltankinthebreakdownexperimentsofgasdielectrics.Theeffect

ofsideandbottomwall0fthetankarealsodiscussed.･

FieldDistributuion
一一

Fig.I-landl-2showtheexamplesofthecalculatedequipotentiallinesforrod-plane

gapatd/R=1,andforrod-rodgapatd/R=2,Attentionshouldbepaidto

thefactthatthefielddistributionofrod-rodgapisnotsymmetricalwithregard

tohighvoltageandgroundedelectrdoe,sincethepotentialofthegroundedelect･

rodeissettobezero,thatisequaltothepotentialatinfinity.Thisasymmetry

ofelectricfielddistributuionisalsoexistforsphere-spheregap,evenifthegap

isininfinitespace.Itisthisasymmetryofelectricfieldthatisthecauseof

thepolarityeffectofbreakdownphenomenaofrod-rodandsphere-spheregaps.
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MaximumFieldStrenth

Themaximumfieldstrengthinthegapisthemostimportantfactorinbreakdown

ordischargeinceptionofSFg.TheratiooftheaveragefieldE.Vandthemaximumfield

strengthEmaχiscalledasfieldutilizationfactor､ofthegapandthevalueisdependent

onlyofthegeometricalconfigurationofthegap･

11°Eiv/Emaχ(I-1)

Thevalueofuisunityforuniformfieldanditapproachestozerowiththenon-

uniformityoffield.Thevalueofufornearlyuniformfieldgapisveryclosetounity

andthedifferenceinthenon-uniformityoffieldisnotpresentedingoodaccuracyby

plottingthevalueofuinafigure.Fromthisreason,“fieldnon-uniformityfactor"ﾐis

introducedtopresentthenon-uniformityofelectricfieldofagivengap･

い

E

maχ
一

一
E.V

E
av1-u
一一一一

U
(I-2)

Fig.I-3showthefieldnon-unifonnityfactorsofrod-planegapcalculatedbythe

presentauthor[74]andAbou-SeadaandNasser[70]forlargervaluesofd/R.Dashed

lineisthevalueforsphere-planegapreportedbyBinns.【98]Thesamecurvesforrod･

rodandsphere-spheregapsare:showninFig.I-4｡

Fromthesecurves,themaximumfieldstrengthofagapofgivengeometricalCon･

figurationattheappliedvoltagevisgivenaS;

Emaχ゛
V

-
d
-

一

一

V

-
d
(1十ﾐ) (I-3)

FieldalontheAxisofSmmet

Anexampleofthefielddistributionalongtheaxisofsymmetryofarod-rodgapis

typicallyshowninFig.I-5.TheratioofEop/Emaxand^min/E,T,.xarefunctionsofd/R.

Thevaluesforsphere-sphereandrod-rodgapsaregiveninFig.I-6.Inthecaseof

sphere‘planeandrod-planegaps,mincoincidewith^opontheplaneelectrode.E^p/E^.^

ofthesegapsisplottedinFig.I-7asafunctionofd/R.
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FieldDistributionontheSurfaceofElectrode

FieldstrengthEonthesurfaceoffloatingandgroundedelectrodesdeterminesthe

effectiveareaofthegapfornegativeandpositivepolaritiesasdiscussedintheteχt.The

distributionisexpressedastheareaoneachelectrodeS(E),wheretherelativefield

strengthishigherthanE/E^..-ThefunctionofS(E)onbothfloatingandgrounded

electrodesS‘■(E)andS゛(E)areplottedinFig.I-8toI-llforsphereandrodgaps,the

valueofd/Rasaparameter.Thesecurvesareusefulindeterminingtheeffectiveareaof

thosegapsasexampledinAppendixIV.
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EffectofTankWall

Ifthesegapsaresetinagroundedmetaltank,fielddistributionofthegapchanges

undertheeffectofthewallofthetank.Torestricttheeffectofthetankwithinacertain

limit,thesizeofthetankhastobelargeenoughforthelimit.Theeffectofthetank

wallonthemaximumfieldstrengthofrod-rodandrod-planegapsisevaluatedinthe

followings.Thediscussionscanalsobeappliedtothecaseofspheregapswithsufficient

accuracy･

Whenarod-planeorarod-rodgapisplacedcoaxiallyatthecenterofacylinderas

inFig.I-12,theradiusofthecylinderGtolimittheeffectofthewallonthemaximum

fieldstrengthtoland5%ofthevaluewithoutcylinderareroughlyestimatedinFig.I-

12basedontheresultsofthefieldcalculation.

