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ABSTRACT 

The work reported in this thesis was undertaken in the Centre for Electrical PO\\ ~r 

Engineering, Department of Electronic and Electrical Engineering, Uni\~rsity of 

Strathclyde to study the impulse breakdown characteristics of SF6 and its mixtures in 

highly non-uniform field gaps. Of particular interest were the effects of space charge. 

artificial irradiation, different gas mixtures, different additive gases and different 

wave fronts on the impulse breakdown characteristics. 

High divergent fields can exist in GIS under certain conditions as, for example. when 

a needle-like free metallic particle is attracted to the inner conductor or is deposited 

on the surface of an insulator. Such defects can result in very low breakdown levels 

and, with large defects( e.g. particles several mm long), failure can occur even at the 

working stress of the equipment. The breakdown characteristics of gases in 

nonuniform fields, however, are much more complicated than in uniform fields and 

are not fully understood. This is probably due to the complex effect of space charge 

on breakdown process[89] and the space charge effect on positive impulse 

breakdown characteristics of SF6 and its mixtures in highly nonuniform field gaps 

has become an increasingly important subject on the gaseous dielectrics with high 

electric strength in high voltage apparatus. The main purpose of the present work is 

to acquire a better understanding of the corona stabilised breakdown mechanism in 

SF6 gas under impulse voltages and to supply a physical base to choose an efficient 

additive for improving the insulating strength of SF6 gas. 



A general introduction is first gIVen, based on a renew of experimental and 

theoretical work on the subject to date. Descriptions of apparatus and experimental 

techniques are then given. Two newly developed space charge injection methods. 

namely corona pin arrangement and direct injection method were used throughout 

the work. In the case of positive lightning impulse voltage. injected positi\'e space 

charge has little effect on minimum impulse breakdown. whereas a decrease in 

breakdown voltage is observed when negative space charges are injected into the 

gap. Artificial irradiation also decreases the minimum impulse breakdown voltage, 

though the reduction rate is lower. From these and other observations, it is generally 

concluded that the major source of initiatory electrons for positive impulse 

breakdown in an enclosed gap IS from the electron detachment from unstable 

negative Ions and initiatory electrons make an important contribution to the 

breakdown process. The conclusion is confirmed to a large extent by usmg a 

photomultiplier to observe the light emission during the discharge process. 

The study of the effect of space charges and artificial irradiation shows that although 

initiatory electrons make an important contribution to the breakdown process, it 

appears that there is a limit beyond which the breakdown strength cannot be further 

decreased by increasing the electron or negative-ion population. The study of the 

addition to SF6 of 50/0 R20 or R12 has shown that although space charges have a 

great effect on impulse breakdown strength in SF6• there is little. if any. effect on 

breakdown strength in SF61R12 and SF61R20 mixtures. The result implies those 

additi\t~s containing chlorine preferentially produce very stable negative ions which 

do not readily detach. The impulse strength is increased in mixtures containing these 
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additives because there is then a reduced likelihood of successful development of the 

discharge channel through a scarcity of initiating electrons in the gap. 

The initiating electrons will be produced mainly by the detachment from negative 

ions so that the rate of production in the critical volume will itself depend upon the 

applied waveform [143]. It has been found that the wavetail has little influence on 

impulse breakdown process [141,158] and only the effect 0 f wavefront is studied. It 

had been found that the longer the wavefront, the higher the minimum impulse 

breakdown voltage. the reason is believed to be the sweeping off action which 

negative ions in the gap are swept out the effectively. 

Suggestions for further research work are offered in Chapter 9. 
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Chapter 1 General Introduction 

1.1 SF 6 basic properties 

Sulphur hexafluoride(SF6) is the most commonly used insulating gas in electrical 

systems to date[1]. It is used as an insulant in a wide range of power-system 

application, including switchgear, gas-insulated substation components, transformers 

and gas-insulated cables. When SF6 was first discovered, its potential application 

was considered solely to be for insulation, because of its good dielectric 

properties(breakdown strength nearly three times higher than that of air at 

atmospheric pressure). Additionally, a major expansion in the use of SF6 occurred 

when its excellent arc-quenching properties were appreciated. SF6 circuit breakers 

were developed that are clearly superior in performance and cost to the competing oil 

and air-blast circuit breakers, and these took over the market for HV electric power 

systems. Compressed SF6 is now extensively used in gas-insulated substations(GIS) 

and also used for insulation in metal-clad HV gas-insulated transmission lines 

including associated bushings, capacitors, and transformers. The SF6-insulated 

transmission lines provide a cost-effective, compact alternative to overhead lines in 

situations where there are limitations and/or restriction on transmission rights-of-way 

such as congested or highly populated areas. Gas-insulated systems are now a major 

component of power transmission and distribution systems all over the world. They 

offer significant saving in land use, and aesthetically acceptable, have relatively low 

radio and audible noise emissions and enable substations to be installed in cities very 

close to the loads. Virtually every substation now being built uses SF6 for circuit 



breakers. and every GIS and gas-insulated transmission lines rdies on SFh tor 

insulation. SF6 offers the following advantages as a dielectric medium: 

• chemically stable 

• non toxic 

• non flammable 

SF6 has: • good heat transfer characteristics 

• high vapour pressure 

• high dielectric strength 

• excellent arc-quenching properties 

1.1.1 Physical and chemical properties 

The SF6 molecule is octahedral, with the six Huorine atoms arranged around a central 

sulphur atom(Fig 1.1 [2]). Because of the strong S-F bonds and the highly 

symmetrical configuration. SF6 molecules do not readily form clusters and this is the 

reason for the very low condensation temperature (-68°C at 1 bar) for a gas with such 

a high molecular weight(MW=146). 

:\!though the thermal conductivity of SF6 is not very different from that of air. heat 

transfer hy con\t~ction is much more efficient in SFh because of its I!reater density . ~ . 



and lower viscosity. The overall heat transfer coefficient in SF6 at atmospheric 

pressure, allowing for both conduction and convection, is about t\\-ice that for air. 

Figure 1.1 The SF6 molecule [2] 

The fact that SF6 is highly stable and chemically inert is related to the presence of 

strongly bound fluorine atoms in the SF6 molecule, as fluorine is a very strong 

oxidising agent and no other element will readily displace fluorine in SF6. The high 

degree of chemical stability persists up to at least 500°C although above this 

temperature some decomposition is observed in the presence of certain 

metals(including silicon steel and copper) with formation of the lower fluorides(SF 4, 

The chemical inertness of SF6 is also responsible for its complete lack of toxicity. It 

has been shown, for example, that mice and other laboratory animals are unaffected 

by exposure for several hours to an ""atmosphere" of 800/0 SF6 and 200/0 oxygen. The 

main hazard is the danger of suffocation if SF6 in large quantities is released in a 



confined space. where its high density may result in displacement of air at lower 

levels( for example in the basement of a building). 

1.1.2 Decomposition products 

Although SF6 itself is stable and inert. chemically reactive and toxic products may be 

formed as a result of thermal decomposition in an arc or spark in the presence of 

impurities such as water or vapour, oxygen etc. 

One of the most important reactions involves the formation of SF~ which then reacts 

with water vapour to form SOF2 and HF. 

The formation of other oxyfluorides is also possible by reaction with oxygen or with 

oxygen radicals: 

These products may in turn react with water vapour: 



The decomposition products of sparked SF6 can attack both metallic and solid 

insulation components of GIS. The free fluorine. for example. reacts with the arcing 

electrode to form metallic fluoride such as WF6 • ALF 3 etc. Degradation of solid

filled epoxy, glass or porcelain insulation can occur by reactions such as: 

2S0F2 + Si02 ~'> SiF4 + 2S02 

In equipment in which decomposition products are formed during normal operation( 

tor example high voltage circuit breakers and disconnect switches) chemical 

absorbents such as soda lime and activated alumina are used to keep the gas dry and 

to remove the corrosive by products of arcing. Provided the system is tilled with 

relatively dry SF6( H20 content S 50ppm) such precaution are not necessary in other 

GIS components. although some manufacturers do install an activated alumina 



absorber in each gas zone of the GIS bus. Table 1.1 re\'ie\\s the SF6 decomposition 

products detected[92]. 

Table 1.1 Decomposition products detected from sparked SF6 at \'arious laboratories 

decomposition products discharge methods 

SF 2,SF 4,HF ,C02,H2S AC arc IR 

SF2,SOF2 high current AC arc IR 

S2F2 RF electrodeless IR 

S02F2 500 WAC arc IR 

SOF2,S02F2 1-3 kA AC arc MS 

SO F 2,S02F 2,SO F 4 corona GC,IR,MS 

SOF 2,S2F 2,SiF 4 0.75 A AC arc MS 

SO F 2,S02F 2,SO F 4,S F 4 5-10 A AC arc GC,IR 

SOF 2,S02F 2,SOF 4,SF 4,S2F IO,S2F 100 CD GC,IR 

SO F 2,S02F 2,SO F 4,HF, WF 6 400-500 A AC arc GC,IR 

SOF2,S02F2,CF4,SiF4,HF(cell not dried) 30kA AC arc NMR 

SF 4,S2F 2,SOF 2, WF 6,SiF 4,COF 2,CF 4( cell dried) 30kA AC arc NMR 

SF4,SOF 2,SOF 4,S2F 2,S2F IO vanous GC 

SO F 2,S02F 2,SO F 4,SiF 4,F 2 RF electrodeless GCJR.MS 

S RF electrodeless EPR 

SF 4,SO F 2,S02F 2,SO F 4 0.2A AC arc GC,MS 

SF 4,S02F 2,CF 4,C0 2 1.8kA AC arc GC 

AIFJ 
arc PD 

N2O,SOF2,S02F2,SOF" DC corona ( 'C.\1S 

: 
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spark \is 

* IR, infrared spectroscopy: MS mass spectrometry: GC, gas chromatography: CD. 

capacitance discharge: NMR, nuclear magnetic resonance: EPR. dectron 

paramagnetic resonance. PD. particle detector 

1.1.3 Dielectric strength 

SF 6 has a uniform-field dielectric strength which, at atmospheric pressure. is three 

times that of air and which, at -8 bar, is comparable to that of transformer oil. Its 

high dielectric strength is due to its property of electron attachment. In this process a 

free electron moving in the applied field, which collides with a neutral molecule. 

may be attached to form a negative ion: 

This process competes with that of collisional ionisation. by which an electron with 

sufficient energy can remove an electron from a neutral molecule to create an 

additional free electron: 

Ionisation is a cumulative process and, provided that the field is high enough, 

successi\'e collisions can produce ever increasing numbers of free electrons which 
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can result in electrical breakdown of the gas. On the other hand. the h u\) .. 1 \\ I) 

moving negati e ion that are formed by attachment are unable to accumulate th 

energy required to cause ionisation and the attachment process therefore etTecth 

removes electrons and inhibits the formation of "avalanches" of electron \\ hich 

might lead to breakdown. 

Some gases, such as nitrogen, hydrogen and argon, do not form negative ions: th r . 

such as oxygen and CO2, are weakly attaching. SF6• in conunon with a number f 

other gases containing fluorine or chlorine. is highly ·'electronegative'"(i.e. e. hibits 

strong electron attachment). Some gases ha e a dielectric strength significantly 

greater than that of SF6 as shown in table 1.2. However. most pre ent problem of 

one kind or another including toxicity, limited operating pre sure range, production 

of solid carbon during arcing etc. SF6 i therefore the onI dielectric which i 

accepted as suitable for GIS application although some high-strength gase have 

been considered for use in mixtures with SF6. 

Table 1.2 Relative dielectric strength of certain gases[2],[92] 

Gas Relative Strength 
;, 

H2 0.18 no n-attaching 

Air 0.3 weakly attaching 

CO2 0.3 weakly attaching 

CO 0.4 weakly attaching 

C2FS 0.9 trongly attaching 

C hF2 0.9 strongl) attaching 
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SF6 1.0 strongly attaching 

c-C4Fg 1.3 strongly attaching 

c-C4F6 -1.7 strongly attaching 

C .. F6 -2.3 strongly attaching 

2-C4FS 1.7 strongly attaching 

1,3-C4F6 1.5 strongly attaching 

2-C4F6 2.2-2.4 strongly attaching 

c-CsFs 2.1-2.2 strongly attaching 

a.-n 

300 

air 

~---~~~----~5~0-----------~--L--------------~E/p 

" 100 

-100 

-200 

kV 
em bar 

LS9 kV 
em bar 

Figure 1.2 Effective ionisation coefficient in air and SF6 [2] 

Figure 1.1[11 shows the net (pressure-reduced) ionisation coefficient (a-ll )ip as a 

function of E/p for air and SF6 . It can be seen that the critical field strength at which 



(a-rl> >0 is about 89kV/cm·bar in SF". compared to onh about '27 k\)cm·bar in air. 

This explains the high dielectric strength of SF6 relatiye to air as no build up of 

ionisation can occur until the field exceeds the critical value. 

It is worth noting the steep slope of the curve of (a-rl)/p versus E p in SF6• It means 

that SF6 is a relatively "brittle" gas in that, once Ecrit is exceed, the growth of 

ionisation is very strong. i.e. in a uniform electric field it \\ill never break down 

when the field is below the critical value of 89k V /cm·bar, but should this value be 

exceeded by even a small amount breakdown is inevitable. This is significant in 

situations where stress-raising defects are present in gas-insulated equipment as 

intense ionisation activity will occur in the regions where E>Ecrit and this may initiate 

complete breakdown of the insulation. 

1.1.4 Arc interruption properties 

The choice of SF6 for high power circuit breakers does not rely only upon its 

dielectric strength, but depends also upon its excellent arc quenching and control 

properties. At elevated temperature SF6 dissociates into a large number of fragments 

which include highly reactive radicals. As a result. careful choice of materials for the 

arcing chamber is required, as is the need of high SF6 purity. 

