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Abritrad 

Pure sF6 iiqyefïes at approximatP.ly -33°C at ioci.eased pnssine range of the praçticai 

high-voltage gas-iasalated SWifChgears (3.0-5.0 ber). The use of S F m  mûtufes with 

lower condensation tempenitiire and comparable dielectrk properties, is proposeci to 

overcorne the SES liniitltions for operataon in extreLIlie cold climates (Le. Canada). 

Recent studies have show that the SF&F4 mixture when msred in certain proportions 

exhits smng positive syeagism for application of ac and dc voltages in highly 

divergent fields. The present thesis aimed to investïgate thoroughly the diektric 

strength of SFdCF4 mixtures over the range of pressure used in practid hi&-voltage 

apparatus using highly divergent fields and a wide range of mixture compositions. The 

S F m  mixtures were studied under ac, dc and standard Iight~Ü~~g impulse voltages 

(positive and negative poiarities). The time lags for lightaing impulse breakdom 

voltages and coroaa inception for ac and dc voltages were recorded. The occurrence of 

strong positive synergisrn was vaodated for & and ac voltage applications in non- 

unifonn fields. 
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1. Introdriction 

The exceiient dielectiic properiies of SFs (salfm heXanuoride) have Iead to its wide 

range of appbtion in the fieid of high voitage insulatioa In recent yeam, biuary gas 

mixtures with sF6 as the main constituent, have been the su- of active research. The 

objectives were to develop new practical opedmes wÏth the desired properties of SFs 

and to correct the undesired properties to a negiigiilk leveL This way, the new 

combination of gases can be tailoreci to specific applications. 

Recent shidies of SF6 a d  CF4 (carbon tetrafluoride) which W e ï e  de-d tO 

develop mixtures for insalation in extreniely cold regions (ie. Canada), have shown that 

the mixture of SF- when mixed m certain proportions exbits positive synergism 

especially in bighly divergent field 1141. The aim of the present thesis was to conclude 

detded stuclies of the dieiecbïc strength of these mixtures over the range of pressure 

used in practical applications ushg highly divergent fields and a wide range of mixture 

compositions. 

For compkteness the properties of SFs wiIi be briefly reviewed, foiïowed by a 

comparison of the dielectrk properties of mixtures cooiprising more commody used 

bder gases such as N2 with îhat of SFd-4 pmperties. 

La Surfur hexqtbride 

1.a.l Hisrory 

In the field of the high voltage iPsnktion, snlfur hexaEiuoride or SFs is known to be 

an excellent insdating gas; sF6 owhg to its high dieleceic strength, chemical 



niertness, and good beat ttaasfer propaoW has been Mdely used as an insulation 

medium in gas insuIated equipnmt for s e v d  &cades. In the pas& because of its 

desired ddebtrk propertk for appkation in ekbbd qpmus; SF6 has been 

subjected to detailed engineering investigations. 

SFs was nrst discovered m 1900. but ütue scientik mterest for ptaçticai 

applications was show untiî1940 when Cooper suggested SF6 mjght have a benencial 

use as a dieiectric gas in high voltage equipment [1,2]. The eark  application was in 

Van de -generators which caused a growing interest for use in other gas insolated 

high voltage equipnient. At present, SFg is exteosively used in wide variety of eiectrical 

power equipnaent such as; Gas Iasnlated Swiîchgear (GIS), dry transformers and cable 

technology . 

La.2. Geneml Pmperties 

SFs possesses many advantages as a diektric gas. It is nontoxic and nonfkmnmble 

and has a superior cooling characteristic* It has a dieiectric strength substantially higher 

than traditional dielectric gases. In addition, it possesses exceptional arc quenching 

pro* and its use m electrical equipment elinhates fk hazards, allows considerable 

reduction in size and improves the reliability of the system. At the same the. SFs 

possesûes some disadvantages* One tmjor problem is its decomposition under eiectrical 

discharges fonning lower fluorides of sulfin. These decomposition products are toxic 

and corrosive to many insulahg and conductmg mat&. Ah, the Liquefàction 

temperature under high pressm is relatively Iow (-33OC at 3.5 bar) and 



The p h .  properties ofS& gas are bted m Table 1.1 [4]- S& is a dense gas, the 

density behg 6.164 pms pa litre at 2VC and 760 ton. This is a p p r o ~ 1 y  5 times 

the density of air unda similar conditions. 

Tabie 1.1: The physhl pmprbies d a  [4] 
Molecular Wei@ 146.06 

Meltiag Point 0 -50.8 

Sublimab'on Temperature CC) -63.8 

Density (iiquid) at WC and 25°C 1.98 and 1329 ghd 

Density (gas at one bar and 20°C) 

Criticai Tempeniaire (OC) 

Critical Ressure (bat) 

Criticai Density 

Specisc Heat (25°C - cp) 
specisc Heat (WC) 

Siinace Tension (-SO"C) 

Cœfficient of Enpansion (-18.542') 

Tbamal Coaductivity (XI@) 

V i d t y  @as at 25°C XI@) 

Bouluig PointeC) 

Relative Density ( h l )  

Expansion on Melfing 

vapour-(UW3) 
R e b t i v e  Index (N at 0°C) 

Deasity (2O"C, 1 bar) 

6.164 gfi 

45.6 

36.557 

0.755 g/ml 

7.0 g caVml°C 

0.143 d g  

1 1-63 dyn/cm 

0.027 

336 caI/sec/cm2PC/cxn 

1.61 poise 

-63 

5.10 

30% 

10.62 bar 

1.00W83 

6 5  kglm' 



possesses a high degree of ckmical sîaMQ at temperatures up to at k t  500°C; at 

certain metals; but is f m d  to be iuer& to mtals so~h as coppet, steei, and alurm'nurn 

withm the usual temperatine range of operation for electricaI equiprnent. Tests have 

indicated negligi'bk wxrosioa for various rnetals when exposed to SFs at 223°C for 270 

&YS Pl- 

SFo is non-ignitable and non-fiammable. The gas is seIf-healing after electrical 

breakdom and no conductmg decomposition products such as arnorphous carbon are 

The properties of other tluorides of sulfnr are listed in Table 1.2 141. These may be 

present as byproducts of decomposition and confamhants of the SFs gas. 

SF6 is a non-toxk gas. Its toxic properties are mainly associatecl with the presence 

of the Iowa fluorides such as SF2, S2F2> S2FL0, SFg and HE These may be present as 



impurities because of Hnproper manufacturing or as decomposition produch formed 

under an electric arc. The physiological e-ts of these decomposition prodncts are not 

clear. Each bas been described as toxic, even though, some of them are ody inMy 

toxic. Since, there is ahways possibility of the presence of decomposition products either 

by excessive kat or the elect-lic arc, one must dways consider the possiailty of gas 

decomposition products for engineering applicatioas. 

3 Electncal Propemès 

The high diektric strength of SF6 is due to îhe stroog electron attachment 

properties of the SFs molecale. In this process, fke eIectn,ns coIlide wîîh the neutrai 

gas molecules to form negative ions by the following process. 

The f5rst equation represents attachment process st&g at eiectron energies of 0.1 eV 

with an energy range of 0.05 eV. The process shown by the second equation attaim a 

maximum at 0.1 eV. The negative ions formed are heavy compared to the free electrons 

and t h f o r e  under a &en electric field the ions do mi accumulate sufîkknt energy to 

Iead to ionaation in the gas. 'Ibis process represents an effèctive way of removhg 

electrons which otherwise would have contributed to the cumulative ionization, to the 

current growth and noally to the breakdown of the gas. This property 



&es rise to v a y  high dielectric strength for gas. Even wmna onset vohge for SFs 

in a non-unifimu elecüic &Id is considerab1y higher when compared to air. 

Numerom amsmements of the iomzation (a@) and attachent (q/p) coefkients 

have been recorded in &rature. But these nvra~uiemnts maïuIy deal with low values of 

gas pressure. An extrapolation of the values of téwe coeilïcknts to higher pressmes is 

therefore necessary for most prsctral applications. The vaiues of (a-q)/p as a function 

of Wp are shown in Fig. 1.1 [q. 



Over a wide range of gas pressmes for d o m  k l d  configiirption in SFs, the following 

empincai equation is fotmd to be valid. 

Where Eapplied electric field, kVfm 

k= 27.7 kv' 

p=gas pressure in bar, referred a> a temperature of 2@C 

(HP)-: limiting value of Elp below which no breakdown is possiile (%=), 

is equal to 883  kV/bar.cm or I l8  V.torr.crn 

The number of fke electrons m an avalanche wiii increase in aoy region where Elp 

exceeds (E/p)- and wi l l  decrease when E/p is less than w p ) ~ .  

Conversely, the non-UIIiform field is diflic& to analyze, but is of considerable 

importance nom the practicai point of view since it is the condition most commonly 

encountered in electrical apparatus. In non-dom field gaps, aü evidence suggests that 

a strongly kld dependent eiectron production must be present. It is expected that the 

breakdown caused is by streamer injection, initiated by particles. For higbly non-Morin 

fields, the streamers develop into a steady discharge giving rise to a ''corona stabilized" 

higher breakdowu. G e n d y ,  it is a conanon practice to design the apparatus to operate 

without corona. Thenfore wiîh SFs gas, the neld non-domiity must be avoided as far 

as possible. Also, the corona omet voltage should be taken as a miterion for the design 

where non-unifomiity of the field can not be avoided. 