Theeffectofthesidewallismorepronouncedforrod-rodgapthanforrod-planegap･

Iftheradiusofthetankislargerthanabout6andgtimesofgapspacingforrod-plane

androd-rodgaps,respectively,theeffectofsidewall0nthemaximumfieldstressisless

d
G

ご
ﾝ
肌

ﾑ≒?
ぼ
泌

a)

1 0

5 0

1.0

Ernox:Max.Reidwi↑hWall

Emoc:Max.Fieldwi↑tnu↑Wall

Q2Q512

-→d/R

5

卜d-Rod

10a)Iχ)100

Fig.I-12EffectoftheTankWalltotheMaximumFieldstrengthofRodGaps
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●

than1%foranyvalueofd/R｡

For.smallervaluesofd/R,fielddistributionofthegapisquiteuniformandside

wallhaslittlee叩ectonthenon-uniformityofthefieldasfar;lsGislargerthanR十d.

IftheradiusofthetankGislessthanR十d,themaximumfieldwillbeatthesideof

rodelectrodeandthegaphastobeconsideredasacoaxialcylindergap.Thecondition

G=R十disshownbyadot-dashcurveinFig.I-12.Allthecurveswhichshowthe

effectoftankwallwillconvergetothiscurveforverysmallvaluesofd/R｡

Forarod-rodgap,theheightorthelengthofthegroundedrodelectrodeisanother

veryimportantfactortoshowtheeffectofthetank.Theeffectoftheheightofthe

groundedelectrodeonthemaximumfieldstrengthofrod-rodgapisestimatedandshown

inFig.I-13astherequiredheightHt0limittheincreaseofmaxt01and5%ofthe

valueforrod-rodgapininfinitespace｡

Forverylargevalueofd/R,themaximumfieldofthegapconvergestothatofa

singlerodelectrodeininfinitespace.Theeffectoftheoppositeelectrodeisverylimited

inthisregion.ThisisthereasonwhytherequiredheightHconvergestozeroforlarge

valueofd/R.
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Fig.I-13EffectoftheHeightoftheGroundedElectrode

ofRod-RodGap
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APPENDIXII

ELECTRICFIELDOFAHEMl-SPHEROIDAL

PROTRUSIONONPLANEELECTRODE

Theelectricfieldofasmallhemi-spheroidalprotrusionattachedonthegrounded

electrodeofaparallelplanegapisanalyzed.[73,103]

PotentialvinthegapsatisfiesLaplaceequation.

▽2V(r)=0(II-1)

Boundaryconditionofthepotentialfieldvisequation11-2asshowninFig.II-1.

v(r)=十V｡

V(r)=-V｡

V(r)=0

IfweputthepotentialV(r)as;

-

d

Z

atz=十d

atz=-d

onthespheroid

V=O

b(
＼
S
~

d9【】

×-ypk】ne

-

(II-2)

V=一流)

Fig.II-1BoundaryConditionsforthePotentialField
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1

4

V(r)=

＼

-
d
2十VI(()

PotentialV(r)alsosatisfiesLaplaceequation.

▽2V1(r)=0

Bounda｢yconditionforpotentialV.(r)isexpressedas

VI(r)=0

V1(r)=- -

atz=土d

Vo onthespheroid

(11-3)

(II-4)

(II-5)

Sincewearedealingwithanegligiblysmallprotrusionincomparisonwithgapspac･

ing(a≪d),theeffectofthespheroidwillbenegligibleatz=士d.Underthiscircum･

stance,boundarycondition(II-5)canbeapproximatedas;

VI(り=0

VI(r)=- -

atr→oo

＼ onthespheroid (II-6)

胎迦U血心血

Whenthespheroidisprolate(a>b),analyticalsolutionofequation(II-4)under

theboundaryconditioninequation(II-6)isobtainedbytakingthecoordinatesystemas

showninFig.II-2(a).ThenCartesiancoordinatesχ,yandzareexpressedas;

C=FociiofSpheroid

-C=OC

Fig.II-2(a)CoordinateSystemfor

ProlateSpheroid

Z

C°FociiofSpheroid

C=呪

l--^.ﾆｰl-
2C

t=rl‾r2
‾E‾

ptane

Fig.II-2(b)CoordinateSystemfor

OblateSpheroid



･■--●--〃←---●X=CyrF二1)(1一刀2)COSφ

y=cVてP‾ｺyでTこ?‾ysinφ(91,17?1≪1)

z=φ?