The net radiated power from an SF6 arc is less than from an air arc and a greater 

proportion of the emitted radiation is absorbed hy the surrounding gas. Consequently 
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less radiation damage occurs to the circuit breaker enc losure \\ith SF 6 than with air 

and a more controlled heating of the surrounding gas can be achieved. 

When the current is at its peak. the core temperature of the arc plasma in SF6 is in the 

region of 15-20,OOOK, which is similar to the arc temperature in air. Ho\\e\'t~r 

cooling is much more effective in SF6, which for gas-blast condition has a convecti\·e 

cooling efficiency about four times that of air. As a result the arc diameter in SF6 is 

less than half that in air at the same current. 
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Figure 1.3 Electrical conductivity versus temperature in SF6 [2] 

As the current falls towards current zero the temperature of the residual arc column 

tails. there is a rapid drop in the electrical conductivity of the plasma (Figure 1.3[2J) 

as electrons are attached to form low-mobility negative ions. Because of the 
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electronegative nature of the dissociation fragments of SF 6 this rapid fall occurs at 

temperatures of -8000k at which the gas is still fully dissociated. 

During the thermal recovery period immediately after current zero. it is the thermal 

radial conduction which is the controlling mechanism. because of the small arc cross 

section and steep temperature gradient. As the temperature of the arc column taIls 

below -3000°C there are strong peaks in the thermal conductivity. because of the 

enhanced thermal diffusion associated with recombination processes and dissociation 

of the cold gas surrounding the arc column(Figure 1.4[2]). It is the combination of 

the rapid fall in electrical conductivity(reducing the power input to the column). 

followed as the arc cools further by a rise in the thermal conductivity. which is 

responsible for the very rapid thermal recovery of SF6. The decay of arc conductance 

near current zero is approximately four times faster in SF6 than in air . 

.. 100 
0 -)( 
~ 

~ . 
>--> .--u 
::) 
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Figure 1.4 Thermal conducti\ity versus temperature in SF6l2] 
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1.2 Basic breakdown mechanism 

1.2.1 The Townsend breakdown mechanism 

In the early 1900~s~ 1.1. Thomsom[ 4] and J.S. Townsend [5]. working in the 

Cavendish laboratory~ Cambridge, investigated the spatial development of ionisation 

in gases at low pressures and with potentials of less than 1000V. Resulting from this 

work was the now well known ·'Townsend Theori~ of breakdown. 

The Townsend theory of current growth describes the development of ionisation in 

uniform field. Consider the effect of increasing voltage applied to a pair of uniform 

field electrodes~ one of which is emitting photo-electrons due to external 

irradiation( e.g., cosmic rays - which can produce approximately ~O ion 

pairs/cm3·MPa[6], UV irradiation and background radiation etc). At moderately low 

voltages, ejected electrons return to the cathode due to back diffusion as a result of 

collisions with neutral gas molecules. If the voltage is increased sufficiently all of the 

liberated electrons are swept from the cathode and collected at the anode. This 

condition is indicated by saturation in electron current and the value of the anode 

current is directly related to the intensity of the external source of radiation. With 

further increase in applied voltage. liberated electrons can gain sufficient kinetic 

energy from the applied field to ionise, by collisionally created electrons may also be 

accelerated by the field. forming new electron avalanches and amplifying the number 

of free electrons. 

13 



At normal temperature and pressure. gases are excellent insulators. but due to factors 

such as cosmic radiation and radioactive substance present in the earth and the 

atmosphere, some free electrons and ions are always present. Under the influence of 

an electric field. these free electrons may gain sufficient energy to ionise a neutral 

molecule on collision. The number of new electrons produced by an electron per unit 

length of path is called the Townsend first ionisation coefficient. The electron-ion 

pair formed gives rise to accumulative processes which will eventually lead to an 

avalanche. 

In developing the generalised Townsend theory of breakdown. all the relevant 

processes which change the state of ionisation in the gas must be considered. besides 

the fundamental processes mentioned above. These include the secondary ionisation 

processes, the processes of electron attachment, the process of detachment and also 

the ion conversion processes. However, the effects of some of these processes may 

be neglected without significantly affecting the final result as their influences are 

weak. An example of this is that the positive ion ionisation in uniform field can be 

neglected as its probability of occurrence is small. Another example is that 

breakdown by the secondary photo ionisation process, can only occur under a very 

restricted condition. 

In the detachment process. electrons are removed from the negative ions. In the case 

of an avalanche development where the effect of secondary ionisation is negligible. 

detachment will not only modify the electron current during the electron transit time. 
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but it will also result in an electron current which persists for much longer than that 

in its absence. In ion conversion processes. positive and negative ions are conyerted 

from one species to another in collisions with gas molecules, to yield light mobile 

electrons. 

The secondary ionisation processes are those processes which follow as a 

consequence of the transfer of energy gained by the electrons in the avalanche to 

atoms. These processes become more influential at higher voltages. The electron 

attachment processes are those which occur in electronegative gases like SF6, where 

free electrons, when they come into the vicinity of an atom, are captured to form 

stable and immobile negative ions by one of several possible processes. These 

processes deter the growth of ionisation and also breakdown . 

• Ionisation and attachment coefficients 

The ionisation and attachment coefficients have been measured by many workers 

including Behalf et al [27]. However these were confined to low gas pressure(up to 

200mm Hg only). Thus an extrapolation is necessary for most practical applications. 

Kuffel et al [29] had shown that the variation of the effective ionisation coefficient 

over a wide range of pressure follows the empirical equation, 

a-1]=A E _B (1. 1) 
p p 

15 



in which A and B are constants whose values are 27.7/(kVl and 2460/cm· bar. 

respectively, and p is the gas pressure measured in bar. The critical field strength is 
'-

therefore, 

B·p 
Ecrit = -- = 89kV / cm· bar 

A 

This simple relationship is useful in estimating onset voltages in SF6 insulation. 

The number of free electrons in an avalanche will increase in any region where (E/p) 

exceeds (E/p hm and will decrease otherwise . Therefore, an avalanche will either 

grow or decay during its transit across the gap. 

Townsend defined the primary ionisation coefficient a as the average number of 

ionising collisions made by one electron travelling a unit distance. It was then 

predicted that the number of electrons and positive ions grows exponentially with the 

distance x from the original position of the seed ionising electron: 

It should be noted that the above is only true for non-attaching gases(i.e., gases in 

which all the regenerated electrons are free to gain energy from the applied field.). 

The widely used insulant SF() is, however, a highly electron attaching gas due to the 

high electron affinity of the fluorine atoms in the SF6 molecules. Electrons tend to 

attach to the molecules and form negative ions. The high mass to charge ratio of the 



negative Ions means that it is difficult for negati\e Ions to accelerate under the 

applied field and to cause new ionisation. A parameter called the electron attachment 

coefficient 11 can be defined in the same way: 11 is the average number of attaching 

collisions made by one electron travelling oyer a unit distance. The exponential 

growth function of the number of electrons Ne(x) is then modified to the following. 

In order for this ionisation avalanche to continue. a regeneratiYe or secondan 

process must be present to ensure that each avalanche can cause the production of at 

least one electron which can successfully initiate a further new avalanche. In uniform 

field gaps and non-attaching gases, the secondary processes are thought to be 

predominantly the release of electrons from the cathode surface: processes like 

photoelectric effect, positive ion bombardment and the incidence of metastable 

molecules. 

The generalised Townsend type breakdown criterion can be written as: 

ill x 
-exp[foa(E / P)dx] = 1 
a 

(1.4) 

ill P 11 8 E 
-=-+-+y+-+- ( 1.5) 
a a a a a 

where: 
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m/a is the generalised secondary process in the gas. ~ is the coefficient of ionisation 

of gas molecules in collision with positive ions. 11 is the photo-ionisation coefficient, 

y, 8 and E are the cathode secondary emission rate due to respectively the positive 

ions, photons and excited atoms . 

• Paschen's law 

The Townsend criterion, enables the breakdown voltage of the gap to be determined 

by the use of appropriate values a / p and y corresponding to the value E/p without 

ever taking the gap currents to high values, that is keeping them below 10-7 A, so that 

the space charge distortions are kept to minimum, and more importantly so that no 

damage to electrodes occurs. For short or long gaps and relatively low pressures, for 

which this criterion is applicable, good agreement has been found[7] between 

calculated and experimentally determined breakdown voltages. 

An analytical expreSSIOn for the breakdown voltage for uniform field gaps as 

function of gap length and gas pressure can be derived from the above equation (1.4) 

by expressing the ionisation coefficient a / p as a function of field strength and gas 

pressure. If we put a / p = feE / p) in the criterion equation, the following can be 

obtained 

(1.6) 
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or 

t1E/p )pd= In(l + l/y)= K 0.7) 

For uniform field Vb=Ed, where Vb is the breakdown voltage, 

J(\'b d) e P =K (1.8) 

or 

V~=F(pd) (1.9) 

which means that the breakdown voltage of a uniform field gap is a unique function 

of the product of pressure and the electrode separation for a particular gas and 

electrode material. Equation 1.8 is known as Paschen's Law which was established 

experimentally in 1889. The Law does not, however, imply that the sparking voltage 

increases linearly with the product pd, although it is found in practice to be nearly 

linear over certain regions. The relation between the sparking voltage and the product 

pd takes the form shown in Figure 1.5[110]. The breakdown voltage goes through a 

minimum value(Vbmin) at a particular value of the product(pdmin). 

It is often more convenient to use the gas density 0 instead of the gas pressure p in 

equation 1.8, since in the former case account is taken for the effect of temperature at 

constant pressure on the mean free path in the gas. The number of collisions by an 

electron in crossing the gap is proportional to the product od and y. 
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Figure 1.5 The sparking voltage-pd relationship (Paschen's curve) [110] 

Atmospheric air provides the basic insulation for many practical high voltage 

installations( transmission lines. switchyards, etc). Since the atmospheric 

conditions(temperature and pressure) vary considerably in time and locations, the 

breakdown characteristics of various apparatus will be affected accordingly. For 

practical purpose, therefore, the breakdown characteristics can be converted to 

standard atmospheric conditions(p=760 Ton = 1.01 bar and t=20°C =293°K). 

Correction for the variation in the ambient conditions is made by introducing the 

relative density as 

8 = ~ 293 = 0.386 p 
760 273 + t 273 + t 

(1.10) 

the breakdown voltage at standard conditions multiplied by this factor gi\'es the 

breakdown voltage corresponding to the given ambient conditions approximatel~ 
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(1.11) 

Paschen's Law is found to apply over a wide range of the parameter 'lalues up to 

1000-2000 Torr·cm. At higher products, however. the breakdown voltage(in non

attaching gases) is found to be somewhat higher than at smaller spacing for the same 

values of pd. This departure is probably associated with the transition from 

Townsend breakdown mechanism to the streamer mechanism, as the product pd 

increases above a certain value. We have seen that the streamer breakdown criterion 

is satisfied at higher values of ad from about 8-10 to 18-20. At very low pressure 

deviations from Paschen's Law are observed when the breakdown mechanism ceases 

to be influenced by the gas particles and becomes electrode dominated(i.e., vacuum 

breakdown). 

1.2.2 The streamer breakdown criterion 

The Townsend theory of breakdown has been found to agree with experimental 

results obtained at low values of pd( <1000 Torr cm). For higher values of pd, 

however, the Townsend theory has severe limitations, especially under fast impulse 

voltage conditions where breakdown can occur in times faster than that predicted 

using electron avalanche velocities which are around 107 cm/s. Since the Townsend 

theory of breakdown involves regenerative processes it predicts the time to 

breakdown to be greater than at least one electron transit time. It has been 

shown[9.l 0] that when impulse voltages. of peak value greater than the dc 

breakdown leveL are applied to a uniform field then the time lag can be considerahly 
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less than the transit time. The time to breakdov .. n is of the order of 10.7 second. 

reducing to 10.
8 

second with increasing voltage. Although the Townsend breakdo\\n 

criterion applies for certain experimental conditions. an alternative process must be 

considered for impulse voltages and for larger values of pd. Also in nonuniform 

fields, for example in a point-plane gap geometry. the cathode has been found to play 

no role in the discharge because the breakdown voltage is independent of the cathode 

electrode material. Therefore, there must be a regenerative process occurring in the 

gas. 

Reather[ll] and Meek[12] simultaneously. although independently proposed similar 

theories taking into consideration the influence of the space charge field on the 

development of the discharge. Both of these theories predict that the filamentary 

ionisation phenomena called the streamer, will occur if the space charge field 

reached the magnitude of the applied field. 

Reather proposed that breakdown could occur by a streamer mechanism when the 

number of electrons in an avalanche reaches a critical value at about 108
, while Meek 

suggested that breakdown could occur when the radial space charge field at the tip of 

the streamer becomes comparable to that of the applied field. Both processes assume 

that photoelectrons in the gas produce secondary avalanches which augment the main 

avalanche. Due to the incidence of secondary avalanches. high space charge 

concentrations are created which propagate towards both the anode and cathode. The 

velocities of propagation can attain value which are significantly greater than 

electron avalanche \'l~locities in undistorted fields. In both the Reather and Meek 



criteria the field at the avalanche head is important. Approximate \'alue of the space 

charge field can be calculated by assuming that all electrons are contained in a 

spherical volume of radius r. The field at the avalanche head for Raether's Criterion 

is given by. 

( 1.12) 

Meek gave the expression for the field at the head of the avalanche as 

qaeUX 

Er =---
31tEor 

(1.13) 

where q is the electronic charge in both cases. In Raether's field equation, all the 

electrons are contained within the spherical avalanche head whereas Meek 

considered only those electrons which are just generated. The value of r in Raether's 

analysis is obtained from the diffusion equation where r = .J2DT and 0 is the 

electron diffusion coefficient. The transit time T is the time taken for the electrons to 

move from x=O to x and can be expressed by relationship T = ~~ , where 11 is the 

electron mobility. Meek's analysis takes slightly different approach by considering 

the avalanche radius as being a function of the energy lost per collision. 