Nita ['I], in his classical pppa, has treated the n o n - d o m  field ùreakdown in SFs 

both theoreticaIly and experimentally. The equation for the total numba of electrons in 

the avalanche N, for both uaifbm and non-uniform gaps is given by. 

x = distance h m  the electro& which gives the maximum field strength 0, 

x, = the value of x where a==. 

Nita used Raetber's cnterion [8] for transition h m  avalanche to stceamer that is, 

~ ~ l d .  For unifimm field gaps, E is constant across the gap in Equation 1.3. 

For non-dom field, Equation 1.4a becornes 

Because k is very large in SFs, x, is very small to give conditions for streamer. Hence 

breakdown in non-Ulliform field m SFs is dktated by the electric field distn'bution near 

electrodes. Tak.uma, et aL[9], suggested that the discharge characteristics in high 



once a leader O-, it is pmpagated by iîs own space charge fieiâ, even if the &Id 

is so w& that aq. Tbe local oekl at the tip is supported by the high conductivity 

channeL Because of the rppid mQease of awith E, the breakdown strength in SFs is 

dictated largely by E, in the gap. 

SF6 not ody possesses a high dielectric strength, but also, its moiecuies when 

dissociated due to sparkovers, recombine rapidly a& the source emgipog the spadc is 

removed and the gas recovers its strength. This mices SFs uniquely effective in the 

quenching of arcs. It is approximately 100 times as effective as air in quenching arcs. 

This propexty of SF6 is amibuteci to several Gictors. SFG gas has a large elecwn 

attachment c o e ~ e n t . .  If the fke eiectrons in an eiectric field can be absorbed before 

they attain sufE&nt energy to generate additional eiectrons by collisions, the 

breakdown mechanisrn can be delayed or even be stoppeci. The large colüsion diameter 

of the SFs molecuie, estimated to be 4.77 assists in capturing these elecWns by 

attachment processes thus ghing rise to stable negative ions. Energy is also stored in the 

viitional and rotationd levels of the S& molecules. The negative ions so formed 

reduce the efféct of the positive ion spaœ charge around the electrodes, cathode 

particularly, and thus OeceSSifate the application of a higher voltage to produce an arc 

across the gap. The high k t  transfa capabiüty and the Iow arc temperature provide 

sF6 with an exceknt capacity for exhguishuig ektric arcs [4,10]. The heat transfer 

propeaies essentially consist of the specinc heat of the gas, thermal 



conductivity and the viscody. h generai, SFs has good heat transfér characteristics; 

fkom the g e d  chnrafterrptics 
. . 

of s6 gas opon estabikhmnt of a thermal gradient in 

the gas, its lower viscosity coupied with its pater density WOU lead to more extensive 

gas cirnilaton than wouId be obtahed îu mirogen or air mder the same thermal 

conditions in commercial gas filled equipment. This shouid resuit m betta heat 

dissipation h m  the operating parts of swh eqaipmnt. The The resuit wouM be a 

cooler temperate of operation in SFs gas 611ed equipment and this has been 

expeiimentally found to be tnie [Il]. 

1.6. Binmy gas nrktures wah SFc 

Utility companies desire to have a system wbich once instaIied can be left alone with 

the assurance that it will perform worry-free for the next 35 years. In addition, the 

system has to be simple to install and niaintain, besides its econoniic feasl'bility. 

Therefore, û must utilize the insuiating materials that possess excellent dielectric 

properties. Regardmg gas insulators with today's stringeut environmental constraints, 

the insulating gas medium naist be environmentaiiy acceptable not only in its original 

state but also after sustairüng an arc c a d  duriag a huit, The insuiating gas must 

remain in gaseous state throughout the operathg temperature cycle and operatiag 

pressure. The cost of gas conm'butbg to the cost of overaii system must lie withm the 

tolerance rnargsis of economical feasity [LZ]. Since no single gas meets di the 

requirements imposed by recent demands on power systems, gas mixtures seem to be 



an appro- alternative. Using a gas mRtures as the insulaîing medium. the pmperties 

of component gases cm be exploited to siiir the demands for specinc appbtioa A 

cheaper gas cm be substituted for part of SFs wbile uuhtaining the desired dielecüic 

strength or the overali cost of system cm be reduced using a componeot gas wbkh can 

operate a s u d e r  enclosure due to its higher tban S& diektric strength. 

Alternaîhely, hprovement of system reliability can be achieved ushg a component gas 

whose breakdom strength is less sensitive to particle contamination and s d c e  

roughness. 

Sulfur hexafiuoriide (SFs) because of its exceknt dielectric properties discussed 

earlier, is chosen to form the base gas m the binary or even tertiary matures. Gas 

mixtures with SFs as the base gas for insuIation applrations have been proposed; such 

mixtures, aithough with reduced dielece strength tend to be las sensitive to particle 

contamination or surface roughness [13]. 

To choose a mixture for practral indation apphtion, investigation oormally 

focuses on the breakdown sensi- to particle contamination and surfhce effects, 

synergism, arc quenching, diability, economicai considaation and etc. 

Lb.2. Minure of Sulfir hexajluoride and Nitrogen 

Nitrogen (&) is one of the appropriate candidates to be mixed with SF6. Nitrogen is 

a bufEer gas and has no electronegative properties. Due to the low condensation 

temperature of nitrogen, it is especially suitable for use in the regions of extreme cold 



(ie. &da). Addiiion of a b u e  gas to SF6 dows down high energy eiectrom and 

brings üian hto an e m g y  range where they nrpy be caphued via electron attachent 

by SF6. Niaogen is mIative1y hert and can be provided inexpensiveiy due to iîs 

abundance [14]. When the breakdowu strength of a mixture is higher than the surn of 

correspondhg breakdom strength of the constituent gases weighted by th& partial 

pressure at the same pnssure, it is said that the components act in a cooperative or 

synergistic manna to mcrease the die- strength of the mixture- As practïcal 

insulants, strongly attaching gases saffer h m  the disadvantages of high cost and Iow 

Quefaction pressure; however if d quantity of electronegative gas is added to a gas 

such as nitrogen, a v e q  large increase in its dielectric süength wiii be acquired [3]. The 

previous findings indiCate some promising @ormance of SFs and nitrogen mixture. 

For exampie, a 50%/50% SF6 and nitmgen mixture e x h i  the same dielecûic strength 

as 85% SFs but at approximately 35% Iowa cost when operating at 15% higher 

pressure 1131. As tnentioned eariier, the local field enhancements caused by suffixe 

roughness or shaq edges lower the SF6 breakdown strength. The mixtures of SI?& 

have been found to be iess susceptiie to particle contamination breakdown than pure 

[15,16]. Tbese mixtures provide a viable alternative to pure SF6 without the 

necessity to raise greatly the total pnssure of a system. 

As mentioned eark,  a certain advantage of SF& mixture over pure SF6 is its 

capability in controloog particle contamination. In SF~-insuîated equipment, the 

dielectric strength is often lowered drastidy by unavoidable contaminating particles. 



Table 1.3 presents breakclown vokage of SF& mixtures in coaxial cyhder electrode 

geometry and contam9iation smmlPted by copper test partrIes [lq. The elecaicol stress 

is imposed by & voltages This set of bnalrdown measui.ements in SF& mixtures of 

merent proportions and pesures, suggests an optimum proportion of SFs and N2 

(60%-SFd4096-N2) and also there exists an optimum total pressure which rnay vary 

somewhat with conditions. 

The application of gas mixtmes for transforxœrs and circuit breakers is in its early 

stage when compareci with transmission lines. Again, the beachmark gas is SFs to which 

we compare the @ormance of other gas Circuit breakas in addition to 

dielectnc strength, require the arc quenching capability of th& insdating gas to 

extinguisb the arc and to =ver its dielectric properties. Also, practicai circuit breakers 

are designed to operate at incnased pressure (3.5-5.0 bar); however, pure SFs wiil 

mue@ at that pnssure range at approximately -33°C. The use of appropriate 



mixtures with lower condensation temperatmes and simüar arc quenching properties to 

S& any oveicom the limitation of rismg SR done in circuiî breaks designecl for 

operation m emme wld cIiniates. E a r k  applications of SF& mixtures in circuit 

b reaks  had ovemm the problem, but iî has been f o ~ d  that increasing the 

percentage mtrogen causes a drop in interrupting capability of the mixture and the 

circuit breaker had to be downrated [18]. 

To overcome the reduction in thermal capability of SF& gas matirres and to 

maintain a full interruptiug rating of equq!ment should fault condition arise, one possible 

option might be to compensate for the reduced thennai capability by including more 

gradhg capacitors across the apparatus (circuit breaker or disconnector) as wen as 

shunt c a p e  wnnected at the line side. Unforiunately, cctioshg too high a value of 

grading capacity poses an i n d  risk of fmoresonance condition. Furthermore, 

addition of shunt capacity involves an imposai hrge expense which in most cases is not 

economkally fiasiilet A second possible option is  to select a gaseous dielectric that 

niaintains the thermai capabilicy of SFs while at the s ~ i e  time retirining a low 

condensation temperature as that of mixture. SF&F4 mixnires satisfy the very 

iow liquektion temperatme requirement of SF& mixtures and in addition, they 

possess better arc quenching property which malw them a more appropriate candidate 

for use in circuit breaker technology. 