SinceV,(r)isindependentofφ･equation(II-4)is;

▽2VI(r)=?-ﾏｼﾞﾆ;戸戸【-を(ﾐ2-1)孚十貢(1-が)

Byputtingvl(r)=X(ﾐ;)･Y(r?);

(1-ﾐ2)

-

V

-2ﾐ;
dX

-dﾐ
十λ2X=0

atﾄ･･･
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Pi(r?)

(λ:const)

∂VI
-
∂7?

(II-7)

(II-8)

1=0

(II-9)

(II-10)

1

d^X
-
dﾐ2

(1-が)甘-2η愉十λ2Y=0

ThesearewellknownLegendre'sequations.Theyhavemeaningful!solutionwhenλ2=

n(n+1)(n:integer)andthesolutionsare;

X(ﾐ)=AnQn(ﾐ),Yn(η)=BnPn(7?)(An,Bn:const)

Here,P^(f)andQn(77)areLegendrepolynominalsofthefirstandthesecondkind,res-

pecti゛ely.Gene°lsolutionofVj(,v)isexpressedasalinearcombinationoftheseply-

nominals.

VI(ξ,7?)=IKnPn(77)Qn(ﾐ;)(Kn:const)

Boundaryconditionsinequation(II-6)arerewrittenasafunctionofJandη･

X(ﾐF)=0

v,(|,v)=一寸c･ﾐ･ηatl=ﾐ;｡

ThefunctionV,(f,77)whichsatisfyequation(II-8)is;



-

-

-

i

‐

1

･

●

Where;

PI(と)=η､QI(と)=÷と加⑤-1

Substitutingequation(II-9)and(11-10)intoequationII-3

V(t,η)=

4
ｽ今

111

-ﾐ
A
｡ (11-11)

FieldstrengthalongtheaxisofthespheroidEjz)isobtainedbyputtingT?=l,

ひ2/c゛dﾐ;｡=a/c,anddifferentiateequation(11―10)byzas;

E

ax

(z)゜ 牛
in

In

x=cﾐ7?cosφ

y=cfnsinφ

m

a+C

-
a―c

SinceV,(r)isindependentofφ,equation(II-4)is

謡丿
√耳F

- -
∂ﾐF

Byputtingv1(ﾐ;,7?)=X(ﾐ)･Y(η),

(と2-1)
d^X

-d『

四下可

+(2ﾄT)

-

∂V1
一岐

dX

-dﾐ

161-

-

↑

∂
-
∂7?

(11-12)

77√T二F 】=0

cz

Z2-C2

一

二

a

OblateProtrusion

Foranoblatespheroid(aくb),coordinatex,yandzareeχpressedasshownin

Fig.II-2(b)as:

√T二戸‾

7?

-λ2χ=0

∂VI
-
a7?



./

ﾒ ﾉ J

(1-7?2)
d'Y

一向2
-(27?-

玉)

7?

dY
-
d7?

十λ2Y=0

Wetransformtheseequationsbyputtingg=iび‾r‾二Tandh=土び‾TこiF､

(1-h2)

VI(むn)=-

V(f,t?)=
V｡

- d

2h
dY

-
dh
十λ2Y=0

[1

上+ﾕ

匹T2

一二十王
呵‾ﾆT2

cz

-

Z2+C2

C
-
a

と)1

｢

-

十

一
1

1

-
2

+-
2

tan-'

tan'1

2､/F二T

-
2-『

tan‘l

2岬7‾二T
-
2-f｡2

1

tan-'

162-

(11-13)

(11-14)

S

･

d'Y
-
dh'

Theseequationshavethesameformtoequation(II-7)forfandl?.FunctionV(S,η)can

beobtainedinthesamewayasinthecaseoftheprolatespheroid.

y
~7=IJﾏ

VF二T7r二?‾゛V1(ξ,7?)