With further substitution and replacement with known values and constants, Raether 

and Meek expressed the streamer criterion for air as, respecti\cly, 
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0.14) 

.( :) - ~ In(pd) + In(d) (1.15) 

ng. 

criterion is often regarded as being satisfied when an electron 

itical number of 108 electrons(i.e., ad= 18). Therefore if an 

!lectrons, breakdown will be preceded by a streamer. 

'earner discharge has been verified both numerically and 

;idering the influence of space charge on avalanche growth, 

able to show, by a computer simulation technique, that rapid 

could be adequately explained by considering only the 

vicinity of the avalanche head [13]. This analysis was 

:ly by Chalmers et at who, using high speed photographic 

with increasing overvoltage, there was a transition from a 

: of discharge(i.e. Townsend) to an accelerated form of 

I which could cause breakdown in less than one electron 

few mathematical expreSSIOns of the aboye model[ 15]. 

Pedersen[16] pointed out that due to the dominating influence of the exponential 



growth which is associated with the electron avalanche development. all such 

expressions can be reduced to the following expression. 

f~O u(z)dz = k (1.16) 

where a is the effective coefficient of ionisation. Zo is the critical avalanche length 

and k is a dimensionless parameter and is usually assumed to have a value of 18 for 

1.2.3 The leader breakdown process 
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Figure 1.6 Idealised V -p characteristics tor minimum-impulse( leader) breakdown 

and corona-stabilised(ac or dc) breakdown in a point-plane gap in SFo[17] 



Figure 1.6[17] is the idealised V-p characteristics for leader breakdown and ac or dc 

breakdown in a point-plane gap in SF6. When the gap pressure is abo\"e P1(the typical 

value is 0.5 bar) in Figure 1.6, there is a progressive loss of the effectiveness of the 

space charge shielding at the point and the breakdown mechanism change to one 

involving the development of leader discharges. Unlike streamer discharges, leaders 

are "hot" discharges which have an estimated temperature at about 2000K[ 18] and 

dissociation of the gas molecules can occur. The higher temperature means that the 

neutral density inside the filamentary leader channel is reduced when the 

thermodynamic expansion process occurs. The neutral density N is related to the 

optical quantity the refractive index n by Giadston's equation, 

n-1=KN ( 1.17) 

K being the Giadston's constant. The change of neutral density and hence the 

refractive index means that the leader channel can be revealed by the Schlieren 

method[19,20,21,22] and the interferometers[23,24]. 

For SF6, the leader breakdown in short gaps at high pressure bears a similarity to the 

long gap air breakdown. When the voltage is below the leader inception level, the 

impulse corona is the only phenomenon observable. With the voltage above the 

leader inception level, streamer to leader transition takes place in the following way. 

There is a break or "dark period" when the light emission of the corona has ceased. 

Very little knowledge exists of \vhat happens in this period, except some speculation 



that there is probably a progressIve Increase in the conductivity of the di char~e 

channel due to the increased ion density[ 1 7J. The duration of the dark period seem 

subject to statistical fluctuation. This dark period is fo Ilowed by the udden 

appearance of a new ionisation phenomenon close to the boundar. of the corona, 

which is denoted by the term "leader precursor"[ 18]. The precursor is asymmetrical 

in its propagation. The cathode directed end does not propagate into the gap much 

beyond the corona boundary, while the other end quickly approaches the anode. 

When the precursor touches the anode, a new corona is launched from the other end. 

the channel has become the fIrst leader section serving as a virtual electrode for the 

second corona. The next leader section is formed in exactly the same manner except 

for one detail. The old leader section produces re-illuminations which are associated 

with measurable current pulse whereas the precursor re-illuminations are not(Figure 

1.7[18]). 
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The impulse voltage at which breakdown takes place by a leader mechanism is lower 

than that required for static breakdown. The relatively flat voltage to pressure 

characteristic for lightning impulse indicates that the minimum voltage for leader 

propagation is independent of gas pressure[25]. This characteristic of leader 

breakdown is also predicted by Pinnekamp and Niemeyer in a theoretical model[26]. 

which concludes that leaders are able to propagate~ provided their head potential U 

exceeds a critical vo ltage~ U cr, 

I 

( dC) -2 
Vcr = constant· --

dXc 
( 1.18) 

The constant includes the thermodynamic properties of the gas and some integral 

characteristics of the ionisation zone at the leader head, and is independent of the gas 

pressure P. The differential capacitance dC/dXc describes the redistribution of the 

electric field with advancing leader and determines the related displacement current 

input into the leader head. 

1.3 Breakdown in uniform and slightly non-uniform fields 

It is well known that the build-up of ionisation in SF6 is possible only under 

conditions where the pressure-reduced field exceeds a critical value Ecrit of about 

89kV/cm·bar. For highly divergent tields(as, for example, for the case of a sharp 

protrusion on a high-\'oltage conductor) ionisation \\"ill be confined to a critically-

28 



stressed volume around the tip of the protrusion. In this situation localised partial 

discharges, or corona, will be the first phenomena observed as the applied voltagt? is 

increased. Breakdown under these conditions is a complex process, because of the 

effect of the space charge injected by the prebreakdo\\n corona. 

As any stress-raising defect in gas-insulated equipment will result in partial discharge 

activity, it is important to understand nonuniform field discharge mechanisms. 

However, GIS and many other high voltage apparatus are designed for relative low 

field divergence and it will be useful firstly to consider the simple case of breakdown 

in SF6 under uniform-field conditions before reviewing the phenomena associated 

with particulate contamination or other defects. 

1.3.1 Breakdown in uniform field 

As mentioned before for a perfectly uniform field( e.g. plane-plane electrode 

geometry) no ionisation activity can occur for field less than about 89kV/cm·bar. 

Above the level, ionisation builds up very rapidly and leads to complete breakdown 

of the insulation(formation of an arc channel). The first stage of the breakdown 

involves the development of an "avalanche" of electrons. The growth of this 

avalanche trom a single "starter" can readily be found by computing the net electron 

multiplication. Considering a "swarm" that has grown to contain n(x) electrons at 

position x in the gap (Figure 1.8[71]), then in travelling a further increased discharge 

dx, these will generate a net new charge: 



dn(x)=( a-ll)n(x)dx= a n(x)dx (l.19) 

as a result of ionising and attaching collision \\ith neutral molecules. where a is the 

effective ionisation coefficient. Integration over the interval 0 to \: gives the 

electronic charge in the avalanche tip at that stage in its growth: 

(1.20) 

therefore 

fX adx ax 
n( x) = eJo = e ( 1.21 ) 

In crossing the whole gap~ an avalanche of e ad electrons is created. 

r- dX 

- + - + 
1 ' 

E I ! 
x-a x-d 

Figure 1.8 Development of an electron avalanche in a uniform-field gap[71] 
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In itsel( the occurrence of avalanches does not constitute breakdov.n. For example. if 

the field was such that a =5 the~ in a 1 cm gap at 1 bar. the current gain would be 

eSC~ 148.41). The very low "background" conduction current density( due to 

collection of free charges present in the gap) would be increased from about 10·u 

Alcm2 to about 10-11 Alcm2
, but the gap would still be a very good insulator. 

However, a mcreases very quickly when the field exceeds Ecirt and the 

multiplication can rapidly reach values of 106 or greater, with most of the charge 

confmed to a very small region at the head of the avalanche, typically a sphere of 

about 1 O~m radius. 

- + (a) bipolar space charge 

field 

(b) field distribution 

Figure 1.9 Field distortion caused hy a large electron avalanche [711 
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The bipolar space charge resulting from the ionisation process is sho\\TI in Figure 

1.9(a)[71]. This results in distortion of the applied field Eo(Figure 1.9(b»)such that 

ionisation activity ahead of and behind the avalanche tip is greatly enchanted. At a 

critical avalanche size (eax 
= N c) the space-charge field Es is high enough to 

generate rapidly moving ionisation fronts(streamers) which propagate at about 108 

cmls towards the electrodes. When these bridge the gap, a highly conducting channel 

is formed within a few nanoseconds 

For pressures used in technical applications (p> 1 bar), the streamer process is the 

accepted breakdown mechanism in SF6 under relatively uniform field conditions. 

The values of ionisation and attachment coefficients have been measured in SF6 in 

previous work[27 ,30]. Over a wide range of E/p, the effective ionisation coefficient, 

a , is described by the relationship, 

a (EJ p=A P -B (1.22) 

in which A=27.7(kVr l and B=2460(bar·cm)"l. Studying the above equation, the low 

limit ofE/p, below which a is negative. the following can be concluded. 

(EJ B - = - = 89kV / cm· bar 
p I. A 1m 

(1.23) 
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With field levels below the limiting field it should not be possible for breakdo\\TI to 

occur. 

The rapid rate of change of a /p with E/p accounts for the strong influence of local 

field distortions upon the breakdown strength observed in SF6. In uniform and 

nonuniform fields the streamer criterion may be used to calculate the breakdown or 

inception voltage. When E is known then the streamer criterion is satisfied when. 

f(AE-Bp)dx = K (1.24) 

where K is the mean electron amplification. The value of K for SF6 has been 

determined by Pedersen[31] and reported as being 10.5 although other 

researchers[32] have used the value of 18 or even a value dependent on pd[33]. 

The breakdown of gases under uniform field conditions generally satisfies Paschen' s 

law. which states that breakdown voltage is a function of the product pd. In SF6 with 

pressures up to 1 bar and with pd values below 20 bar·mm. Pashen's law is obeyed. 

with the breakdown values tending towards the limiting field of 89 kV/cm·bar. But 

with higher gas pressures. a compressibility factor has to be introduced to account for 

the non-ideal behaviour of the gas[34]. 

With higher values of pd departures from Paschen's law are observed as mentioned 

in 1.2.1. The threshold for these departures varies depending on experimental 
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conditions. These conditions include electrode surface roughness. contamination of 

the gas by conducting particles, electrode material and the electrode area effect 

which will be discussed in 1.3.4. 

1.3.2 Breakdown in slightly nonuniform field 

If the field is varying with position across the gap, the initial avalanche formation 

will occur within a critical volume for which (a-ll»O(i.e. E>89kV/cm·bar). Under 

these conditions, the streamer-inception criterion is: 

f;C a(x)dx= N 
e ( 1.25) 

where Xc is the position of the boundary of the ionisation region. 

For coaxial-electrode geometry with inner radius of ro and outer radius of r\. the field 

distribution is: 

V (r\) E(r) = -·In -
r ro 

( 1.26) 

Also, at onset, a=O at position re. so that. 

8p 
E(ro)=Ecirt=

A 
( 1.27) 



Using these relationships together with the streamer criterion. it can easily be sho\\TI 

that the surface field at onset is, 

1 

E( rO) = Bp 1 + ( k J 2 
A Bpro 

and that 

0.28) 

( 1.29) 

With the above values of A and B mentioned in 1.3. L this yields, 

£(ro) = 89( 1 + 0.07 ~pro ) 
p 

Fo Xc = 0.07Vp 

( 1.30) 

(1.31 ) 

where pro is in bar·cm and Xc in cm. 

Note that the streamer forms when primary avalanche has developed a relati\t~ly 

short distance. For ro=8cm. p=4bar, for example. x.: \\ill be about 1 mm. the streamer 



will then propagate until the combination of the space-charge field and the geometric 

field is unable to sustain further ionisation. In order for breakdown to occur. it will 

then be necessary to increase the surface field above the onset leyel. In the relatiyely 

low divergence field in a "clean" GIS system only very small increase aboye the 

onset voltage is necessary to initiate breakdown. 

1.3.3 Surface roughness effect and particle initiated breakdown 

• Surface roughness effect 

roughness 
factor 

1.0 

o.s 

Figure 1.10[35] 

104 

ph (bar ~) 

. . 
Electrode surface roul!hness can lead to the existence of localised mIcroscoPIC 

regions of field intensity with levels far greater than the average field at the gas 



electrode boundary. Such regions of enhance field intensity can attain \alues which 

are above the limiting field and may therefore result in a reduction in the breakdo\\TI 

strength of the gap. For example, although laboratory measurements using polished 

coaxial electrodes are in agreement with the theoretical criterion that the inner 

surface field at breakdown should be close to the critical field of about 89k V fcm·bar. 

this value can not be sustained in large scale equipment with practical( machined) 

surface fmish. 

One reason for this is the fact increased ionisation occurs in the vicinity of 

microscopic surface protrusions (surface roughness). This results in the reduction of 

the breakdown field strength by a factor s. Figure 1.10[35] shows calculated values 

of the factor S as a function of the product ph (the product of pressure and protrusion 

height) for a range of spheroridal protrusions. It can be seen that the breakdown 

voltage can be reduced to a low level and that there is a critical protrusion size for the 

onset of roughness effects. 

x 

Figure 1.11 Hemispherical protrusion on a uniform-field electrode [154] 
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The existence of a threshold value of ph can readily be demonstrated for the 

hemispherical protrusion shown in Figure 1.11 [ 154] . For this case. the tie ld at a 

distance x above the protrusion is given as, 

[ 2r 3
] E(x) = EO 1 + 3 

(x + r) 
( 1.32) 

For the protrusion to have no effect, Eo (the macroscopic field) at onset must be 

equal to Ecrit (=89kV/cm·bar), 

Also. 

u(x) = AE(x) - Bp 

[ 2r3] = Bp 1 + 3 - Bp 
(x+ r) 

Bpr 3 
= 2-=-----

(x+r)3 
( 1.33) 

Breakdown occurs when: 

f~c a( x)dx = k (1.34) 

that is 
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Xc = 1 _ 1 
r 1- k 

Bpr 

1 

2 

where k=12 and B=0.246Ibar,um, , 

( 1.35) 

For Xc to be real, pr must be >50 bar·/-lm. At a working pressure of 5 bar. surface 

roughness would therefore begin to affect the onset level for protrusion heights 

greater than about 10/-lm. Because of surface roughness effects ( and some other 

electrode phenomena such as microdischarges in charged oxide layers, etc). practical 

SF6 insulated equipment is designed such that the maximum field is everywhere less 

than about 40% of the critical value. 
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A quantitative relationship has been determined by Pedersen[36]. based on the 

streamer theory. for evaluating the effect of surface roughness in SF6 insulated 

coaxial geometry with protrusion perturbed electrons. Form these investigations. it 

was suggested that if pRmax<43 bar·~m, where p is the gas pressure and Rma\ is the 

maximum protrusion height. then the breakdown voltage would remain unatIected by 

surface roughness. It was later reported by Somerville et al that the shape of the 

electrode protrusion was unimportant and only the protrusion height affected the 

breakdown strength[35]. 