1.6.2- ML.nture of Sulfir he&uonde Md Carbon tetraflwnde 

Gaseous fluoIOCafbOns inciuding m. have long been of mterest in high voltage 

applications due to the& Mrt char~cter and high die- sse~gth, Fluorine is a rather 

unique elemnî, It îs the mst reactnre eiemnt m the peziodic table and reacts Mth 

nearly all other substances with the interesthg that many of the combinations are 

among the m s t  ïnert substances. A very fhmik example is SFs which is cheniically, 

thermally and electricaIly very stable- Other fluorogases kcludmg Freons and 

fluorocarbons ofter high dielectric stnngth, low liquefacton temperature, chernical 

inertness, non-toxicay, non-Dammability and good heat conductioa Fimcarbon gases 

manifest wide variations in dielectric strength, however ail iavariably show a breakdown 

voltage which is greata than that o f  air or mtrogen. Ftgures 1.2 and 1.3 show the 

dieleceic strength of CF& SR, air and mtrogen with respect to pressure when tested 

under positive standard lightning impulse and 60 Hz ac voltages [21,22]. 

Figure 1.2 Positive standard iightning impulse brcakdown (rd-sphere electrode, 255 mm gap 

separation) 1211 



In a quasi-dom neld consgpntion mg. 1.& the dielectric strength of SF6 

remamS substantially higher than that o fm4  for standard lightmiig impulse tests and for 

all pressures tested 1211. For the sarm saies of tests, the dielectrïc strength of (3% is 

comparable to that of  air but is sogbtly higha* For a Worm &Id configuration and 60 

EIz breakdom voltages m. 1.3), the dieiectric strength o f m  (Fl4) is almost haifway 

between the dielectric stnngths of SFs and Nz ; the SF6 and nitrogen dkkctrk strengths 

being the pppet and Iower limits respectively 1221. 

Figure 13 60 Hz breakdown voltages (pianar cl- of 762 md, 12.75 mm gap Scparation) 
1223 

CF4 has good electmn attachment properties for electron energies higher than 2.5 

eV and îtom Table 14, it can be seen that CF4 has a much lower critical temperature' 

' The temperatme a h  which a gas c m  not be liquefied by the application of pressure- 



and nuich higher critical pressu~c* than aIl other fluorocarbons in thaî table. Both low 

Cnticai temperature and high critical presmre are v a y  desirable properties for gaseous 

dielectrics 123,141. 

The niff?cuIty associated with the use of C F 4  as a dielectric is its generic label 

Freon-14. Back in mid-1950'~~ the Freon gases were considered ideal alternatives to 

ammonia for refiigerants due to their good ckmical stability and low toxicity to 

humans; C F 4  was defiaed by goveniment standards as Freon-14. Freons are 

characterized by a high dielectrïc strength which in some instances has been cited to be 

more than 8 tims thaî of nitrogen [23]. It was not known back m mid-50's that the 

concentration of Freon gases in atmosphere deteriorates ozone layer via chernid 

reactioa Subsequently, a sisignincant depktion of the atmospheric ozone Iayer has 

prompted authorities to mipose a global ban on the synthesis of all FEcon gases by 1997. 

Although C F 4  has been labeied Freon-14, this is a misnomer because Freon gases 

* The minimum pressure under which a subsîance may eUs< as agas m equilibrium with the liqoid 
whïle k i n g  maintanieci at its critical pressure. 



typicaüy contain atoms of carbon, Bnorine a d  chlorine and are reférred as chiorinated 

fluomcarbons (CFC). Chlorine is the element respo~l~libk for atmospheric ozone layer 

depletion tbrough chemical reaction and CF4 is the only Freon gas that does not contain 

chlorine, thenSiore is not harmful to the ozone laya. WUartunately, it had been a 

government decision that wrongfidly b a d  the labeIed CF4. -fore, wiless any 

lobbying can be accomplished to classify Ch as a non-Mn, its use as a dielectric gas 

in SE mixtures is termiaated [14]. 



II, Ewrimental set w 

Ka. Gap Arrangement 

In orda to simula& the condïîion of highly nonvniform W. a pomt and sphere 

gap auangement was chosen. The respective nimensions were: 

Poink a 10 mm diameter brass rod tapend 30" to a tip wbich was a spherid cap of 

radius 0.5 nim, 

Sphere: copper, 625 mm diameter. 

The experimnts were carried out with gap separatioos of 5-30 mm, increased in 5 mm 

s teps* 

ILb. The test chamber 

The test chamber was a fibaglass remfofced resh cylinder (350 mm diameter, 825 

mm height) enclosed by a bras plate (560 mm diameter, 20 mm thickness) at each end 

as shown in Figures 2.1 and 2.2. The rated pressure of the vesse1 was qecifkd at 700 

kPa by the manufbcturer. Due to its age and safêty coosideration, the eqmhents were 

iïmïted to a maximum pressure of 300 kPa. The point and spheze electrodes were 

supported by an acrylic kame. It consisted of a a j o r  structure and a minor structure 

both positioned ioside the chamber (Figure 2.1). The adjpstability for the gap 

arrangement was provided by a dc motor and gear box assembly positioned on the 

minor hm such as to be able to rotate the bottom earthed electrode (sphere). The 

shaft of the earthed electrode had a thread pitch such that 341.1" of revolution 

correspondeci to lmm of vertical displacement. 



F i i  2.1 Cross section of the test chamber (not to scale) 

The equator of the 'sphere electrode was graduated in degrees in steps of 10" each. 

The position of each marker with a crosshair on one of the observation portholes 

provided the precision measuenient of revoluîion. The gaps were adjusted with an 

accuracy of M.015 mm -out opening and depressurking the test chamber each time. 

The operation and direction of rotation of the gap adltment mchanisrn was contmlled 

by two double pole double throw switches h m  outside the test chamber. 



Figure. 2.2 Photograph of the test chamber 

ZLc. Gas Filling Procedure and Pressure M01u'roring 

Before sealing the test chamber, aIl the mechanical and electricai components were 

inspected thoroughly for pmper operation. S o m  routine refitting work was performed 

on the press= valves and O-rings at the interbice between the fibergiass cylinder and 

two brass endphtes. Rior to 6Ring the test chamber, the vesse1 was evacuated to 

0.0013 kPa and flushed with prepdkd  h g e n  (99.995%). The vesse1 was evacuated 

a second thne to a pressure of 0.0013 kPa. The gas mixtures were adrriitted into the 

chamber and the pressure was moaitored by a Matheson pressure gauge (f0.25% mor, 

show in Figure 2.3) against my Lalrage. The procedure for adniittiog a particular 

SFdCF4 gas mixture into the chamber is listed in Appendix A. 



F m  23 The vacuum and pressure monitoring gauges 

I1.d. Test Circuits 

The experiments were d e d  out under: 

1. Positive and negative standard lightning impulse, 

2. Positive and negative polarity & voltage, 

3.60 Hz ac voltage. 

The schematic of the C i r d  Cor generatbg positive and negative standard Iightning 

impulses (ml . M O  psec) is shown in Figure 2.4. Figure 2.5 shows the photograph of the 

impulse generator. 



Impulse 
Total Attenuaiion: 

-39523:l 

Attenuation - 
To 

ûsciiioscope 

Figure. 2.4 The cincuit used for generaiing standard lightning impulse voltages 

The positive and negative standard impulse voltages were generated in accordance 

wiîh the intemational standard IEC 60. (IEC 60-2: 1973; Guide on high voltage testhg 

techniques Part 2. Test procedures) and (IEC 60-4: 1977; Guide on high voltage 

testing techniques. Part 4. Application guide for rmamrbg devices) [24,a. The up and 

down mthod was used to &termine the 50% breakdowu voltages of SFd-4 mixtures. 

At least, 20 shots were applied for each test on each gap setting for a specific mixture. 



F i  25  Photogcaph of the impulse voltage generator 

The circuiî used for application of positive and negative poiarity dc voltages to the 

SFdCF4 gas mixtures is shown in Figure 2.6. Figme 2.7 shows the high voltage & 

gemrator* The control unit of the high voItage dc generator had precision analog 

voltmeter and ammeter bu& in and these meters were used to rnonitor the initiation of 

breakdowns. 



Figare. 2.6 The circuit used for testing of positive and negative polarity àc 
breakdowu 

F o i  2.7 Hïgh voltage dc generator 



The circuit useâ for appkatkn of ac voltage to gas mixtures is shown in Figure 2.8. 

Figure 2.9 shows the high vohage ac transformer. The precision d g  peak voltmter 

built in the control panel of the high voltage ac t r a o s f o ~  was used for monitoring 

breakdowns. 

For both & and ac, the mCeption of corona was determmed by connectiag a 

monitoring cimit (Figure 2.10) in series with the ground connection of the test 

chamber. The output of this cimiit was fed to a cathode ray oscilloscope. The circuit 

depicted m Figure 2.10 consisted of a voltage d ~ d e r  with the dividing ratio of 

approltimately 11100 and the attenuated voltage was directed to the cathode ray 

oscilloscope for wavefom observation. 