FieldstrengthalongtheaxisofthespheroidEJz)isobtainedbyputtingη=0

ﾐF=yFでΞ7EFandf｡=71757Eｱ',anddifferentiateequation(11-10)byz:｀

Eax(z)=
今

VI(r)=- 今(

2cz

-

C2一一Z2

2ca

-
C2-a2

心

Whentheprotrusionis“hemi-sphere(a=b),potentialv1(｢｣iseasilyobtained3s;

Whereristhedistancefromtheorigin.PotentialV(r)andthefieldstrengthalongthe

axisofthesphereare;



V(r)=一一

E

ax

(z)゜

見丿

午{1 +2(

a
-
｢

a
-
Z

)2

)3

}

(11-15)

(11-16)

FieldDistribution

Fieldstrengthalongtheaxisoftheprotrusioniscalculatedforseveralvaluesofalb

andshowninFig.II-3.

j
i
D
q
/
(
Z
)
3

ｽﾞ/【】

Fig.II-3ElectricFieldStrengthalongtheAxisofthe

Hemi-SpheroidalProtrusion(a≪d)

- 163･-



APPENDIXIll

PROPERTIESOFWEIBULLDISTRIBUTION

BreakdownfieldstrengthofagapwhosenegativeelectrodeareaisSobeysWeibuU

distributionineqution40inthetext.SomeofthebasicpropertiesofWeibulldistribu･

tionarediscussedinthisappendix.

Breakdownprobabilitydensityisgivenbythedifferentiationofequation400fthe

textwithE.

P(S,E)=
mλ｡

Ed

S･( (III-l)

Asanumericalexampleofthedistribution,P(S,E)isplottedinFig.IlI-lasafun-

ctionofE,effectiveareaSasaparameter.Constantsintheequationaresetasfollows

takingthevaluesforfinefinisheduniformfieldgapsin6atmSF6gas.

X

(
S
*
3
)
d

A
l
l
s
Z
3
0

A
i
ｺ
一
S
V
S
O
U
d

(叶四

S=K)OOOcm2

0.2

(E=Ed)

0.30.40.5

E-Eo

Ed

Fig.III-1ExamplesofWeibullProbabilityDensityP(E,S)
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?

t

m=7.4

λ=400

Eo°238kV

Eh°534kV

Fromtheseprobabilitydensitycurves,wecangetaverygoodideaonthescatteringof

breakdownfieldstrengthanditsdependenceonelectrodeareaS.

ModalvalueofthestatisticaldistributionofbreakdownfieldstrengthEisobtained

byputtingthedifferentiationofP(S,E)byEaszero:

O｢

Em‾EO

-

Ed

E

-
Ed

一

一

m-1

S°λo°m

m-1

二
げ

S°λo゛m

.1.

い (III-2)

ThevalueofEwillbeoneofthebestrepresentativesofthebreakdownfield

strengthofagivengap.Thefieldstrengthdecreaseswiththeincreaseoftheeffective

areaofthegap.Thepropertyexplainstheareaeffectofelectrodeinthebreakdown

characteristicsincompressedSF*asshowninFig.64inthetext｡

Ifweconsider5%breakdownfieldstrength,F(S･E5､)゜0.05･3sltypic‘11represent°

ativeoftheminimumbreakdownfieldstrength､approximatevalueofE5%/Eaisobtained

fromeqution40ofthetextas;

o｢

λoS'(

E5%

-
Ed

-

-

E5%‾EO

-
Ed

)゜=0.053

0.053

λo°S

j_
い (in-3)

ThevalueofE5%/Edwillshowagoodestimationoftheminimumbreakdownfield

strengthasafunctionofareaS.
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Inthesameway,ifwetakethefieldstrengthwhichsatisfytherelationF(S,E)=0.95

asarepresentativeofthemaximumnon-breakdownfieldstrengthofthegap,thefieldis

givenaS;

95%Eo-一三一十(
EdEd

Therelationbetweeninin

1

げ

匹

Ed

(I1I-4)

),thatisWeibuUprobabili-

今

j

¶

3.0

-
λ

o°S

-
1-F(S,E)

andIn(

typlot,islinear.ThecurvesforelectrodeswhoseareaS,andS2areparalleltoeach

otherandtheverticaldistancebetweenthetwocurvesisInS^/Sj･
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APPENDIXIV

NUMERICALEXAMPLESOFEFFECTIVE

AREAOFELECTRODE

EffectiveareaofagivengapS.ffisdefinedbyequation51inthetext.Numerical

valueofS.ffisobtainedbythefieldanalysisofthegapasfollows.Theratio6'^oJ

maxandtheareasofelectrodewhosefieldstrengthishigherthanE,S-(E)ontheele-

ctrodewhichgivesthemaximumfieldinthegapandS゛(E)ontheoppositeelectrode,

aregivenastheresultsofthefieldanalysis.ConstantsE｡,mandλ｡intheequations

aregivenbyequations44,45and46,respectively.Then,theeffectiveareaforpositive

andnegativepola叫ies･S;ff･Kuarecalculatedbysolvingequations51and53,simultane-

ouslybytheaidofanelectroniccomputer.Somenumericalexamplesoftheeffective

areaofthegapsusedinthepresentworkaresummarizedinthisappendix.