• Particle initiated breakdown 

Another type of nonuniform field breakdown in a gaseous medium is that from free 

conducting particles. Particles-initiated breakdown is one of the most severe problem 

in gas-insulated apparatus. These unwelcome contaminating particles can cause pre

discharge or even breakdown or flashover between the high voltage conductor and 

the enclosure. The use of compressed gas allows a much higher field strength than 

that at atmospheric to be applied. but at the same time increases the sensitivity to any 

disturbance of the field. Even pre-discharges of low current. emanating from the tip 

of the particle. are undesirable if they occur continuously. 

Because particles are known to seriously reduce the breakdown strength of SF6 

significantly. provision is made in the design of most GIS equipment to remo\'e 

particles hy various tiltering and trapping techniques. In a number of 

work[92. 93. 94. 951. \"arious aspects of this problem han.' been addressed. 



Measurements of particle-initiated breakdown have been performed under a varidY 

of conditions corresponding to different gas pressures and compositions. different 

forms and polarities of the applied voltage, and for different types. sizes. and 

configurations of metallic particles, these studies clearly show the dramatic decrease 

in the voltage withstand capabilities of SF6 in the presence of particles. They also 

show that the breakdown voltage of SF6 gas becomes virtually independent of gas 

pressure as the particle length increase. 

For dc stress, particles will cross the gap at the onset voltage. For ac conditions. the 

particles initially make small "hopping" excursions at the outer electrode in a coaxial 

system. As the stress is increased, the excursions become longer and. because of 

inertial effects and the "bouncing" action at the electrode, the time of flight becomes 

longer. As the voltage is increased particles may cross the gap to the upper electrode 

where they will receive a new charge which depends on the polarity and magnitude 

of the applied voltage at the instant of contact. and will then move back towards the 

lower electrode. The crossing does not necessarily lead to breakdown, and a voltage 

increase will usually be necessary for the conditions for the leader breakdown to be 

achieved. 

Although most studies have shown that conducting particles can drastically reduce 

the electric strength of SF6 to as low as 100/0 of its uncontaminated value, it is n~ry 

difficult to predict the magnitude of the reduction in the breakdown and the corona 

inception voltage, because these magnitudes depend on many factors. in\olving the 

particle and the insulation system. 
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1.3.4 Electrode area and material effect 

In SF6 the uniform field breakdown strength can be recovered by conditioning the 

electrodes[37]. This involves vapouring electrode weak points by repeated sparking 

until the breakdown strength has sufficiently increased. As the number of weak 

points is related to the area of the electrodes comparatively more conditioning is 

required for large-electrodes than for smaller ones[38]. If the electrodes ha\'e been 

conditioned at one pressure they are nonnally required to be re-conditioned if the gas 

pressure is changed[38]. Many quoted breakdown values represent the conditioned 

values whereas, unfortunately, from a practical approach, the pre-conditioned 

breakdown values, as well as because of the electrode surface fmish, would be of 

greater interest. 

The choice of electrode material has been found to have no influence on the 

breakdown characteristics of SF6 for low values of pd. However, for high values of 

pd, where deviations from Paschen's law occur. the choice of electrode material is 

significant[37]. The breakdown voltage is primarily dependent on the cathode 

materiaL and this influence increases with the increasing gas pressure. 

1.4 Breakdown in nonuniform field 

The breakdown characteristics in nonuniform fields are more complicated than in 

uniform fields. In SF6 insulated equipment, howe\,er. nonuniform fields arc 



inevitable. Highly divergent field conditions can exist locally due to the presence of 

free conducting particles, or electrode surface protrusions, and therefore there is 

considerable interest in the electrical breakdown characteristics of nonuniform field 

gaps in SF6 and its mixtures. In Figure 1.12[39] is illustrated schematically the 

dependence of the breakdown voltage for a nonuniform field gap typical of point

plane geometry[39,40]. The breakdown voltage for such a system can be calculated 

using the streamer criterion when the pressure P exceeds a critical value Pc, which is 

itself a function of the type of applied voltage (e.g., dc or impulse voltage), for P<P':' 

the estimated breakdown voltage coincides with the corona inception voltage, but the 

actual breakdown occurs at a higher voltage. Corona discharges occur only for P<Pc 

and in the pressure region below Pc, they prevent breakdown from occurring at the 

predicted value. The enhancement in the breakdown voltage for pressures below Pc 

has been referred to as "corona stabilisation". It should be noted, however, corona 

stabilisation is largely absent or minimal for non-electronegative gaseous dielectrics 

such as N2 gas. The increase in breakdown voltage when corona occurs is attributed 

primarily to the effect of space charge produced by the corona in reducing the local 

field. It was pointed out recently[ 41] that under some conditions, corona discharges 

produce electronically excited molecules in sufficient number to contribute to an 

enhancement in breakdown voltage. This can happen because electrons are 

known[42,43] to attach to molecules in electronically excited states with higher 

probability, i.e., with larger cross sections, than to molecules in the ground electronic 

state. 
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The breakdown voltage-pressure characteristics of such gaps show an almost linear 

increase up to a pressure PI, with the breakdown voltage Vb being considerably 

greater than the corona-inception voltage Vi. As the pressure is increased, the 

breakdown curve exhibits a maximum, after which Vb fails rapidly until the pressure 

reaches a value Pc'. At a critical pressure Pc (which may coincide with Pc' or be 

considerably greater, depending on the field divergence) breakdown occurs directly 

at the inception voltage, without any preceding corona. The pressure range in which 

Vb exceeds Vi is known as the corona-stabilisation region, in which the field near the 

high stress electrode is stabilised near its onset value as a result of the homopolar 

space charges generated by corona. 
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Figure 1.12 Breakdown regimes in nonuniform fields in SF6[39] 



1.4.1 Breakdown under steady-state voltages 

For dc voltages, at gas pressures up to PI, breakdown is preceded by a corona 

discharge at the point electrode. The space charges produced as a result of the corona 

limit the field around the point to the corona inception level. At the same time, the 

field in the remainder of the gap is enhanced. Breakdown takes place at a voltage 

considerably higher than the value for inception. For gas pressures above P 1, the 

effectiveness of corona stabilisation decreases, and the breakdown curve exhibits a 

maximum breakdown voltage. With further increases in pressure a negative voltage

pressure gradient is found to occur. The reduction in breakdown voltage with 

increasing pressure ceases when the "critical pressure" is reached. At the critical 

pressure Pc, and above, the breakdown voltage is found to coincide with the corona 

inception level, both of which increase with pressure. 

1.4.2 Corona and its effect on breakdown 

In uniform and quasi-uniform field gaps, the onset of measurable ionisation usually 

leads to complete breakdown of the gap. In non-uniform fields various 

manifestations of luminous and audible discharges are observed long before the 

complete breakdown occurs. These discharges may be transient or steady states are 

known as coronas. A review can be found on the subject [96] and the phenomenon is 

of particular importance in high voltage engineering where non-uniform fields are 

unavoidable. It is responsible for considerable power losses from high voltage 



transmission lines and often leads to deterioration of insulation by the combined 

action of the discharge ions bombarding the surface and the action of chemical 

compounds that are formed by the discharge. It may give rise to interference in 

communications systems. On the other hand, there are various industrial applications 

such as ozone productio~ high-speed printing devices, electrostatic precipitation, 

paints sprayers, Geiger counters, etc. and more recently the use in the fabrication 

process of semi-conductor devices. 

A great deal of interest has been directed towards understanding the mechanisms of 

electrical coronas in air. It is therefore useful to review corona discharges in air and 

use the knowledge in an attempt to understand corona discharge in SF 6, which are 

not fully understood. A qualitative analysis of electrical corona usually involves a 

cataloguing of the various types by voltage and polarity of the stressed electrode, as 

well as the pressure and nature of the gas. 

The most convenient electrode configurations for the study of the physical 

mechanism of corona are hemisherically capped rod-plane or point-plane gaps. In the 

former arrangement, by varying the radius of the electrode tip, different degrees of 

field non-uniformity can be readily achieved. The point-plane arrangement is 

particularly suitable for obtaining a high localised stress and for localisation of dense 

space charge. 

A number of recent studies[ 44-4 7] of the influence of factors such as field 

divergence. electrode geometry, polarity and spacing on corona-stabilised breakdo\\TI 



have been conducted. Among the most important features are those illustrated for 

point-plane geometry in Figure 1.13[44], namely that the breakdown in the rising 

part of the characteristic is independent of the radius ro of the high stress electrode, 

and that the width of the stabilisation region, and hence the critical pressure Pc. 

increases as ro is reduced. Under impulse conditions, the behaviour at pressures 

greater than p) depends on impulse risetime[48,49] and on the availability of 

initiatory electrons[50,51]. The stabilisation peak is more pronounced with a 

switching-impulse risetime at about 1 OO~s than for a front of less than 1 O~s[ 48]. For 

risetime of about 1 ~s the characteristic can be relatively flat in the pressure range 

fromP) to Pc[51,52]. 
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Figure 1.13 AC corona-onset and breakdown-voltage 

characteristics for a 40rnm rod-plane gap in SF6 [ 44] 
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An understanding of the nature of prebreakdown corona activity in F 6 i unportant 

in order to explain the above observation. and to provide a basi for modelling f 

breakdown under corona stabilisation conditions . 
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Figure 1.14 Positive dc corona in a point-plane gap in SF6 (ro=2mm.d=20mm) [39] 

Observation of dc corona in short gaps( lO-30mm) in SF6 and SF6 mixtures. have 

shown that three types of corona may exist. depending on the pressure[53-55]. The 

image-intensifier records (Figure 1.14[39]) show the visual appearance of the corona 

in a 20mm positive point-plane gap in SF6[54]. At low pressure (p<O.2 bar) a diffuse 

glow type discharge occurs (Figure 1.14(a)). With increasing pressure, this gives way 

to hort filamentary discharges which are restricted to a region within about 3 mm 

from the point (Figure 1.14(b)). These short filaments have been referred to a 

patially-limited streamer discharges [54]. It should be noted that figure 1. 14(b) 

repre nts an integration oyer 100m, and in tact only a ingle filament i normally 

pre nt at a given in tant. Each filament i a ociated v. ith a '''bur C' f ab ut 1 OO~lS-



amplitude current pulses \vhich continues for a fev,' ms and when time-resolved using 

an image-intensifier camera [54] each filament is found to restrike at intervals of few 

~s. In SF6!N2 mixtures, the streak records are bright enough to show that the streamer 

filaments are accompanied by an even shorter-range filamentary glow, which burns 

steadily for the complete duration of the current burst. 

This glow yields a steady component of current, while each pulse in the burst 

corresponds to a restrike of the streamer filament. For negative polarity, the corona 

modes are similar to those described above, although the glow component in the 

glow/streamer "bursts" tends to predominate[55]. 

For pressure greater than the value PI at which the voltage-pressure characteristics 

begin to deviate from its almost liner increase, the glow/streamer stabilisation corona 

continues to exist, and to be confined to the vicinity of the high-stress electrode. 

However, long filamentary discharges are now observed to develop around the 

stabilisation corona (Figure 1. 14( c». The current associated with this discharge 

consists of a single pulse of amplitude several orders of magnitude greater than those 

in the current burst of restriking streamer. On the basis of time-resolved studies of 

short-gap breakdown in SF~2 mixtures[50], and more recently by Schelieren 

observations in SF6 [ 40], these long filaments have been identified as leader 

discharges. The glow/streamer corona and the leader corona continue to coexist for 

pressure in the negative-slope region of the voltage-pressure characteristic. For 

pressures greater than p.;, the glow/streamer corona no longer occurs, and only leader 

discharges are observed (Figure 1.14(d». 



The transition from a streamer type corona at low pressure to a tilamentary leader 

corona at high pressures has also been reported for impulse breakdo\\"n in long gaps 

about 300mm by Kurimoto and others[56,57] and by Bortnik and Vertikov[58]. 

Impulse discharge characteristics and leader development have also been studied by 

Takuma et al [59-60] and Pigini et al [61]. Voss[62], Rodrigo and Chatterton[63] and 

Kurimoto[64] studied the cases in SF61N2 and SF6/Air mixtures. The general 

behaviour is very similar to the dc case. At low pressure. only diffuse streamer 

corona occurs at the electrode prior to breakdown of the gap[57,58]. at intermediate 

pressure, one or more diffuse corona is followed by the development of a stepped 

leader filament[57], at higher pressure, only the leader corona is observed. As with 

the long gap in air, the leader develops in a series of steps, with each channel 

extension being preceded by a burst of streamers from the tip of the leader. However, 

while faintly visible in SF6 in still records using an intensifier[50], these leader tip 

streamers can be observed intimate resolved records only in SF61N2 mixtures[50,62]. 

1.4.3 Streamer and leader discharges 

In the pressure range up to PI in figure 1.14, the glow/streamer corona is confined to 

the area close to the point electrode. The ionisation region may then be regarded as 

small compared with the ion-drift region, and the behaviour of the system near 

breakdown can be analysed using the theory of unipolar-space-charge-dominated 

coronas[65.66]. The etTect of the corona space charge is to limit the field at the high 

stress electrode to a lcn~1 near its value at onset. while increasing the tidd in the 
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remainder of the gap. It has been shown that under these conditions breakdown 

occurs when the axial field distribution is such that the pressure-reduced tield E 'p 

everywhere exceeds a critical \"alue of about 45kV /cm·bar[53]. It has been SU~~ested 

[53.67] that this represents a minimum criterion for streamer propagation in SF6. 