F i i  2.û The circuit useà for testing high voltage ac breakdown 



Figure 2 9  The high voltage ac transformer 

To Grotmd 
Piate of The 
Test 
chamber 

- - - 

F i i  2.10 Circuit used to monitor corona inception 



During testing, the cathode n y  oscilloscope was protected against transient 

overvobages by maris of a seniiconductor transient srippressa and an air gap both 

pIaced m p&I with the voltage divider. For the breakdom cents; this circuit 

was shorted thus iiiakmg a direct connection berneen the bottom plate of the test 

chamber and the ground. 

The testing procedm for both dc and ac breakdown and corona inception 

measurements was conducted açcording to the guidelines specined in the mtemational 

standard IEC 60, @C 60-2: 1973; Guide on high voltage testmg techniques, Part2. 

Test procedures) and (IEC 60-4: 1977; Guide on high voltage testiag techniques, Part4. 

Application guide for cmasuring devices) [24,25J. Accordhg to EC 60-2: 1973 

guïdeünes, the dc or ac voltage should be appoed to the test object startbg at a value 

sufficiently low to prevent any effwt of overvoltage due to switching transieut. It shouid 

be raised slowly to permit accurate reading of the instruments. but not so slowly as to 

cause unnecessafy prolongation of stressing of the test object near to the test voltage. 

The above requirements were met by keeping the rate of rise above 75% of the 

estimated breakdom voltage about 2% per second of this voltage. Not less than 5 

voltage applications were made for each test with a 1 minute waiting interval between 

each application. The voltage had applied and raised accordingly until a disuptive 

discharge occuned. 

The r e d t  of the above tests appears as a series of n voltage values Ur h m  which 
- 

estimates of the mean disruptive discharge voltage U and of the standard deviation s can 



(2. la) 

The rnean breakdom and corona iuception voltages for dc and ac series of experhents 

were &terminai usiug Equations 2.la and 2.lb. The values were corrected for optimal 

temperature and pressure using the foltowing equation. 



Figure 2.12 shows the Mew of the lrigh voltage iaboratory, University of Manitoba 

where the expeiimnts were conducted. 

Figure 2.11 High voltage laboratory, The University OP Manitoba 



m. Emeriniental Restùts and D M o n  

AïXa Resurts 
The recent stady of  S F a  gas mixtures breakdown characteristics in highiy non- 

uniform fiek by Berg [14] was conducted Pt a nxed pressure of 200 kPa. The tests 

were camed out under standard oghmmg and SWifChing impulse breakdown, positive 

poiarity dc and 60Hz ac voltages. His study covered pure SF' and Cfi and SF- 

mixtures with 10.25.50 and 75 percent ofSF6 by volume. The gap lengths were 10.20, 

25 and 30 nmi (point and s p b  eiectrode arrangement). No SF- mixture with less 

than 10% of sF6 content was investigated. 

A strong positive synergism was observed to occur in gaps longer or equal to 20 

mm. For standard îightnmg mipulse breakdowm, 1ûMi SF6 defined the upper limit of 

breakdown voilage whawis for positive poiarity dc the sF6  breakdom strength 

was between the mixhires of SF&F4 aad 100% C F 4  (pure CF4 as the lower limit). A 

large increase in breakdown strength after adding the fïrst 10% of SFs to CF$ occurred 

for the positive polanty & and 60 Hz ac bnaLdown data. Berg found for al1 gap lengths 

that, the standard üghtmng impulse brealrdown voltage iacreased linearly versus 

i n d g  %SF6 in the niintiaes with 2 10% SFs per volume, while the positive polarity 

dc and 60 Hz ac test results showed a d e m e  positive synergism with the highest 

breakdown voltage values noted for the ..25%sF667s%ch mhtures. 

In the present msearch, however the gas mixnires consistecl of 12 different 

proportions of SFs and m4 with more emphasis put on imxnires with less than 40% of 



the SFs content per volume. The gas mixtures ranged h m  pure CFi to 

4û%SFd60%CF4 with inaements of 5% per volame added to SF6 content w h k  

keeping the pressure constant at 300 kPa ablute.  The remaining of mixtures consisteci 

of ~S%SF~~~%CF~,~S~EJSF$~S%F~ and pure SFs at UK) kPa The gaps were set to 

5, 10, 15, 20, 25 aud 30 mm mpecîively. The pnssrire of 300 kPa was chosen to 

voltage apparatas. 

1Il.a.l S . y  of resulr~ on ac(60 &) breoMmvn tests 

Figure 3.1 depicts ac (60 Hz) breakdown voitziges plotted versus the SF6 content of 

the mixture. A highly pronoonced positive syoergism is observed for 20,25 and 30 mm 

gaps in michires with SFs content ranging âom 5 to 35 percent. Notably, there is a 

sudden decrease in the breakdom voltage for 20 nnn gap at the point conespondbg to 

20% SF6 content. Also note thaî the region of positive synergism stays tlat for 25mm 

and 3 h . m  gaps (0-3096 SFs). 

Figure 3.1 Average ac brcakdown voltage (60 Hz) as a Cunction of S& mtent in mùnite, 300 kPa 



As it was clearly noted m Figiire 3.1, a strong positive synergism exists for the 

mixtures with Sfi content 5-3595 per volPm and 20-3Omm gap settings. Figures 3.2- 

3.4 present the ac (60Hz) resuits plotîed against gap separation. 

In Figure 3.2, a rapid inaeose mne thaa 50 kV in average bnakdown voltage is 

evident for mixtures with 545% SF6 and gaps b e r  than 15 mm. The respective crwes 

closely foIlow a common trend di&ripg slightty in th& average breakdown voItages. 

For the ctuve of 2096SF&O%C!F3 matute, the same trend is noticeable but the sudden 

jump m breakâown voltage has shifted toward the 2ûmm gap. Figure 3.3 shows the 

average ac breakdown voltages for the mRhrres with sF6 content 20-4096 per volume. 

The same trend marked by sudden jumps of ôreakdown streagth is evident; but this 

tirne, sküüng back to 15 mm gap for 25%SF,#75%CF4 and 30%SF~l70%CF'~ mixtures 

and then shiftiDg forward to 25 mm gap for the 35%SF&5%~4 mixture. E d y ,  the 

positive synergism starts to disappear for the 4û%SFd6û%CF4 mixture. 

h Fi- 3.4, the &ts presented for &tures with 65 md 85 percent of SF6 

content and the pure m6 show slightly higher ac breakdom than the 4096SFd60%(35 

mixture for gaps smalier than 25 nmi; for 30 mm gap, their breakdown strength nills 

below that of 4û%SF&û%CF4 mixture. Figure 3.5 shows the average ac breakdown 

and corona inception voltages plottecl versus SFs content for the 30 mm gap. Except for 

the 4û%SFd60%CF4 mixture (45 kV difference between correspondmg maximum and 

minimum points); the scatter of results is s r d i .  
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Fignre 3.4 Average ac brcakdown voltages for mixmrcs with SF6 content 4O-lûCJ% versus gap length, 
mkPa 

This dispiays a high level of certain& for most of the ac breakdown points. The corona 

inception voltages start at a low level for 546SFd958CFl mixture and increase linearly 

until the region of positive synergism ends. At this point, the breakdown voltage fa& 

abmpdy; suggesting a strong coma stab-tion e f f ' i  

The same trend applies to 25mm gap (Fîigure 3.6) with sonie minor d lo inces  such 

as, smaller scatter for the mixture with 4096 SFs wntent. 

For the 20 mm gap (Figure 3.7). a double lutup in the breakdown voltage is 

observed. Similar trends for wrona inception voltages are observed for 20, 25 and 30 

mm gaps. 



Fgiue 3s Average ac breakdowu voltage for 30 mm gap as a fimction of the SF6 content, 300 W a  

m l : : : : : : : : : :  

F i  3.6 Average ac breakdom voltage for 25 mm gap as a fmiction of the SF6 content, UX) kPa 



- - - - - - - - - - - - - - - - -  
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Figrne 3.7 Average ac bnakdown voltage for 20 mm gap as a fmictim of the SFd c o n t a  300 Wa 

Ill.a.2 Sumtllcl~ of results on & breukdown tests 

Figure 3.8 shows the positive polarity dc breakdown voltages versus the %SFs 

content in the mixture. The positm synergism is noted early this time at 10 mm gap. 

For 10-2Omni gqs ,  syiiergism extends to 40 percent SFs content decteasing süghtly at 

35% SFs. However, for 25 mm and 30 mm gaps, the synergism starts nilling in two 

stages; h t  at 15% sF6 and next at 30% sF6 content For 25 mm gap and 40% SFS 

content; the value of bnzkdown voltage drops below the breakdown voltage for 20 mm 

gap- 



rigare 3.8 Average pasitbe poIarity dc bmakdowu as a function of SF,S content in mixture, 300 kPa 

Under positive polanty dc, a strong pogtive synergism is observed for mixtures with 

5-3546 content This positive synergism is more pronouaced for 25-30nmi gaps. 