ParallelPlaneGap

Iftheeffectofelectrodeedgeisnegligible,bothelectrodesofaparallelplanegap

arestressedatconstantfieldwhichcoincidestothemaximumfieldofthegap.max°

Thatmeans,

Eop°Eχχlaχ

Theintegralinequation51oneachoftheseelectrodesis

s:ff°Kii°-{:“dE｡ (IV-1)

whichisequaltothesurfaceareaofeachelectrode.Iftheroundededgeoftheplane

electrodesisnotnegligible,theeffecthastobeevaluatedbytheprecisefieldanalysison

individualgap･

m

EffectiveareaofacoxialcylindergapwhoseinnerandouterradiiandlengthareRi

R2andLcanbeevaluatedneglectingendeffectasfollows.
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Theratio^op/Emaxofthegapisequaltotheratiooftheinnerandtheouterradii,

Ri/R2.TheinternalcylinderisstreassedatconstantfieldwhichisEnlax゛Safinequation

51isdeducedas:

Kfi°27rR.°L

Effectiveareaforpositivepolarityisexpressedbyequation51as:

S:ff°27rR,-L(

R1
-
R2

-

1-

E｡

)゜

(IV-2)

(IV-3)

&

i

斗

Emaχ

E｡

-
Emaχ

Thevalueofs:ffisobtainedbysolvingequationIV-3withequation53inthetextas

afunctionofgaspressure.ExamplesofthevaluesforGapGandFusedinthetextare

presentedinTableIV-1.Effectiveareaforpositivepolarityisverysmallincomparison

withKiibecauseoftheasymmetryofelectricfieldofthesecoaxialcylindergaps.

Press.

(a↑Tn.abs.)

GAPF GAPG

Siff(cm2) S;ff(Cm2) Seff(cm2) Sぷff(c�)

1 480 39.5 3000 523.7

2 φ 39.5 々 522.1

4 φ 33.8 参
460.4

--〃

372.6

6 ● 25.5 4｢

8 1 17.7 ﾀ 275.4

TableIV-1EffectiveElectrodeAreaofCoaxialCylinderGapsFandGasa

FunctionofGasPressure

m

Thevaluesofop'max゛dS(E)forpositive゛dnegati゛epolarities31egi゛eni11

Appendixlforsphereandrodgaps.Usingthesedata,effectiveareaofsphere-sphere,

sphere-plane,rod-rodandrodplanegapsarecalculatedasafunctionofgapconfiguration
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1.

S

●

も

4
i

andgaspressure.ExamplesoftheeffectiveareaofGapA,BandCusedinthetextare

presentecfinFig.IV-1(a)and(b)asafunctionofgapspacing,gaspressureasapara･

meter,forfineandroughfinishedelectrodes,respectively.Thedifferenceoftheeffective

areabygaspressureandthefinishofelectrodeisnotsosignificant.Sincethelogarithm

ofS,ffisoperativetothedischargefieldstrengthofSFfi,weareinterestedintheorder

ofmagnitudeoftheeffectivearea.Fromthispoint,theeffectofthesefactorsisnotso

significantwithintherangeofsurfacefinishandgaspressureofpracticalinterest.
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3
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3
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Fig.IV-l(a)EffectiveElectrodeAreaofFineFinishedGapA,BandCGas

PressureasaParameter
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Itshou】dbenotedthatpositiveeffectiveelectrodeareaofthesegapsconvergesto

zeroatacertainvalueofd/R.Atthegapspacinglargerthanthiscriticalvalue,the

effectofelectrodeonpositivedischargeinSF,willbenegligible.0nthecontrary,the

effectiveelectrodeareafornegativepolarityincreaseswithd/R.Thisdifference

intheeffectiveareaofpositiveandnegativepolaritiesexplainsthepolarityeffectofdis-

chargecharacteristicsinSF^｡

Examplesoftheeffectiveelectrodeareasforfinefinishedsphere-planeandrod-plane

gapsDandHareshowninFig.lV-2.ThevaluesofSJffareverysmallforthesegaps

becauseofthestrongasymmetryoftheelectricfield.
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Fig.IV-l(b)EffectiveElectrodeAreaofRoughFinishedGapA,BandC,Gas
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