Sigmod[67] has proposed that the corresponding value of EIN along the axis may be 

increased because of the existence ofa narrow jet of hot gas[68], and in recent work 

Sigmond et al [69] have shown that breakdown streamer/spark formation is preceded 

by a precursor discharge form the cathode. However. the important feature is that 

breakdown occurs under almost uniform field conditions and is determined bv the 

space charge field in the gap, and not by conditions near the point electrode. this 

explains the observations that corona stabilised breakdown is insensitive to the value 

ofro in the rising part of the voltage pressure characteristic. 

Static voltage breakdown for pressures greater than PI occurs when the leader corona 

is able to develop around the stabilisation corona and across the gap [54]. This results 

in the curved spark channels reported in this pressure range in SF6[44,46,47]. With 

increasing pressure, there is a progressive loss of corona stabilisation until, at 

pressure Pc', the glow/streamer corona no longer occurs, under these conditions 

leaders propagate in a space-charge-free gap, their preferred path is axial, and the 

spark channels are again straight. When the pressure is increased to Pc the condition 

for leader propagation is satisfied at onset and direct breakdown occurs. 

lJ nder impulse \'oltage conditions, the measured breakdown characteristic depends 

on the pulse risetime [48.49,581. For wavefronts of the order of lOOIlS, there is time 
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for corona shielding to develop. and the breakdown curve is similar in shape to the 

dc characteristic. For short risetime. the leader can develop axially in a space charge 

free field and the breakdown voltage is then a minimum. Howeyer. the behaviour is 

strongly dependent on the statistics of discharge initiation[SO.SI]. In wire-cylinder 

geometry, for example, where statistical time lag problems are minimised by the fact 

that the ionisation volume is relatively large[52], the impulse breakdown yoltage is 

much lower than the dc value, and the breakdown characteristic is almost flat for 

pressures between PI and Pc as shown in figure l.IS[52]. In point-plane geometry. 

the 50% breakdown probability can be relatively rugh[50] but as pointed out by 

Farish et a1. [51 ]and Bortnik et al[58], the minimum impulse breakdown voltage is 

again independent of pressure. The conclusion is that the minimum impulse 

breakdown voltage for leader propagation is almost independent of pressure in the 

range of P I to Pc, and this is a feature of models for leader propagation which have 

been proposed by Bortnik [58] and Niemeyer and Pinnekamp[70]. 

The mam feature of corona stabilised breakdown in SF 6 can therefore be 

summarised, with reference to figure 1.12, as follows: the onset voltage (curve A) 

can be calculated using the formula for corona inception given by Nitta and 

Shibuya[71] and gives the breakdown curve above Pc. For pressure up to PI, 

breakdown occurs when the space charge field in the gap reaches a critical value 

required for streamer propagation (curve B in figure 1.12). For pressures greater than 

PI. the minimum breakdown voltage is determined by the condition for leader 

propagation in a space charge free gap (cur\'e C in figure 1.12). I.eader breakdown 

under dc conditions inyoJ\'es a progressiYe loss of corona stabilisation (cune 0 in 



figure l.12) and for pressures greater than Pc~. where there is no glow/streamer 

stabilisation coro~ the characteristic follows curve C. The impulse breakdown 

voltage (curve E in figure l.12) is subject to statistical variatio~ depending on field 

divergence and pulse wavefront. but the minimum impulse breakdown voltage again 

corresponds to the leader propagation criterion (curve C in figure 1.12). 
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Figure 1.15 Comparison of positive impulse and dc breakdown characteristics in 

coaxial cylinders [52] (40%SF6, 60% N2 mixture, ro=0.5~ r2=25mm) 

• Streamer propagation 

In principle, the minimum background field in which streamers can propagate in SF6 

can be derived on the basis of the energy-balance relationship used for air[72,73]. 

While the full computer model has not yet been applied to SF6, a greatly simplified 

method[58.74] gave an estimate of 34-35 kV/cm·bar for the pressure reduced 

streamer stability field. 
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Similar values in calculations of the minimum space charge field in the gap just prior 

to breakdown in SF6 in point-plane [54] and coaxial electrode geometries [52] In the 

latter case, Poisson's equation may be solved directly to give the expression, 

(1.36) 

where Eo is the onset field and pe the space charge density at the inner electrode of 

radius roo For a given voltage, pe is found by iteration such that integration of 

equation( 1.36) satisfies the boundary conditions for potential, and the field 

distribution is then calculated. Figure 1.16[52] shows the calculated field distribution 

in a 0.5/25mm coaxial system in SF6 at 0.6 bar for various voltages. It can be seen 

that, at breakdown, the minimum E/p on the gap is about 43 kV/cm·bar, while at 

voltage below Vb, this is exceeded only within a few millimetre of the inner 

conductor surface. Calculations for various coaxial and point-plane systems gave 

value for E/p of 45±5 kV/cm·bar, with slight dependence on geometry and pressure. 

In SF6/N2 mixtures, the values obtained were 20-25 kV/cm·bar with 100/0 SF6 and 30-

35 kV/cm·bar with 40% SF6[52]. These values have been confirmed by measurement 

of the field at the plane using the biased field probe [75] which shows excellent 

agreement with the calculation [52,54] . 

• Leader propagation 



As the leader discharge develops across the gap~ its advance involves the 

transformation of the cold, high-field streamer filaments at its tip to form a new 

section of hot and relatively low-gradient leader channel. Even for the case of long-

gap breakdown in air, which has been the subject of intensive study in recent years. 

notably those by the Renardieres Group[76], the physical processes governing the 

transformation are not yet fully identified [77] . 
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Figure 1.16 Calculated space-charge-modified field distribution in coaxial electrodes 

in SF6 (p=O.6bar, ro=O.5mm, r)=25mm, V j=20kV) [52] 

In the absence of a complete physical model, quite a few authors have developed 

empirical and semi-empirical criteria for leader breakdown in SF6. The simplest of 

these involves the model used by Lemke [78] to represent the situation just before 

the fmal jump stage of long gap breakdown, in which the breakdown voltage is given 

by, 
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in which EJ and Es are the average gradients in the leader and streamer channels 

respectively and lcrit the maximum leader extension just prior to breakdown, such that 

the leader-tip corona streamers just reach the plane. However, information on the 

parameters in equation (1.37) is still incomplete. Ibrahim [74] found that, if the data 

for EJ and lcritl d obtained at 1 bar by Voss [74] is used, together with the streamer 

stability field [54], the calculated minimum breakdown voltage shows a stronger 

pressure dependence than it is suggested by the impulse characteristics. The model 

was simplified [58] assuming a constant streamer potential drop of about 60 kV and 

a constant leader gradient of about 6 kV/cm. The average leader channel gradient for 

the leader to cross the gap was computed [57] assuming that the leader tip field has 

to maintained at its value at leader inception, and obtained a value of about 5 kV/cm 

at 1 bar for a 30 cm gap. Further experimental work is necessary to determine the 

pressure dependence of the leader gradient and of the length of the final 'Jump" in 

SF6. 

A recently developed leader propagation model [70] has been used in the discussion 

of corona stabilised breakdown[79,80], particle triggered breakdown [81] and volt

time characteristics in SF6 [82]. In this model, the enthalpy input required to fully 

dissociate the gas in the channel and raise its temperature to about 21000
( is 

estimated as ~h\'T at _107 JlKg, an energy balance calculation is then performed 

between the energy ~w=p()"1t·r}.I·(~h\'T)' required to transform a section I of a 



channel of radius r~ and the energy input to the ionisation zone at the leader tip. This 

is given as ~w=t1Q·~U, where ~Q is the charge pulse associated with the streamer 

and ~U=EU (where E is scaling factor as in equation 1.39) is the potential drop in the 

streamer zone of a channel whose tip potential is U. t1Q is expressed in terms of the 

rate of change of capacitance C between the advancing leader channel at position x 

and the plane electrode, as 

t1Q = Ut1C = UdC. l 
dx 

(1.38) 

If the channel cross sectional area is assumed to vary inversely with pressure, the 

energy balance gives the minimum tip potential for leader propagation as [70] 

(1.39) 

in which 0 and E are scaling factors. An approximate treatment of the leader channel 

behaviour [70] indicated that the leader gradient is independent of pressure and, 

since Cur does not explicitly depend on pressure, the minimum breakdown voltage 

according to the model corresponds to the form assumed in [58] as 

(1.40) 
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At this stage, the Niemeyer and Pinnekamp model must be regarded as largely 

empirical, since the properties of the ionisation zone enter equation (139) only 

through scaling parameters, and since the claimed pressure-independence of Ucr 

depends directly on the assumption that r.; varies as p-I ::. Also, the capacitance C is 

calculated on the basis of an electrostatic leader radius R(»ro) whose physical 

interpretation (and pressure dependence) is unclear. Although an attempt has been 

made [70] to compare the model with measurement on surface discharges in SF6[83], 

its validation for gas gap breakdown will require further experimental evidence. In 

particular, the model would be strengthened if the prediction that the leader channel 

gradient is independent of pressure were to be confirmed experimentally . 

• The critical pressure 

Pressure Pc should be obtained by equating the minimum leader propagation voltage 

given by [46] with the corona inception voltage Vi. This is obtained using the simple 

inception criterion 

f(~~a(x)dx = k (1.41) 

where Xc is the critical distance at which the net ionisation coefficient a is zero. For 

SF6, a is given by the liner relation a =(AE-Bp) and, for point-plane gaps with 

point radius ro, the inception voltage is then obtained as [71], 



(1.42) 

where f is the field nonuniformity factor. 

In some instance, it may be useful to estimate P' c, the pressure at which the localised 

stabilisation corona disappears, as for some geometry this may give the minimum 

value in the breakdown voltage curve. A criterion for P' c was derived [84-86] which 

depends on the fact that, at low pressure, secondary electrons are produced relatively 

far from the point where they attach, to give a steady flux of negative ions which 

maintain the stabilisation corona. With the increase in pressure, the range of ionising 

photons shrinks faster than the ionisation distance Xc so that a pressure is reached at 

which the photo secondaries are produced only in the high field region where they 

can contribute to filamentary discharge development. The critical pressure for ions of 

stabilisation was given in [84], 

(1.43) 

where B, k, ro are as in equation (1.42) and C is a constant estimated from breakdown 

measurements as about 0.05 bar-em. A similar criterion can be found in [57] and in 

[85] for impulse breakdown in long gaps. 

1.4.4 Impulse breakdown characteristics 



For the initiation of breakdown an electron must be available to start the avalanche. 

With slowly rising voltages (d.c. and a.c.). there are usually sufficient initiatory 

electrons created by cosmic rays and naturally occurring radioactive sources. L'nder 

surge voltages and pulses of short duration. however. the gap may not break down as 

the peak voltage reaches the lowest breakdown value (Vs) unless the presence of 

initiatory electrons is ensured by using artificial irradiation. Vs is a voltage which 

leads to breakdown of the gap after a long time of application. With weak irradiation 

the peak value may have to be greatly increased so that the voltage remains above the 

d.c. value for long intervals of time. 

The time which elapses between the application of voltage to a gap sufficient to 

cause breakdown and the breakdown is called the time lag(t). It consists of two 

components: one is the time which elapses during the voltage application until a 

primary electron appears to initiate the discharge and is known as the statistical time 

lag (ts); and the other is the time required for breakdown to develop once initiated 

and is known as the formative time lag (tt). 

The statistical time lag depends on the amount of preionisation in the gap. This in 

tum depends on the size of the gap and the radiation predicting the primary electrons. 

The appearance of such electrons is usually statistically distributed. The techniques 

generally used for irradiating gaps artificially, and thereby reducing the statistical 

time lag. include the use of ultra violet light. radioactive materials and illumination 

hy auxiliary sparks. The statistical time will also be greatly reduced hv the 

application of an overvoltage (i.e. Vp-Vs) to the gap. 
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The formative time lag (tr) depends essentially on the mechanism of spark gro\\th in 

question. In case when the secondary electrons arise entirely from electron emission 

at the cathode by positive ions, the transit time from anode to cathode \\-ill be the 

dominant factor determining the formative time. The formati\ e time lag increases 

with the gap length and the field non-uniformity, but it decreases with the applied 

overvoltage . 

• Impulse breakdown probability 
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Figure 1.17 Breakdown under impulse voltage[29] 

An impulse voltage is a unidirectional voltage which rises rapidly to a maXImum 

value and then decays slowly to zero. When an impulse voltage of a peak value 

higher than V s is applied to a gap, as shown in figure 1.17[29], there is a certain 

probability but not a certainty that breakdown will follow. For breakdown it is 

essential that the spark develops during the interval of overvoltage ( V(t)-V s) 

duration, i.e. the overvoltage duration must exceed the time lag ( t«t2-tl )). For a 

given impulse voltage wave shape the overvoltage duration will increase with the 

voltage amplitude(V p). 
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Because of the statistical nature of the time lag, when a given number of impulse of 

an amplitude V p' exceeding the static value Vs' is applied to a gap only a certain 

percentage will lead to breakdown. We therefore obtain a breakdown probability P 

for each given applied maximum impulse voltage Vp. The breakdown probability for 

a given impulse voltage is obtained by applying a large number of identical impulses 

and taking the ratio of the number of impulses that lead to breakdown to the total 

number applied. Figure 1.18[29] illustrates an example of the breakdown probability 

distribution function for impulse voltages of amplitude Vp. Vb-lOa represents the 

100% breakdown voltage, i.e. each voltage application of this magnitude leads to 

breakdown. This voltage is of particular importance in determining protective levels. 