Figures 3.9-3.1 1 show the average positive polanty dc breakdowu voltage plotted 

against the gap separation. Ln Figrne 3.9, the brealcdown voltage increases linearly with 

spacing for the mixture with 5% and 10% sF6 content. The breakdown voltage starts to 

fan at 20 mm gap for 15% Sfi content. For 20% SFs content, the breakdom voltage 

for 30 mm gap is lower than those of other mixtures with the exception of pure CF4.  In 

Egme 3.10, the 20 mn gap marks the drop in breakdom voltage again, noting 

mixtures with 35% and 40% SFs for gaps hrga than 2Omm, The 40%SFd60%CF4 

mixture behaves erratically fot 5-15 mm gaps; the keakdown strength of this mixhire is 

fluchlating among 0- mixtures* 



Ffgare 3 9  Average positive polarity & breakûown v a s ~ ~  gap scparation, 300 kPa 

Flspte 3JO Average positive polarity & bmkdown versus gap separation, 300 kPa 



Figure 3.11 shows the positive polanty dc btepkdown voltage for matures with s& 

content e q d  and more than 4û96. The mixtures behave ezratically and the 

conespondmg m e s  cross each O*, the sharp decmse in positive polarity dc 

strength of the 4û96 SF, mixture for gaps larger than 20 mm is not observed for other 

mixtures. The increase of dc breakdown strength for pure S& k bear up to 25 mm 

gap; fiirthermore, two c w e s  rqresenting 65%sF,%cF4 and 85%SFdlS%CF4 

follow each other closely. 

Figure 3.12 depicts the average negative & breakdown strength for *es with 5- 

25% SF6 content. The resuh shows high bmakdown vohages and a sharp lineaf hcrease 

in breakdown voltage with mcreaSmg gap kngk similar to positive poiarity (Fige 3.9), 

for this range of SF6 content showed a lmear maease in breakdown voltage up to 20 

mm gap and afkr that descendhg breakdom strength for 25%SFfl%CF4 

(dhkkhhg positive synergism). 

In Figures 3.13-3.18, the average positive and negative dc breakdown and corona 

inception voltages are plotted versus the percentage of SF6 in mixture. The d t y  of 

breakdown voltage points is hdicated by respective rmmbum and minhum breakdown 

voltage points. Tbe corona inception voltage m e s  follow the breakdown voltage 

curves such that, a bigher brealuiown voltage normally corresponds to a lower corona 

inception voltage. An anomaly is o b m e d  for 5 and 10 mm gaps, the negative dc 

breakdown voltages are Iower than the corresponding positive dc tmdcdown voltages. 

For ail gaps, the negative corona inception voltages are lower than the 



correspondhg positive corona mception volîages with =nie minor deviations; no matter 

if the negative brealrdown voltage is higber or lower than the correspondhg positive 

breakdown voltage. 

3J1 Average positive polazity & breakdowu versus gap separation, 300 kPa 
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3 a  Average negative polarity dc breakdown for mixtures with 0-2596 SF6 content versus 
gap separation, 300 kPa 



Figtire 3S3 Average & breakdown and cocona inœption voltages plotted against percentage SF6 in 
mixtme,5mmnw>(3ûûkPa) 

E " i i  3.14 Avaage dc btcakdown and corona inccption voltages ploited against pen-.entage SFs in 
mixture, 10 mm sm, 300 kPa 



Figure 3- Average & breakdown and conma inceptioa voltages pIotted agakt  pcrcaitage of SFs in 
mixture, lSnmim,300kPa 
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rigrue 3.16 Average & brcacrdown and comma inception voltage plottcd against percentage of SF6 in 
mixture, 20 mm mm, 300 kPa 



r w  3.17 Average dc bmakdown and corona mcepticm voltages piotîed against percentage of SF6 in 
mixttire, 25 mm mp, 3 0  kEk 

F i  3.18 Average positive dc brtalrdown and c o r n  inqtion voltage plotted against pcricentage of 
SF6 content in mixture, 30 m m m J  300 kPa 



lll.a3 Sumnrary of resuits on stan&rd IighaWIg inpuise breakdown tests 

The standard impulse breakdown voltage vgsiis perçentage SFs content is shown in 

Figure 3.19. The positive syoagism is not evident, eqe&&y for the mixtures with SF6 

content of 5-40 percent. Thae are som isolateci instances showing increase of the 

breakdom vobages for gaps iarger than 10 mm toward higher proportions of SFs in 

mixture. 

Figure 3.19 50% positive standard impulse brcakdown as a fimction of SF6 content in mixture, 300 
Wa 

Figures 3.20-3.22 show posaM 50% standard lightning impulse breakdown 

voltages plotted against gap separatioa In Figure 3.20, the nmdures behave erratically; 

the c w e s  intercept at different points. An incnase in 50% breakdown voltage is 



obsemed for lS%SFdsS%CF4 mixture at 25mm gap. The same devious trend is wted 

in Figure 3.21. plus a jiunp of brealrdown vohage at 25 mm gap for 35%SFd65%m4 

and40ORosFd6046cFQ mixtures. 

For mii<tures wÉth 40, 65 and 85% sF6 content and pure s6 depicted in figure 

3.22. the same erratic behaviour is obsemd; note that the crave of pure SFs mcreases 

Üneariy with mcreaSng gap length. For negative standard lightmng impulse breakdom 

(Figure 3.23), high breakdown voitages and steep and h dope of incteasulg 

breakdown strength are notable. 



E i i  331 XHb positive standard lighaiing impulse breakdom voltage versns gap sepatation 

(- sF6) 



F i l  3.23 50% negative standard üghtning impulse ôreakdown voltage versus gap separation 
(SB% SF6) 

IKa4 Comparutg dc, ac(60 tir) and standclrd lightnutg 6reaRdown voltages 

Figures 3.24-3.29 are the average ac and positive polarity dc and 50% positive 

standard lightning impulse breakdom voltages plotted versus the percentage of SFs in 

mixture. They also inclmie corresponding cornna inception voltages for ac and positive 

polarity dc tests. In Figure 3.24 (5 mm gap), average ac breakdown is the lowest with 

no sign OP positive synergism; for dc other than the maximum breakdown voltage in 

pure SF6, an bcrease in breakdown voltage for 20%SFd80%- is noteworthy. 



Regardmg cornna inception, the a m e s  follow the n o n - d o m  neld theory applicable 

to both & and ac (low cornna mcCption voltage conesponds to higher breakdown, 

corona stabilization). In Figine 3.25 (10 mm gap), the positive polarity & breakdown 

curve rises to a higher level than positive standard iiphtmng inquise m e ;  the average 

dc breakdown voItage inmase h m  pure Cfi to S%SFd96%CF4 is v a y  steep and the 

synergistic e&t in 5-3û% SE content range becornes veq noticeable. For dc, higher 

voltage breakdown points correspond to lower voltage corona points. Contrary to dc, 

ac corona does not follow the sam üend and deviates in the range of 1040% of SF6 

content. In Figure 3.26 (15 mm gap), the positive synergism for average dc breakdown 

has becorne p r o h n t .  The ac breakdown voltage shows an initial rapid increase with 

addition of srnail amount of SFs content simïiar to dc voltage. No positive synergism 

occws for the standard iightning impulse crwe at this gap setüng. In Figure 3.28, the ac 

and & cmes  show the same degree of positive synergism for 25 mm gap (5-3096 SFs 

content per volnm). Comparably, the ac cocoro inœption occm at lower voltage level 

than dc. Flnalty for 30 mm gap (Figare 3.29), w& ac positive synergimi remains high, 

the dc equivalent starts decreasing; the ac m n a  inception still remains lower than dc. 



F i i  3.24 Brduiown and corona incepticm plotted against pcrccntage SFs in mixture , 5  mm aaD 

Figure 3.25 Brcakdown and cocona inccption agaihst perccntage SF6 in mixture, 10 mm m q  



Figure 326 Breakdown and coma inception against perœntagc SFs in mixture, 15 mm nap 

Figure 3.27 Breakdom and coma inccptim against pcrraitage SFs in mixture, 20 mm nap 



3.28 Breakdom and comma hccption against petcaitage SF' in mixture, % mm p a ~  

3.29 Breakdown and corona mccption against petccntage SF6 in mixture, 30 mm star, 



Ill.a5 T i m  to breakdbwn remlts for stcmdard fightnîhg hp&e breakzhwn voltages 

Figares 3.30-35 depict the Sû% standard lighhg impulse breakdom voltages and 

correspondhg average tim to breakdowm plotted versus the peroentage of SF6 content 

per volume in mixture. The folIoWmg observations have been made. 

There exist a general trend that a higher standard lighmmg impulse breakdown 

voltage corresponds to a lower average tmie to breakdown with minor deviaîions. The 

average t h e  to bnakdown for negative mipulse g e n d y  shows a lower range of 

fluctuations than the average tgne to breakdom for positive mipulse. As the gap length 

is increased (>IO mm). the average times to bi.eakdown for di&xent mixtures fall mto a 

narrower range or band of fluctuation. For gaps Mer than 10 mm, this band is 

approximately 2  seconds wide; for 5 and 10 mm gaps, it is wider than 3 

microseconds. FinaILy, rnajonty of the average time to breakdown points faIl below 5 

microseconds (for all gap lengtbs). 

Next is the volt-tim characteristics of mixtures in the region with the strongest 

positive synetgism. Figures 3.36-3.43 show the positive and negative poiarity volt-time 

characteristics for mixtures with 5-2046 SFs. These voit-time characteristics display 

dinerences. Referriog to F i  3.36 and 3.37, Uie points of negative volt-the 

characteristic are more spread than the positive volt-time characteristics for 

5%SFd95%CFd màîure. The range of variation of time to kakdown for negative 

impulse is approximately 2-6 microseconds while for positive impulse is 2-4 

microseconds. The converse is true for 20%SFd80%CFs mixture; refefiing to Figures 



3.42 and 3.43, the negative volt-the points are densely distributed in a region 1 

microsecond wide as opposai to the positive volt-eime which is distriiuted over a 

region of at k t  5 minosecond wide. For mRtmes with 15%SFd85%CF4 content, a 

broader scatta of points is observeci fbr positive vok-tirm characteristh. However, 

both positive and negative volt-tirm characteristics are denser (mm points) for shorter 

times to breaLdown (2-4 niicroseconds). Finally, refimhg to volt-the characteristics of 

10%SFd9û%CF~ mixture, we observe larger scatter for longer gaps; this scatter is 

wider for positive volt-time cbaracteristics (Figures 3.38 and 39). 



330 50% Standard lightaing UnpiLse breakdom and axcespnding average time to 
breakdom p1otted versus peccentage SFs in mixture, M m m  (300 kPa) 

F i  3.31 5096 Standard lighming inipùst breakdom and cauespondiag average time to 
breakdom piotted versus percentage sF6 in mixture, &lûuun (300 kPa) 



F i  3.32 5 W  Standard lighming impilsc ùceakdown and ~(~espoading average time to 
breakdoWIl plotted VersuS pericen- sF6 in IIlkm, &1!5111l~~(300 k h )  

Figure333 5096 Standard lightning impulse lxeakdown and conesponding average time to 
breakdom plotted versw percentage sF6 in mixture, d=20rma (300 kPa) 



Ffgacc 3.34 509b Siandard üghtning impilst breakdom and cocresponding average time to 
breakdom pl& vasus perceotage SFs in mixnne, d=25mm (300 kPa) 

Figure 3.35 50% Standard Iigbtnhg inipilse breakdom and c~cre~p~nding average time to 
bftakdow~ pl& vasus paaniage sF6 in mixture, &3bm (300 kPa) 



F i i  336 Volt-the characteristics fot positive lighming impulse breakdown for mixtures 
with proPottion S%SFd95%CF' at 300kPa 

F i  3.37 Volt-the chriractwstics for nemîive lightning impulse breakdown for mixtures 
with proportim S%SF&U%m at 300kPa 



Ffgure 33% Voit-time charactenstics for positive Iightuiog impolst breakdom foc mixtures with 
propoaiort at 300- 

Figure 339 Volt-tirne cbaradaistics for iightning impulse M d o w n  for mixaires 
with Proportion 10%SFd9û%CF4 at 300kPa 



Figure 3.4 Volt-the characteristics for Positive lightning impulse bmlcdown foc mixtures 
with ptoPorti0~115%SFJ85%~ at 300kPa 

Figure 3.41 Volt-time characteristics fa nepative lightnhg impilse bmakdown for mixtures 
with pqxxtion 1 5 % S F & 5 % ~  at 300kPa 



F i î  3.42 Volt-time characteristics foi positive üghtnhg impuise brealcdown for mixaires 
with proportion îû%SFd80%CF, at 3 0 W a  

Figare 3.43 Volt-time chamteristics for nepative ligfitning impulse bieakdown for mixtûires 
with proportion at 3ûûkPa 



117.b DiScussion 

In the recent study, Berg [14] noted a large positive synergistic effect for ac (60 Hz) 

and positive polanfy dc breakdown of mixtinw in non-@ORIL fields. Large 

incfeases in breakdom strength were observed startbg in matPres wiîh 1096 SFs 

content per volume. Furthentlore, ac test resolts showed highcr breakdowu voicages 

than the correspondhg & test resplts; possùbly, due to particle accPIIulation mside the 

test chamber under appIication of dc voltage. 1141 

Positive standard lighmmg impulse vokages did not show the same trend; 100% SFs 

breakdown versus gap distance defimi the ripper liimt of breakdom for the lightning 

impulse, whereas for positive polanty & the 100% m6 breakdown lied between the 

1 0 %  CF4 breakdown and the mixtures of The lïghtniog impulse showed a 

relatively linear relatiooship for alI gaps (10,20,25,30nim) for mixtures containhg more 

According to Berg, the positive synergisrn for dc and ac test was most pronounced 

for =25%SF6-75%CF4 mhtures for gap kngths. For both 10 and 2 5 m  gaps, a 

signincant increase in breakdown strength was observed a k r  addition of the k t  10% 
I 

of SFs to Ch (4SkV mcrease in brrakdown strength while the breakdown voltage 

The present research also vatiAated a steep mcrease in breakdown voltage for ac and 

dc voltages, starting in mixtures with 5% SFs per  vol^ (Figues 3.1 and 3.8). This 

study focused at mixtures wïth 5-4096 SF6 content, the SF6 content was increased in 5% 



steps each time. Aii mixtures m this range were iavestigated with respect to. breakdown 

voltage and corona ïnception voltage for dc and ac. and breakdown voltage and time to 

breakdom for standard ügbtning impulse) 

As in Berg's work, the positive synergism was not observed un&r standard 

lightning mipuises (Figure 3.19). For standard lighînkg impulse. the maximum 

breakdowns occmred near 10% SFs content. ûne possible explanation of the observed 

Merence may be the îack of sufücïent time for the establishment of space charges 

which modifies the distnibutioa of the field near the eiectrodes. Space charge Oelds play 

an important roie in the m e c h m  of corona and spark deveIopment in non-domi 

M d  gaps [27& Sufïkknt tirœ for estabMment of space charges is avâilable under ac 

and dc voltages; when the voltage is applied for a long tirne. the ionization products wiii 

have sufncient tirne to wander in the gap and accunmilate in space, causing a distortion 

in the original field [2q. For ac and &. as the fAd beconies increasingiy divergent 

(longer gap m point-sphere arrangement); the symrgistic effet OP SF- mixtures 

h o m e s  more prominent, 

In non-ULLiform field gaps, al1 evidenœ suggest that a strong field dependent ektron 

production m s t  be present In ektrically stcessed electronegative gases, the major 

source of bRakdown initiating fkee electrons is eiectron detachment nom the negative 

ions and therefore, occm with bighest probability in the Mciniry of posiîively stressed 

electrode under non-uniforrn neld condition. The detachment process is mostly 

collisional rather than electric kId induced. On the o k  han4 electric field induced 

Note that Berg did not mvestigaie S%SFmCFi  mixtures. 



ektmn detachment is an anliloely source of initiatory electrons in gas-insulateci systems 

unies negative ions with very smali el-n enapies exht in the field region 128,291. 

CF.4 has high ekctronegative property for higher ektron energies (typically 5 

2SeV). As field becornes more divergent, the electrons because of then high mobiüty 

are drawn towards the positive point and ionaation by electron collision taies place in 

the high field region close to the pomt. As the ektrons drawn towards the anode 

(point), the positive space charge le& behmd causes a reduction in the field strength 

close to the point while at the sane time bcmuhg the fieid fiirther away fkom it.. As 

space charge pmpagates furtber mto the gap, the field strength at the tip of the space 

charge may be high enough to initiate a cathode-directed seûuner  whrh in SFs or CF4 

alone would lead to breakdom of the gap. However, for SFdCF4 m0bures, it appeared 

that the electconegative CF.. moleciiles might trap some of the high energy electrons 

thus greatly reducing the probability of breakdown [26,14]. It is also possible that 

e1ectron detachnt h m  CF.. molecules reduces the &Id strength furtha away fiom 

the positive point; m other words, the electron detachrilent nom CF( fiditates the 

corona stabïlization of the gap against strwima breakdown. 

For negative polanty dc and mixtiins with 5-2596 SFs content (Figure 3.12), very 

rapid increase m breaLdown voltages were noted as gap length increased. Wïth the 

negative point, the electrons an repelled mto the low &Id region and becorne attached 

to the SFs and CF4 molecules. They tend to hold back the positive space charge which 

remaios in the space between the negative charge and the point. In the vidnity of the 



point the field is grossly e&anced, but the ionization region is drasîidy reduced. CF, 

molecules are capable to irap fia electrons with higher energy in this region and fiirther 

conmbute to the retarding action of the space charges. Fmally, the qpappaed neld sweeps 

away the negPtm and positive ion space charge h m  the point and the cycle starts 

again &et the clearmg time for the spaœ charges. The net e k t  is a bigha breakdown 

voltage needed to overcome the retarding action of ions. Siuce, the most prominent 

factor miped8ig the initiation of the breakdom is not the eiectronegative property of 

CF4 molecules and a stronger rnechanism prevails; tbere is an overall Iow probability of 

streamer breaLdown and the negative breakdown strength increases lkearly with gap 

le~£&-lSq 

For mixtures with 5-2596 SFs the breakdown voltage values for negative dc and 5 

and 10 mm gaps were lower than îhe coqarable breakdown voltage values for positive 

dc. However, for Mer gaps the negative dc breakdown voltages were appreciably 

higher than the positive & breakdom volîages. The corona inception voltages 

remained Iowa than their positive equivalents @igues 3.13-3.18). Under negative point 

electrode, the electrons are repeiled into the low field region between elcctrodes. They 

are norrnally attached to SFs and C F 4  molecules and hold back the positive space charge 

which remains in the space between the negative charge and the point, causing 

enhancement of the field in the vaciMty of the point while reducing the ionization 

regioa[26] Possiily, due to short gap length and high field, the repelied electrons 

possess high energy and the electronegative SFs and molecules can not capture 



them efikctively. These high energy ektroas detach more eiectrons h m  the gas 

molecales by collision in the high field region near the pomt; under high field condition, 

tbk rapidly @es rise to a cathode-directed stnamr breakdown. For longer gaps, the 

field close to the point elecwde is not as high as that of shorta gaps; besides the 

repeiled electrons h m  the negarive poinî are captmed efièctive1y by gas molecules; the 

space charge regions between two electrodes am f o d  and the retarding action of 

ions snmmd with afhi ty  of C F 4  for high cnergy ektroos produce a high negative dc 

breakdown strength. 