'.0 - - - - - -- -

0.5 - - - - - - - - - - -

o 

Vbc:impulse withstand leveL Vb-50: 50% impulse breakdown: Vb_1oo:100% breakdown-protective level 

Figure 1.18 Breakdown probability under impulse voltage[29] 

Vb-50 is the 500/0 breakdown voltage, i.e. half of the applied voltages at this level lead 

to breakdown. Vb-O represents the highest impulse voltage that does not lead to 

breakdown. It is known as the "impulse withstand level" and is important in the 

design of insulation. In practice it is convenient to present the P(Vp)-Vp data on a 

logarithmic scale known as Gaussian probability scale which gives linear 



relationship. The distribution can also be presented by the normal (Gaussian) 

distribution shown in figure 1.19[29]. Because of the asymptotic approach of the 

curve to the value Vb-O and Vb-IOO the exact values( V b-O and Vb-IOO ) can only be 

obtained from a very large number of experimental observations. These \alues, 

however, can be approximately obtained from the distribution of breakdown values 

about the middle value enclosed between the limits of standard deviation S. For 

example, if we count all breakdown enclosed between ± 3S, i.e. 

Vb-O = Vb-50 - 3S 

Vb-IOO = Vb-50 +3 S 

the range includes the breakdown probability from 0.150/0 to 99.850/0. 

Figure 1.19 Gaussian probability distribution curve[29] 

It should be noted that though 500/0 probability breakdown voltage is widely used, it 

can be argued that the low probability level is a much more interesting and 

meaningful value. The minimum level is obviously that to which practical equipment 

must be designed if insulation failure is to be avoided and also, in terms of physical 



mechanisms, this is the stress level at which the gap will just breakdov.n if all 

necessary statistically varying conditions are simultaneously satistied. The 

importance of minimum impulse breakdown will be discussed in detail in 2.2.3.1. 

• Volt-time characteristics 
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Figure 1.20 Impulse-time-volt characteristics[29] 

When an impulse voltage of a value Vb- IOO or higher is applied to a gap, breakdown 

will result on each voltage application. The time required for the spark development 

(time lag) will depend upon the rise rate of voltage and field geometry. Therefore, for 

each gap geometry it is possible to construct a volt-time characteristic by applying a 

number of impulses of increasing amplitude and noting oscillographically the time 

lag. A schematic plot of such a characteristic is shown in figure 1.20[29]. In uniform 

and quasi-uniform field gaps, the characteristic is usually sharply defined and it rises 

steeply with increasing the rate of rise of the applied voltage. In nonuniform field 

gaps, however, due to larger scatter in the results. the data fall into a dispersion band 

as shown in figure 1.21 [29]. The time to breakdown is less sensiti\"t~ to the rate of 
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voltage rise. Hence. quasi-uniform field gaps(sphere-sphere) have often been used as 

protective devices against overvoltages in electric power systems. The volt-time 

characteristic is an important practical property of any insulating device or structure. 

It provides the basis for establishing the impulse strength of the insulation as we 11 as 

for the design of the protection level against overvoltages. 

Uniform field gap 

........ 

Non·uniform field;> "" ......... --

Time (t) 

Figure 1.21 Schematic diagram of volt-time characteristics for uniform and non-

uniform field gaps[29] 

• Time lags 

Time lags have been studied in the past. In the techniques generally used either a 

constant voltage is applied to an irradiated gap and a spark is initiated by a sudden 

illUlnination of the gap from a nearby spark, or an overvoltage is suddenly applied to 

a gap already illuminated. 

In the former case the time lag is measured from the flash until breakdown occurs, 

while in the latter, the time lag is measured between the voltage application and the 

gap breakdown. The overvoltaged conditions may be obtained either by 
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superimposing a step voltage pulse upon a direct voltage already applied to the gap 

or by using an impulse voltage of a suitably short front duration. The measured time 

lags for given experimental conditions are usually presented graphically by plotting 

the average time lags against the overvoltage. The latter is defined as the percentage 

ratio of the voltage in question to the minimum direct voltage which \\ill cause 

breakdown. In the case when an impulse voltage is used on its own. the time lags are 

plotted against the impulse ratio defmed as the ration of the applied impulse voltage 

to the minimum direct breakdown voltage. 

The measured values are affected by factors such as the intensity of the background 

irradiation, the nature and the condition of the electrode surface, the gap length, the 

electron affinity of the gas, etc. 
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Figure 1.22 Time lag distribution in SF6 and air [29] 

Long and highly scattered time lags have been observed in strongly electronegativc 

gases under irradiated conditions. Figure 1.22[29] compares time lags observed in 

SF
6 

with those obtained in air under similar experimental conditions. It \\ as 

impossible to attribute these long time lags to the shortagc of initiatory ekctrons. It 
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was suggested that the long time lags are associated with the complex nature of the 

growth of spark in the highly electron attaching gases. 

An alternative method for presenting time lags has been de\eloped by Laue[99] and 

Zuber[ 1 00]. These authors showed that the time lag in spark gaps may be represented 

in the for~ 

~ = e - f~ PIP2Pdt 

N 
( 1.44) 

where N represents the total number of time lags observed, n is the number of time 

lags of length greater than t, P is the rate at which electrons are produced in the gap 

by irradiation, PI is the probability of an electron appearing in a region of the gap 

where it can initiate a spark, and P2 is the probability that an electron at a given field 

strength will lead to the development of the spark. The factor PI is a function of the 

gap length and the gas density, while P2 is a function of the applied field. The factor 

P is dependent on the source of irradiation providing that the primary current in the 

gap is constant and the applied field remains constant with respect to time, equation 

1.44 can be written as: 

n -kt -=e 
N 

( 1.45) 
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Equation ].45 gives a linear relation between In ~ and time t. The method gives a 
~ ~ 

truer representation of the results in the case of highly scattered results. 

1.5 SF6 gas mixtures 

There have been many investigations on the nonuniform field breakdown 

characteristics of mixtures of SF6 with other gases which have included H2 [87], air 

[64,88], He and CO2[89] and a lot of work has been done on N2 [50,60,90]. 

In some cases, remarkably strong stabilisation peaks have been observed with the 

addition of small amounts of SF6 to a buffer gas. In air with 1 % SF6[64,88], for 

example, the corona stabilised breakdown voltage at 0.1 MPa was found to be twice 

that for pure SF6 at the same pressure. 

Although such "'weak" SF6 mixtures have possible uses in testing of metalclad 

equipment [88], they have the disadvantage that their limiting field strength is close 

to that of their main constituent, so that they have a low corona-onset voltage and a 

much reduced uniform field strength compared to SF6• However, recent work [51,91] 

has shown that a marked improvement in corona stabilisation can be achieved in SF6 

by means of the addition of small quantities ( about 0.10/0) of an easily ionisable 

compound such as triethylamine(TEA), without any significant loss of similarity-law 

pertormance. From a comparison of static-yoltage characteristics and corona actiyity 

in an SF6/TEA mixture [ 5]], it can be seen that the cffect of TEA is to givc a \cry 

intense stabilisation corona and to inhibit leader tormation. Thus, at a pressure of 0.2 
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MPa, the corona is still rather diffuse even at a voltage 500/0 higher than the 

breakdown voltage in pure SF6 . It has been suggested [51] that enhanced 

photoionisation in the mixture allows the discharge to spread around the point and 

prevents the interruptions of the stabilisation corona current observed in pure SF6 

[54]. The additive also appeared to give a substantial increase in the minimum 

impulse breakdown voltage [51]. This would indicate that it influences leader 

propagation as well as improves the stabilisation effect, but further work will be 

necessary to identify the mechanisms involved. 

1.5.1 Synergism and Penning effect 

It has been found that the addition of a certain percentage of some common gas to 

SF6 can result in a significant increase in the impulse breakdown strength. For 

example, the SF6/air mixture with a mixing ratio of 90/1 0 has a higher impulse 

breakdown strength than pure SF6 in nonuniform fields at a total gas pressure of 0.1 

MPa[ 1 08]. This is the so called synergism effect. 

Paschen's Law is not applicable in many gaseous mixtures. The outstanding example 

is the neon/argon mixture. A small admixture of argon in neon reduces the 

breakdown strength below that of pure argon or neon. The reason for this lowering in 

the breakdown voltage is that the lowest excited state of neon is metastable and its 

excitation potential (16e V) is about O. ge V greater than the ionisation potential of 

argon. The metastable atoms have a long life in neon gas, and on colliding with 
'-



argon atoms there is a very high probability of ionising them. This phenomenon is 

known as the Penning effect. 

1.5.2 High dielectric strength gas mixtures 

It should be noted that there are many aspects of a gas/gas mixture which must be 

considered in determining whether or not it has any clear superiority or advantages 

over commonly used SF6 and these include: (1) cost of gas/gas mixture, (2) 

performance( e.g. electrical strength, carbonisation, vapour pressure, toxicity, 

immunity to adverse effects of moisture, contamination and particles etc), (3) system 

requirements( e.g. stability and overall compatibility with other likely components of 

the system) and (4) environmental acceptability. 

Alternative high-strength gases, notably those containing C and F( e.g. CJ'6, c-C5Fg) 

may have higher dielectric strength. Some thirty pure gases as well as mixtures with 

SF6 were considered[ 4,5,6,7] but all have problems such as toxicity, low vapour 

pressure, release of solid carbon during arc. 

Gases that were fluorine containing were studied, examples of which included: 

As an 

example, CF 3SF 5 is a known good dielectric. It has a boiling point of -21 0 C and a 

high dielectric strength. Unfortunately, it is relatively unstable, and rapidly 

decomposes in a low current( about ImA, 30 seconds) arc into CF4 and SF4 with an 

associated increase in pressure. Carhonisation was pointed out as an important 
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problem from a practical point of view. Some gases such as CF 3-C==( -CF ~ that 

initially have dielectric strengths greater than SF6 show marked decline in breakdO\\n 

strength after a breakdown has occurred . In the case of CF 3-C==( -CF 3, large carbon 

deposits are left on the electrodes after several breakdowns, and these may' e\'entually 

build up to the extent that they bridge the electrode gap. Work[4] has been done on 

mixtures of fluorocarbons with other gases like air, N2 and N20, but found no 

dramatic improvement over using SF6. Thus clearly fluorocarbons are not very arc 

stable although arc stability can be improved by adding SF6. Effects to find "better" 

gaseous dielectrics than SF6 trace back a few decades. An extensive search, 

especially in the seventies[3,9, 10,1 1], showed that alternatives to SF6 do exist with 

superior dielectric properties. For example, the breakdown strengths of some 

pertluorocarbons and their mixtures are 2.5 times the breakdown strength of pure 

SF6. Unfortunately, these are greenhouse gases and often have other undesirable 

properties. 

In summary, it was noted, (1 )No single, pure gas has been found that is "superior" to 

SF6 in all respects. (2) The commercially available fluorocarbons are unstable and 

not considered suitable as a way of achieving gas cost reduction. (3) If fluorocarbons 

are to be used, then they must be mixed with an arc stabiliser, e.g., SF6. (4) Particle 

effects on mixtures are unknown and more work on this problem is required. There is 

no significant improvement in dielectric strength over SF61N2 or SF6/air mixtures 

could be achieved using SF6 mixed with available fluorocarbon mixtures, and since 

there is uncertainty over their effects on solid insulation they are not considered as 

possible alternatives. 
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1.5.3 SF6 gas mixtures with buffer gases 

Because of its outstanding electrical and physical properties, SF6 has gained wide 

acceptance as the dielectric of choice for GIS applications. Nevertheless, despite its 

many advantages, it is recognised that SF6 has some drawbacks as an insulating 

medium, these include, 

(1 )Cost. The relative high cost of SF6 especially in GITL(gas-insulated transmission 

lines) and other kind of apparatus where large amount of gas is needed. 

(2)Sensitive to particle effects. In practice the electrical breakdown strength of 

compressed SF6 is very often determined by local field enhancement due to 

protrusion, surface roughness and conducting particles left in the system. 

(3)Restricted working-temperature range. SF6'S liquidized temperature limits the 

outdoor application in severe climatic condition if the temperature is less than -30°C. 

(4) SF6 is a potent greenhouse gas as it was pointed out very recently[8]. 

There has been a growing interest in using gas mixtures consisting of SF6 and other 

common gases(i.e. buffer gases, such as N2, Air, CO2 etc) to reduce the insulation 

cost and minimise the possible hazard of particle-initiated breakdown since there are 

at least four ways in which SF6 gas mixtures with buffer gases may be superior to 

SF6 used alone in industrial practical high-voltage system. First of all, higher total 

gas pressures may be used without raising the minimum operating temperature. 

Secondly, the cost of mixtures for a given pressure can be reduced considerably 

depending on the cost of the second component. Thirdly, gas mixtures otTer the 
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possibility of some degree of immunity from the breakdo\\TI initiated by 

local( microscopic) field non-uniformities associated with electrode irregularitics{ c. g. 
... ~ 

roughness) or free conducting particles[12]. Last but not the least. the use of SF
6 

mixtures with buffer gases could be a short-term solution to the problem of 

eliminating the potential contribution of SF6 to global warming. 

Mixtures of this type rely on the fact that SF6 can be diluted up to 50% by yolume 

with non-attaching or weakly attaching gases such as N2, CO2 and air without a 

correspondingly large reduction in dielectric strength. 
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1 Omm point-plane gap under positive lightning impulse voltage [153] 

studied[13,14J5J51J52,153 and 155]. Figures 1.23[153] and 1.24[153] show the 

plane gap under the positive polarity standard lightning impulse and dc voltages. 

respectively. It is quite apparent that the breakdown voltage of these tour SFf, gas 
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mixtures do not differ very much from one another under de voltages. but that is not 

the case under lightning impulse voltages. It can be seen in Figure 1.23 that while 

SF6/air. SF6/C02 and SF6/02 have about the same positive impulse breakdo\\TI 

voltages exhibiting a maximum value at the mixing ratio of 9010 or 85115. the 

SF61N2 mixture is obviously different from the other three gas mixtures with its 

breakdown voltage versus SF6 concentration being a monotonic rising curve. 
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SF6/air 

Although earlier study has shown that the addition of 1 % of SF6 to air can result in a 

significant increase in the positive switching impulse breakdown voltage over that 

for air or SF6 along[18], such an SF6/air mixture is obviously of no practical 

importance to engineering applications because its breakdown strength will be 

reduced to that of air in the case of slightly non-uniform fields. On the other hand. it 

is quite interesting to note in Figure 1.23 that the impulse breakdown voltage of the 
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SFJair with a mixing ratio of 9011 0 is 450/0 higher than that of pure SF6. As the air in 

cubicle type GIS(C -GIS )is removed by SF6 using a displacement method[ 17], 

residual air inside C-GIS is not only inevitable but also beneficial to dielectric 

strength under the lightning impulse. The more non-uniform the field, the higher the 

impulse breakdown strength of SF6/air than that of SF6. The good corona 

stabilisation effect shown in the SF Jair mixture is probably on account of the faster 

space charge movement in SF6/air than in SF6 gas. 

SFJCOz 

SF6/C02 is also quite promising, especially in highly non-uniform fields and in a gas

impregnated film insulation encountered 10 the case of gas-insulated 

transformer(GIT). Figure 1.24 shows that the impulse breakdown strength of 

SF6/C02 is 40% higher than that of SF6 in highly non-uniform fields[13], which 

looks very promising because it is the impulse withstand level that determines the 

insulation dimensions. While SF6iN2 might be the best gas mixture to be used in GIS 

and GITL, it can be used in GIT to improve the impulse breakdown characteristics. 

But in the latter case SF6/C02 might have some advantages over SFJN2 because 

gas/film insulation and highly non-uniform field problems are encountered[13]. The 

main problem with SFJC02 is that CO2 is a green house gas and may have some 

undesirable properties. 

SF6I'Nz 



Nitrogen(N2) is the main component of air. and widely used in many technical and 

industrial applications. Its physical and chemical properties ha\t~ been thoroughly 

studied and are well understood. Unlike SF6• N2 is not an electronegati\,e gas. but it 

is effective in slowing down electrons i.e .. it is a good electron ·1hermalizer". It has 

been the subject of extensive studies partly because of its dominant presence in the 

atmosphere and its use in gas-discharge and gas-dielectric applications. Neither the 

N2 molecules nor the N atoms have an affmity for electrons in their ground electron 

states. In many respects, N2 is an ideal buffer gas to use in dielectric applications. It 

IS abundant, cheap, inert, non-toxic. nonflammable. and unquestionably 

environmentally acceptable. Existing studies indicate that, 

1. N2 is less susceptible than SF6 (and other electronegative gases) to low non

uniform field breakdown. This advantage is understood on the basis of the energy 

dependence of the electron attachment and ionisation cross sections[ 11,19] and can 

be quantified in terms of the so-called figure of merit M value[20]. 

2. The breakdown strength of N2 is less sensitive than that of SF6 to conductor 

suriace roughnessf21 ,22]. 

3. The electric strength of N2 is about one third that of SF6 under uniform-field 

conditions at low pressures( less than 3 bar). and as SF6, it increases with 

pressure [ 11.23]. 

4. The dc or ac breakdown voltage of N2 increases with pressure as does that of 

SF6 [ 11.23,24.25]. but tends toward saturation at high pressures approaching lObar. 

5. When particles are present in the gas[ 1 0.26]. the breakdown strength of pure N2 

compares ta\'ourably with that of pure SFoat pressures of about lObar. 
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These and other findings suggest that pure N2 used at about two or three times the 

pressure of pure SF6 may be a viable alternative to pure SF6 as an insulating gas in 

some applications. From the practical point of view, SF6!N2 gas mixture shO\\ s 

promise for industrial applications and is often considered to be the best substitute 

for SF6 in GIS and GITL[14]. This is mainly because 1) N2 is a cheap inert gas; 2) 

the mixture of SF6 with N2 exhibits an ideal saturation of breakdown voltage as the 

percentage concentration of SF6 is increased and; 3) its dielectric strength in a 

uniform field is higher than that of gas mixtures of SF6 with most common gases[27]. 

Studies on SF6!N2 mixture have shown that, 

1. A mixture of SF6 and N2 has a higher breakdown strength than that calculated on a 

ratio basis. The reason for this synergistic behaviour is that collisions between free 

electrons and N2 molecules slow the electrons down to low-energy region where they 

are captured more efficiently by SF6. 

2. Small amounts of SF6 in N2 rapidly increase the breakdown strength, but above 

50% SF6(the mixture containing 500/0 SF6 has a dielectric strength that is about 880/0 

of that for pure SF6 in uniform fields) the increase is gradual. This pronounced 

saturation effect seen for the SF6!N2 mixture that makes the mixture particularly 

attractive as a practical gaseous dielectric. 

3.An SFJN2 mixture containing 30% SF6 by volume ratio has about 75% of the 

dielectric strength of pure SF6 in a uniform field at the same pressure[28]. 
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4.An SF61N2 mixture containing 250/0 SF6 by volume ratio has the same breakdo\\TI 

strength as pure SF6 if the mixture pressure is about 50% higher than that of pure SF6 

in a uniform field[3 .29]. 

5.An SF61N2 mixture containing about 10% SF6 by volume ratio has nearly the same 

breakdown voltage as pure SF6 if the total pressure for the mixture is twice that for 

SF6 under quasi-uniform field conditions(e.g. for cylindrically concentric electrodes) 

and for total pressure in the range 1.01 to 10.1 bar[3,29]. 

6. In non-uniform fields at high pressures(i.e., as may apply in service) rnix1ures 

containing only a few percent of N2 can have breakdown strengths almost as high as 

pure SF6. Experiment[155] show that the mixture containing 75% SF6 can increase 

the maximum breakdown voltage by 120/0(Figure 1.25) in highly non-uniform field, 

which is inevitable in high voltage insulation. 
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Figure 1.25 Impulse and dc breakdown voltages SF61N2 and SF6/C02, in a point-

plane gap(P=1.25bar) [155] 

7. The SF61N2 mixtures are expected to exhibit less sensitivity than SF6 to electric 

field nonuniformitics associated with surface roughness and particles based on the 

electrical breakdown strength of N2 is less sensitive than that of SF6 to nonunitorm 
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electric fields. Indeed a number of studies[22.30.31.32.33.34.35.36]have sho\\TI that 

SF61N2 mixtures are less sensitive to electrode surface roughness and particle 

contamination than pure SF6. 

7.1. For a given electrode surface roughness and gas pressure there is little gain in .... 

electric breakdown strength by increasing the percentage of SF6 beyond a certain 

amount. At 4 bar the limit for a 30llm finish is 300/0 SF6, and for a 100llm finish it is 

7.2. In the presence of particles, SF61N2 mixtures can perform at least as well as pure 

SF6, and may be comparable to pure SF6 in terms of voltage \\"ithstand 

capability(pure N2 at pressure about lObar may also be as good as pure 

SF6)[9, 1 0.3 7,38]. This is of practical importance and warrants further investigation. 

especially for SF61N2 mixtures containing small percentage of SF6. Breakdown-

voltage-measurement on SF61N2 mixtures in the presence of particles using 

cylindrical geometries[9.10] indicated that the effect of particles on the breakdown 

strengths of these mixtures depends not only on the total gas pressure of the mixture, 

but also on the partial pressures of the constituent gases. 

8. In a concentric-cylinder and other geometries, breakdown strength measurement 

on SF61N2 mixtures at total gas pressures of 5 to 15 bar using lightning and switching 

impulses. compared to pure SF6 at lObar. a 50150 mixture retains about 850/0 of the 

breakdown strength. An increase of N2 content to a total pressure of 15 bar gives a 

breakdown strength equal to that of pure SF6 at lObar. The condensation 

temperature is thereby lowered from -15°C to -40°C. and with a saving in gas cost by 

up to 500/0[39]. 



9.A study[24] on SF61N2 mixtures in a coaxial cable using lightning and switching 

impulses, in the pressure range 1 to 6.2 bar has shown that the mixtures with :-J2 look 

promising for CGIT applications, wit~ for example, a 50/50 mixture at typical 

pressure of 5.4 bar being able to replace pure SF6 at 4.5 bar without loss of 

breakdown strength and with a typical 40% saving in gas cost. 

10. Studies[40,41,42,43A4] have shown that there is very little chemical interaction 

between SF6 and N2 in discharge, and the predominant oxidation by-products are 

those seen in SF6 such as S02,SOF2,S02F2, and SOF4(i.e., no additional toxic 

decomposition products were found in sparked SF61N2 as compared with sparked 

SF6). Because the products ofSF6 decomposition in mixtures are essentially the same 

as those found for electrical-grade SF6, there is no reason to believe that removing 

discharge by-products from SF61N2 mixtures should be any more difficult than 

removing them from SF6 itself. 

In general. there are abundant data on the basic properties of the individual 

constituents SF6 and N2 to enable reliable predictions and interpretations of many 

properties of SF61N2 mixtures. Extensive calculations and measurements have been 

made on the dielectric strengths and the related breakdown voltages for the SF61N2 

mixtures. In these respects, SF61N2 mixtures appear to be among the most thoroughly 

studied and understood dielectric gas mixtures. Nevertheless, it appears that the 

"self-healing" property of SF6 in discharge is compromised when it is used in gas 

mixtures, thus rendering the latter less suitable as an arc quenching and interrupting 

medium required in circuit-breaker applications. From the technical point of "iew, 

the use of SF61N2 mixtures as possible replacements for SF6 appears to be most 
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promising and feasible for conditions where the mixture gas is used primarih as an 

insulating medium such as in bus lines. bushings, and transformers. It should be 

noted that SF6iN2 mixtures are already used by power industry as an insulating gas in 

extremely cold climates where pure SF6 deviates from ideal gas behayiour[45]. The 

mixtures have also been recommended for use in gas-insulated transmission line 

systems[14]. However, there is a reluctance by industry to use gas mixtures in power 

systems, primarily because SF 6 adequately serves the present needs. The industry 

already has extensive experience and familiarity with SF6 insulated equipment and 

little, if any, experience with gas mixtures. Despite possible advantages of SF6iN2 

mixtures in some applications, there are likely disadvantages from added cost 

associated with redesigning or retrofitting equipment that could utilise gas mixtures 

and possible added complexities in handling, recycling and purifying the mixtures. 

Also, storing and handling the mixture presents practical difficulties, for example SF6 

is stored in its liquid state at about 20 bar but N2 as a gas at some thousands of bar. 

1.5.4 SF6 gas mixtures with trace additives 

As mentioned earlier. the performance of SF6 is limited. not by its uniform field 

strength, but by the effects of local field enhancement, i.e., localised high-field sites 

associated with electrode protrusions or with filamentary conducting particles present 

in the insulating system. This is its most undesirable characteristic. Breakdown in 

such fields involves the stepped-leader mechanism. however, there is no direct 

correlation between the uniform field strength( or limiting field strength) of a gas or 
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gas mixture and the leader-breakdown threshold under the nonuniform field( or local 

field enhancement), because the two breakdown mechanisms are different. 

In a typical industrial application the nonuniform field breakdown predominates, it is 

clear that the requirement is not necessarily for a gas with superior uniform field 

strength, but rather for a gas or gas mixtures which offers a significant improyement 

over SF6 under the nonuniform field conditions associated with particles or other 

stress raisers. The key factor is that there should be an increase in the voltage 

required for leader propagation, without a significant loss of uniform field strength. 

The propagation of the leader which cause breakdown in a non-uniform field can be 

inhibited by adding traces of compounds such as triethylamine( (C2H5hN. hereafter 

referred as TEA) and some original refrigerants freon(e.g. Rl13, R12 etc), which, 

when added to SF6 in small quantities«l %), result in improved corona stabilisation 

and an increase in the leader propagation field. Because of the small concentrations 

used, there is little change in the effective ionisation coefficient and hence in the 

uniform field strength relative to pure SF6, but the particle triggered breakdown 

voltage may be increased by 50%. 

Previous work on additives, including TEA[46], MEK(methylethylketone)[47] and 

RI13(C2CbF 3, trichlorotrifluoroethane)[ 46,48,49.50], R12(CChF2• difluorodichloro

methane[51] has been done. Initial trials of such mixtures were made using point

plane gaps under both impulse and ac or dc voltage. General speaking, the effect is to 

extend the corona stabilisation region to higher pressures, and to increase both 

stabilisation peak and the minimum-impulse(leader) breakdo\\TI voltage. 
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Figure 1.26[52] shows the results obtained with 1% Rl13 in SF6 for a 10mm point 

plane gap. The important feature is the approximately 50% increase in the minimum 

impulse breakdown voltage, as this will correspond to the worst case in a real 

GIS(i.e .. the ac breakdown threshold with free particles). Investigation of the leader 

mechanism in SF6 with traces of additives such as Freon have shown that the effect 

of the additive is to inhibit both inception and the development of the leader channel. 

~~----------------------------------~ 

10 

10 

plbart 

Full curves: dc breakdown. Vertical bar: 1I50llS impulse data for 50% and 5% probability levels 

Figure 1.26 V -p characteristics tor a 10mm point-plane gap in SF6 and 

SF6+1%Rl13[52] 

Following the point-plane gap studies. measurements were made in a large-coaxial 

electrode assembly[53] in order to determine whether a similar degree of 

improvement would be obtained under alternating-voltage conditions with FCPs 
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present in the system. These tests were made with particles of length 2-10mm and 

additive concentrations(TEA or R 113) of 0.1-10/0. The effect of the additi\ eS \\as to 

increase the particle-triggered breakdown voltage by 40-60%. It has been shov.n for 

10mm particles injected into a 12S/37Smm coaxial system with 1% RII3 in SF6. the 

breakdown voltage with particles is increased from about 350kV to above SOOkV at a 

pressure of 4 bar. Monitoring of the point-on-wave at breakdo\\n showed that the 

flashover always occurred with the inner conduction positive and when the voltage 

wave was just past the peak value. As is typical of a leader-type breakdown. the 

breakdown voltage was relatively insensitive to pressure in the range of2-6 bar. 