For positive dc breakdown, the region of posaive synergism for a l l  gaps corresponds 

to an early initiation of corona (Figures 3.13-3.18). For a positive point, more ektrons 

are generated by colosion in the high field region near the point. The electmns are 

drawn mto the point; the positive space charge çreated by electron denciency near the 

point, will reduce tbe neld strength close to the point and will increase the field strength 

m e r  away. It is speculated that the presence of Cfi molecules close to the point. 

facilitate the production of the electrons by detachment; thip &es rise to an eady 

corona inceptioa The corona near the point, changes the distriiution of the space 

charge m the region which in turn stabilizes the gap against an early cathode-directed 

streamet. The result will be a higher breakdown voltage for the non-uniform field 

arrangement and consequently, the positive syaergism shows up for the gas mixture. 

The 60 Hz ac breaLdown voltages did not display positive synergism for gaps 

shorter tban 2ûmm (Figure 3.1). But for 20-3Omm gaps, the ac positive syaergism 



approaches the breakdown voltage vaiues even bigher than the comparable positive dc 

voltage values (Figares 3.24-29). Diiring the negaîive baK cycles, thae is a high 

probability of brePLdown due to initiation of a cathode-kted streamer caused by the 

enhanced neld in region near the negative pomt ekctrode and enhanced electron 

detachtuent by conison. During positive half cycles, the bigh &Id region located further 

away nom the positive point and the formation of the space charge regions may 

contribute to low breakdom strength and absence of positive syoergism for the gas 

mixture- For longer gaps, the ektronegative C& molecoles work e&ctively to trap 

high energy ektrons; ab, an early inception of corona helps stabilizing the gap against 

an early cathodeidirected streamer breakdown. Considering the net effect of actions 

happening during each half cycle, stronger retarding actions affecting de$onizatioo 

during negative haif cycles surnrned with the posaive half cycle retardhg events 

contnbutes to the lower ac breakdown for shorter gaps. Conversely for long gaps, the 

sum of actions promotmg deionization during two half cycles occasionally boosts the ac 

breakdown strength higher rban its positive dc cornterpart. The formation of conductive 

paths caused by particle accumplation under constant dc voltage, is another probable 

factor causing oocasional drop in positive âc breakdown voltage- 

In a non-unifiorm field, large scatter m tirne lags exist and the results ni11 into a 

dispersion band. Long and h w y  scatîexed tirne lags are obsaved for strongly 

electronegative gases. For sF6 and 0 t h  ekctmnegative gases, the long time hgs are 

associateci with the complex nature of the spark growth mechanism.[26] The average 



time to breakdown valaes for negative standard h ' m g  impulse voltages are getierally 

shorter than those for positive impuise breakàowns (figoles 3.30-35). Note that, the 

negative standard aghtning breaLdown voltages are considaably higher than the 

positive mipuise counterparts. The short negative impolse tmie legs are probably due to 

the enhanced W region near the negative pomt ebectrode. App1.g a suff?ciently high 

negative Ophming impulse, the extremely high &Id is formed; the streamem Win develop 

rapidy when the retardmg action of space charges can not support the gap against 

breakdom, 

R e f d g  to Figtins 3.38 and 3.39, shorter gaps show snialler scatter of time lags 

whik longer gaps show iarger scatter. lhis probably happens due to the hcreasing field 

non-unifomity, which in turn contributes to more complex corona stabibtion and 

breakdown mechanîsrns. For shorter gaps, tée breakdom may be initiated by 

development of s t m m e x s  and hence showhg much shorter time lags. 



IV, Conclusion 

The following sunmiaraes the important o b d o m  made diirpig the present 

studies of M o w n  characteristics of gas mixtmes m highly non-Oniforrn 

fields. 

- A steep krease in breakdown voltage was observed for ac and dc voltages, startiag 

with mixtures of 5% SF6 per volume. The mcrwise in breakdown voltage continued up 

t0 the Gth 35% sF6 PtX V O ~ E  @&the syriel@SUl). AS kld  beaune 

inczeaSingly divergent (longer gaps), the synergistic e&t of SFdCF4 mixtures became 

more prodent. 

- Very high and linearly rising heakdown voltages versus increasing gap length were 

noted for negative dc voltage and mixtrires with 5-396 content per volume. 

- For mixtures with 5-259 SF6, the breakdown voltage values for negative dc and 5 

and lOmm gaps were lower than the comparable voltage values for positive dc. 

However, for iarger gaps the negatm dc breakdom voltages became appreciably 

higher than the positive & breakdown voltages. 

- The 60 Hz ac breakdom voitages did not display positive synergism for gaps shorter 

than 20nnn. For 2û-3ûmm gaps, the ac positive synergism apachexi  the breakdom 

voltage values higher than the comparable positive dc voltage values. 

- Under positive dc voltages, the region of positive synergism for all gaps conesponded 

to an early initiation of corona. 



- The ac corona inception occiirred at lower voltage levels than dc. 

- A hi* Qhîhg mipulse breakdown voitage corresponded to a iower average time 

to breakdown and vice versa. 

- The average b to breakdom co~zesponding to negative lightnhg mipulse 

breakdown voltages are g e n d y  shorter than those of positive mipiilse voltages. 

- The average time to breakdown for negative mipulse brraLdown voltages generaUy 

were less scattered 

- For positive lightning inpalse tests, as the gap length is imeased above Lûmm the 

average the to breakdown for various mixtures also fell into a MKOW band 

The desirable dielectric pro* of SFd CF'4 mRtures seem to be promising in fiiture 

high-voltage gas-Ïnsuiated apparatus provided îhaî, the ban on wrongfully labe1ed C F 4  is 

removed 
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Because the dieEectric strength of a particalsr gas mixture can vary substantialy with an 

incremental change in the v o b t r i c  proportions of the individuai constituents, great care 

must be taken when administering a mixture into a pressure vesse1 to ensure high accuracy 

is rnaintained As was mentioned in section II-c., a Matbeson presme gaage with a 

measaring errer ofM.2546 was used daring the chamber fihg process. For any particular 

test, a f h  the chamber had been evracri9ted to 0.013 kPa (4.01 mm Hg), the smaUest 

constituent gas was administered nrsf followed by the larger constituent gas. 

For example, suppose a 25% SFc 75% C F 4  mixture at 2 0  kPA (129 psig) was 

required. SFs would be k t  adnrinistend mto the chamber ( a k  purging all air out of the 

pressure lines) un@ the gauge pressure reads 50 kPa Ch wouid next be anminiatered into 

the chamber untii the gauge pressnre 2 0  kPa. Rior to any testing, the mDring fan 

inside the chamber WOU be activateci and the gases aiiowed to mix for at ieast one hour. 

Mer completion of testing for a particalar mixture, suppose it is required to perform 

testing on a 50% SF6- 50% Cfi mixture. Iiistead of purging the chamba and anmniintering 

a new mixture which would not only be time coosuming but very wastefiil of gases 

(recommended for precise results if resources are available), the foiiowing procedure was 

followed which minhias the conservation of gas supplies ami minmiiza the amount of 

the d o m  time. 

Step 1 : Calculate individuai gas proportions baseà on the total pressure2. 

Dimensions used for aU pressure calcuiation were pounds pcr sqiisrr mch gauge @Sig) 



29.00755= 7.2518% 21.75566 

Step 2: For a redîhg mixture of S M  SF+ Sû% CF& the new pressure of SF6 must 

increase to 14.50377 h m  7.25189 psig. Simiiariy, CF4 mnst deaease h m  21.75566 to 

14.50377 psig. Thus a total pressme of 7.25189/ O.î5= 9.66919 psig must be b M  h m  the 

c m .  Finally, a 9.66919 psig o f  SFs mDst be administered to king the total pressure up 

to =29.00 psig; the resdting rxhîme wii l  then be 50% SFs- 50% CF4 mixture at 200 kPa. 

Mathematically, the mixing procedm is as foiiows: 

29.00755= 7.25189 + 21.75566 (25% SF6- 75% a) 
-2.41730 -7.25 189 (bleeding on) 

4.83459 14.50377 

+9.669 18 0.00000 (müng with Si$,) 

14.50377 14.50377 (50% SF6- 50% Cfi) 



Statistical Evalution Of Test R d t s  

From: IEC 60-2: 1973 

Published by: British Standard Institution 



Al SWcment d the pmblcm 

As disniptive discharges are random phenonma, statistical procedures are usefiil to 

obtain more nieaningfbl information h m  the masanmnts. It may be siipposed that, for 

each test voltage U, tbere is a specinc probabiiay p of disniptive discharge o d g  on 

any particirlpr apphtioa Some tests are amied at a detemination of the probability 

distribution fiinction p(U) relating p to the voltage W. 

Usually, the probabiliry distri'bution fiinction is expressed in terms of the mean value 

and the staadard deviation a of the disniptive discharge voltage. These parameters and the 

-- form of the hction can be determineci h m  tests made with a large number of voltage 

applications, provided that swcesshe voltage applications do not sigoincantly change the 

characteristics of the test object or, dternatively, if a test object is used for each 

application. 

Sometimes, for instance in certain mipulse tests on externd insulacion, the probability 

distribution hction is approxïmately Gapssian fÏom some few percent up to 95% or even 

98% disruptive discharge probabiüty. Little ir&odon is availabk however on the 

character of the probabiüty distriiution hc t ion  for mternai iusuiation, with any type of 

voltage, and for extemal insulation, with direct and alteniating voltages. Standard 

deviations are generany betweeo 2% and 846, but much Iarger values have been found 

dÿring impulse tests on interna1 indation. 



Because in practral tests only a hiteci number of voltage applications can be made, the 

tme values of UM and a can be estmsated only w i t h  certain limas of ac~acy, wbich (for 

a given degree of Certaitlty) can be cPlnilated (clause k3). The measiaed vaiues are 

designated Üand S. 

in the following, a brkf summary is prrsented of som simple mthods whkh are usefid 

for the anaiysis of high voltage test resnlts on test objects whrh are not aff'ected by 

repeated applications (seif-resto~g insulahion). 

Note.- Attention is dtawn to the k t  that the probability distniitian hcticm is not necesmdy 

symmecricat abaut the mcaa value. &cc, it is to dishgpisb bctwecn the tgms "mean vaine*' 

and "most probabIe valPen- 

A.2 Clasdication of tests 

Disuptive discharge tests can be subdivided into three different categories for the 

purpose of statistical evaluation. 

Class 2 

Ckss 1 comprises tests mede by repeated application of voltages of substantiaily 

constant shape in which, for each voltage level, the proportion of voltage applications 

causing disruptive discharge is recorded. It d y  a p p k  to impuIse tests, but certain 

alternathg and direct voltage tests dso fPU iato this class. 



Class 2 

Qass 2 moiprises procedures in which each application of the test voltage causes a 

disuptive discharge. The tests are made by applynig contmuously baeashg volîages to 

the test object and by masuring the actual dismptive discharge volîages obtained Such 

tests can be niade wiîh direct, altanatmg or impuIse vohages. In partralar, tests causing 

disniptive discharge on the front of the impulse EiII into th class. 

Clms 3 

Qass 3 comprises tests made by repeated application of voltages of substanijaily 

constant shape m which the bel,  for each voltage appIied, is deteRnined by the result of 

the preceàing voltage application, the h t  voltage amlied being roughly wual to the 

estimated U)% disniptive discharge value. 

k2.1 Anaiysis of results from ciass I tests 

The results of class 1 tests can be plotted on Gaiissian linear paper (probability paper) 

with the voltage on the lieear axis. If they lie approximateIy on a straight he, the 

distribution is approhtely Gaussian. The vohage correspondhg to a disniptive discharge 

probability pc0.5 can be used as an approximate determination of the mean value and 

the voltage range between pc0.5 and pû.16 as an estimate of S. 

Other more accurate methods for âetermining Üand s are found in the literature. 



A 2 1  Andysis of redtsfiam chus 2 tests 

The results of c b  2 tests appear as a series of n voitage values U, h m  which 

eshates of the mwui dismptive discharge voltage Ûand of the standard deviation s can be 

obtained: 

- 1 "  u=-Cuv 
If L 

AlternativeIy, the ratio nJ(n+l) can be plotted on probability paper as a fmction of UV 

where n. is the number of disuptive discharges up to and inciudiag the voltage UV and n is 

the total number of voltage applications. 

the curve perinits a determuiatio11 of Ü and s in the same mamer as in Sub-clause k2.1 

but does not necessarily give the same results as the numerÏcal method above. 

A.2.3 Anabsis of remlts from clms 3 tests 

A test procedure for making Qass 3 tests a d  the mthod of analysis of test muits so 

obtaiaed to determine the 50% disniptive discharge voltage are desc~lked in Subclause 

1 1.2.2 (Gppendix B). For other metûods and applications reference should be made to the 

literature. 



A3 Coddenœümits 

Rom any set of n masrirements, statistical checks may be made to deBe limits 

between which the tme mean vahie UM md tbe hue standard deviation o may be stated to 

lie with a given probabïiity p, of tbip bhg CO- These limits are comeonly expressed 

forpA.95 and aie then rermed '95% coOndence liripits". 

For Qass 2 test resalts, and on the assuxuption that tbwe have an approxhately 

Gaussian distriiution, the limas are given by the confidence 1Smrs for an arithmetic mean 

value. These are: 

where tp, x2@, ~ i id  &,, are variabîe in the student's (t,) and in the chi-square (x2) 

distribution for n-l àegrees of k d o m  with p=l-pc. I€ no standard statisticai table is 

available, the foiIowing table may be used forpA.95. 



Note that the confidence limits of a are symnietrical. 

For -20, the 95% confidence limits thus rn given by: 

In the case of Class 1 or Qass 3 tests, 0th rnethods for the çalculation of the 

confidence b i ts  must be useâ, for which refmnce should be made to the literature. 



AppendixB 7 

A4 Determination dvoitage wmesponding to very low or very ûigh disniptive 

For some piirposes, a determination is desireû of voltage bels correspondmg to very 

iow or very high probabrlities of dismptive discharge of the test objen 

Conventional rated wahstaod tests or assured disniptive discharge tests such as 

descriid in Sub-clause 11.1 and 11.3 (IEC 6û-2: 1973 'TG&-voltage testing techniques" 

Part 2. Test procedures) are neiiba intendeâ, nor suitabie for providing such information. 

The fact that a test object has passed such test procedures in itself @es little information 

concerning actual disniptive discharge probability. 

Analysis of Qass 1 test resub as described in Sub-clause A.2.1 @ves more information 

on the probability dism't,~ti~n. but this is stül not aâequate for determiniug the test voltage 

levels gMng defined low or high disruptive discharge probabiiities. A rnodiiïed test 

procedure is therefore descri'bed below for determinhg the voltage level comsponding to a 

very low disuptive discharge probability. (For high probability, see note below.) 

As a prelimmary test, several sets of three voltage applications are made, starting at a 

level UO below the estimated withstand voltage. A f k  e v a y  set, the voltage level is 

increased by a constant amount E of between 2% and 5% of UO. The series of tests are 

nnished at the level UI when the fkst disuptive discharge occur~. 

The test procedures are then continued in a simüar nïinner, but with 25 voltage 

applications at each voltage level and stprtmg at the level U ~ = U I - ~ & .  Lf no disruptive 



discharge occurs, the voitage level is hmeased at'ter each series of 25 by suCCeSSiVe steps 

of the same amount E, mtil a dismptive discharge occurs. When a dismptive discharge 

does occur, say dming the series of appIications at level W2, the voltage then reduced in 

successive steps equai to 2r mtil a fidi series of 25 applications lus been applied with no 

disuptive discharge. Therrafter, tk b e l  is mcreased m steps equaI to e until one more 

disniptive discharge is obtained 

The test result is then taken as the bighwt voltage due  wbich has not given disnip~e 

discharge during any series of 25 voltage applications. This vahe corresponds to a 

disuptive discharge probabiiay of about 1% and there is about 98% certainty that it will be 

less thau 8%. Usuaily, the complete test requires about 75 voltage applications. 

Note- Almm identicai pracedures are used to determine the ~I tage  corrcspoading to very high 

probabilities: 

the fmegoing -011 applias if the wocds "witbstand" and "ptobability of withsiand'' are replaced by 

"disniptive discharge" and "ptobability of disrrtptivc diScbarge". me voitage is nrst decreasad h a high 

value instead of bcing i n d  firwi a low value. 

A5 Conventionml rated nithstand anà .acurrb disnipîive àkharge testci 

The probability P of passing a conventional rated withstand test, as specined in Sub- 

clauses 1 1.1.241 and 1 1.1.3 (iEC 60-2: 1973 'Sligh-voltage testing techniques'' Part 2. Test 

procedures). is given by the polynomial distri'bution: 



where p is the probability of a dismptive discharge appiication at the test voltage. 

Using the test procedures there d e s r h i ,  therefore, and for a test voltage 

corresponding to p30.10, the test objact will have 0.82 probability P of possing the test. 

WithpO.01, the corresponding value is E-0.9995. 

Similarly, an assand -the discharge voltage test, accordhg to Sub-ckuse 11.3 

(ZEC 60-2: 1973 'Wïgh-voltage testmg techniques" Part 2. Test procedures), gives the 

probabüity Q of passing the test, when: 

Q = pS +q1-p)pL4 

Wîth @.9. the object will have 0.70 probability of passing the test and with p=0.99, 

the corraponding value is e30.994. 