The coaxial arrangement used in these tests was contained within aIm long. 620mm 

diameter test chamber which was mounted at the end of a Sm section of GIS bus with 

a standard conical epoxy barrier between the two gas zones. Following large number 

of breakdown trails with the additives present in the SF6, there was no evidence of 

any reduction in the "clean" (i.e., particle-free) withstand leveL and no breakdowns 

occurred along the barrier surface. There is therefore no evidence of any effect of the 

additives or their breakdown products on the material of the spacer. although further 

study of long-term compatibility will be required before such additives could be 

accepted for use in commercial GIS equipment. 

The above-mentioned additives, however. are unlikely to be used in electric power 

apparatus because TEA and MEK are highly toxic. Some SF6/freon mixtures were 

once considered to be ver\, attractive. but R 113 and R 12 are among the five 



chlorofluorocarbons whose production should be restricted in order to protect the 

ozone layer in stratosphere. 

1.6 The aim of the present study 

For a non-uniform field , the impulse breakdown mechanism is much more 

complicated than for a uniform field. This is probably due to the complex effect of 

space charge on the breakdown process[3]. In some earlier work, it has been pointed 

out that space charges greatly affect the breakdown strength of SF 6 in non-uniform

fields[IOI]. Recent work[102-104] has also shown that the positive impulse 

breakdown voltage in a point-plane gap is affected by the presence of space charge 

and it has been realised that non-uniform field breakdown in SF6 involves the 

development of a series of streamer/leader steps[ 1 05] which propagate from the point 

electrode towards the plane. Farish et al. [106] suggested that the successful 

development of impulse breakdown relies on there being a supply of electrons in the 

gap volume such that each streamer step can be initiated. Boggs et al [107] 

concluded that the probability of failure of SF6 insulated switchgear(GIS) under 

positive surge waveforms depends on the presence of free electrons. In a typical 

industrial application the nonuniform field breakdown predominates, therefore it is of 

considerable importance to study space charge effects on breakdown strength in non

uniform-field geometries. 

The aim of the present study was to investigate the positive impulse breakdown 

characteristics of SF6 and its mixtures in highly non-uniform field gaps. The study 



was emphasised on the effect of space charge. artificial irradiation. different additive 

gases and different wavefronts on the breakdown strength by using t\\'o different 

injection methods - namely, corona pin method and direct injection method. In the 

hope that some mechanism of breakdown process in nonuniform tield could be 

clarified. In particular, to acquire a better understanding of the corona stabilised 

breakdown mechanism in SF6 gas under impulse voltage and to supply a physical 

base to choose an efficient additive for improving insulating strength ofSF6 gas. 
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Chapter 2 Apparatus and experimental techniques 

2.1 Apparatus 

2.1.1 Pressurised chamber and test gap assembly 

The pressurised test vessel was constructed from mild steel fitted with four 

orthogonally arranged windows, each of 100 mm diameter. The 100mm diameter 

clamps, which contained the quartz windows when the vessel was pressurised. were 

used for observation and photomultiplier recording and they are all UV -transmitting 

quartz. Most measurements were made for a point-plane gap which the gap length is 

adjustable (the gap length could be varied up to 32.5mm with an accuracy of 

0.02mm), both electrodes are stainless steel. The point electrode was formed from a 

4mm diameter rod with a 40° conical end; the tip radius was 0.5mm and the plane 

electrode was 40mm in overall diameter. The electrodes were mounted in the above 

mentioned vessel designed for a maximum pressure of 1.2 MPa. The high voltage 

connection to the vessel was through a PVC bushing. 

2.1.2 The vacuum and gas handling system 

The gases used in these experiments were sulphur hexafluoride(SF6). nitrogen(N2). 

atmosphere air. R12(CChF2) and R20(CHCh). The SF6 gas used through out the 

tests was supplied in bottled form hy BOC Ltd. which has a purity of 99.90/0. The 

main impurities are air(200ppm). CFi 10ppm) and l-bO(5ppm). Bdore tilling with 
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gas or gas mixture, the test vessel was evacuated by an "Edwards" high \acuum 

rotary pump( model E2M2) to about 10-2 torr and flushed with appropriate gas( in the 

case of gas mixture, the relative cheaper component was used) then re-evacuated. 

After that, the test vessel was filled to the required gas pressure and the pressure was 

monitored using a ""Budenberg" vacuum/pressure gauge. For binary gas mixtures 

used in these experiments, the gas with a lower mix ratio was always filled tirst until 

the certain percentage of the total pressure for the gas mixtures in question was 

reached, thereafter filled with the gas with higher concentration to the predetermined 

total pressure. After filling, the vessel was left for at least 24 hours before testing in 

order to achieve a uniform gas distribution. 

2.1.3 High voltage supplies and Marx impulse voltage generator 

• High voltage dc supply 

10K:1 

l 

Marx 
impulse 
voltage 
generator 

Figure 2.1 Simplified testing circuit 

Hitachi 

VC-6275 



Figure 2.1 is the simplified testing circuit used for the tests. T\yo high voltage dc 

generators were used. One is a Glassman type \VRIOOR2 \\'hich was capable of 

providing either positive or negative dc vo ltage up to lOOk V and the other is a 

Branderburg type MR50 which has an output voltage up to 50kV of either positive or 

negative polarity. The output voltage of both dc high voltage generators is 

continuously variable with a ripple of 0.05% and 0.1 %~ respectively . 

• Marx impulse vo ltage generator 

A multistage Marx impulse voltage generator(300kV. 50J maximum) was used 

throughout the test and the equivalent circuit is illustrated in figure 2.2. The impulse 

voltage generator was charged to the required voltage using the above mentioned 

Glassman dc generator. The output impulse voltage value and waveform were 

measured and observed using a Hitachi VC-6275 digital storage oscilloscopes. 

Gap R1 

C2j V(I) 
va 

R2 

Figure 2.2 Equivalent circuit of the impulse voltage generator 

where. 

C I: discharge capacitance 

C 2: load capacitance 



R I: front or damping resistance 

R2: discharge resistance 

A brief analysis of the circuit will be given here. As the C2 is initially uncharged and 

t 

Vet) = V2(l-e T,) 

where: 

At t=3T" V(t)=O.95V2. If this time is approximated to be the wavefront time, Tt~ 

then, 

After C2 is charged, both C2 and C1 discharge through R2, so that, 

-
T 

Vet) = V-:.e d 

l)O 



where 

Since at the time of wave tail, i.e., t=Tt, V(t)=50%V2, then, 

Tt 

0.5 = e Td , we have, 

2.1.4 Electrical and optical recording facilities 

2.1.4.1 Digital storage oscilloscope 

A Hitachi VC-6275 digital storage oscilloscope(thereafter referred as the 

oscilloscope) is used to record and observe the impulse voltage and the output signal 

of the photomultiplier. The oscilloscope can record signals up to 100MHZ and it has 

a four kilo-words per channel memory capacity. The measuring accuracy is ±3% and 

the rise time is approximately 3.5ns. It has a maximum sampling rate of 200 Mega-

sampling per second at one channel sampling. 

2.1.4.2 Basic physics and statistics of photomultipliers 
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Ifwe consider a photomultiplier as part of a system we can describe it as a transducer 

which converts an optical signal into an electrical one and then amplifies it. The 

required parameters will then be the photocathode conversion efficiency and the 

current gain of the multiplier system. It would be helpful to consider the two basic 

processes involved, photo-emission and secondary emission which are essentially 

quantum ones. It should be noted, however, the theory refers to ideal performance 

whilst a real photomultiplier will necessarily behave in a more complicated and 

possibly less satisfactory manner. 

• Photo-emission 

Einstein's law states that the kinetic energy E of the electron emitted when a photon 

of frequency v is incident on a surface with work function \f' is given by[70]: 

E=hv-\f' 

where h is Planck's constant. Write this in unit of eV and measuring the wavelength 

of the photon in nm gives: 



The electrons are emitted in all directions and have a distribution of energy \\ith a 

cut-off at (hv-lJl). Note that this average energy will be greater for incident light of 

shorter wavelength. The emission from available cathode materials always occurs 

very rapidly, less than 10- 11 s. 

The photons arriving at the cathode behave independently of each other and all have 

the same probability of releasing an electron. (This is not true for very intense beams 

from pulsed lasers but since the cathode would be destroyed by the beam this case 

needs not to be considered.) The response is therefore linear. provided that the 

current which flows does not alter the potential distribution. It also follows that. if 

N/ll photons are incident, it is only the mean number of electrons produced which is 

equal to N. The problem is similar to the basic one in probability theory which 

applies to tossing dice or drawing cards from a pack - the statistics of the number of 

photo-electrons must be given by the binomial distribution. This will apply exactly_ 

except possibly in the ultra violet region of the spectrum where it is energetically 

possible for an individual photon to produce more than one electron . 

• Secondary emission 

The variation of the mean number of secondary electrons 8 with the energy of the 

incident electron has the same general shape for all surfaces. The secondary electrons 

emerge in all directions and have a wide distribution of energies. About 1 % of the 

incident electrons may be elasticity scattered at the dynode and appear as \ery high 

energy secondaries while a rather large proportion loses some of their energy by 



inelastic scattering. The true secondaries have a most probable energy in the region 

of2eV. 

If each primary electron arrives with the same energy, it contributes. on average. the ..... 

same number of secondary electrons. Each electron acts independently. so it follows 

that the secondary current is exactly proportional to the primary current. 

Although the average number of secondary electrons can readily be measured. the 

statistical distribution is a much more intractable problem because it can only be 

determined indirectly. Theoretical discussion is not very helpful~ if each secondary 

electron required a particular energy to be emitted then <') might be very board. It is 

customary to assume that the distribution is a Poisson one but it must be stressed that 

this assumption has no theoretical basis . 

• Photomultiplier response 

For an idealised photomutiplier we can assume that 11 and 8 are constant on the 

surface of each electrode and also that all the electrons emitted are collected by the 

following stage. If the voltage between each pair of dynodes is the same the output 

charge for each electron leaving the cathode is just ~ ne for an n-stage-tube. Writing 

G="8 n the output charge for N photo-electron is then q=GNe (problems due to space 

charge which. particularly if N is large. may arise in the latter stages of the tube. are 

ignored in this treatment. as are effects due to the finite transit times of the electrons). 



If the quantum efficiency of the cathode as a function of wavelength. 11(i.). is known 

then the response to any number of incident photons is completely established. 

For use in measuring a light flux the quantum efficiency of the cathode. 11tA). needs 

to be transformed into the radiant power efficiency. l1'(;:q. 

1.987 x 10-25 . . 
As photon energy is A Joules (A ill m). a flux of one photon/second is 

1.987 x 10-16 

-----watts (A in nm) and one electron/second is 1.602 x 10- 19 A. we get 
A 

11'(1..) equals 0.806A11(A)mA W- I (A in nm). 

Although it is natural for physicists to measure radiant energy in watts. the 

appropriate unit for optics is the lumen. This essentially a physio logical unit because 

it provides a measure of the optical sensation produced; its relationship to the watt 

depends on the spectral properties of the radiation considered. Hence the lumen is 

defined in terms of the relative sensitivity of the eye V(A) and the luminous 

efliciency of a cathode is only meaningful for a given source (usually black-body 

radiation at 2856K). 

Some important parameters are briefly discussed here . 

• Luminous (or cathode) sensitivit)· 



This is the most commonly used photocathode parameter. PM tube is operated as n 

diode. with among 100 and 500 volts applied from cathode to collector electrodes. 

The specified effective area of the photocathode is illuminated by a tungsten filament 

lamp (operated at 2856K) at a flux of a millilumen or less. The measured 

photocurrent is normally expressed in terms of microamps per lumen (J.1A1L), having 

subtracted any leakage current. Typical values depend upon the photocathode type. 

and vary from 20 to over 300J.1A1L . 

• Spectral Sensitivity 

This is expressed in terms of quantum efficiency per incident photon or absolute 

radiant sensitivity (in milliamps per watt), at a specified wavelength. It is measured 

under the diode conditions specified earlier, but using a monochromatic source of 

radiation. Absolute calibration may be achieved by comparison with measurements 

taken on a standard photocathode, previously calibrated by the national standard 

laboratory. The accuracy of the measurements is obviously much higher than for a 

luminous sensitivity test. and manufactures will carry out a single wavelength 

measurement or complete spectral response calibration on request. In general it is 

possible to achieve better than ±5% accuracy (of measured value) over the range 350 

to 650 nm, with less accuracy towards the U.V. and I.R. regions. However quite 

substantial differences in absolute calibration have been recorded between national 

standards laboratories in a recent survey, and therefore even radiant sensitivity 

figures are subject to some calibration uncertainty. 



The quantum efficiency (Q.E.) can be calculated from the absolute radiant 

sensitivity, S (in mAW-I) at any wavelength A (in nm) by the simple relationship: 

Q. E. = S x 1.2395 
A 

2.1.4.3 Corona activity measurement 

An optical photomultiplier (thereafter refereed as PM) was used to monitor the low 

level light emission from the gap of prebreakdown corona activity. The high-gain 

Thorn EMIT~l PM type 9125QB was used to detect the low level light emission from 

the gap when prebreakdown ionisation occurs and it was mounted on the outside of 

the observation window so as to record the transmitted light from the corona. The 

photomultiplier arrangement consisted of 13 venetian blind dynodes with CsSb 

secondary-emitting surfaces. The recommended maximum anode cathode potential 

difference was 1500V. The voltage was supplied by a stabilised 3.0kV Thorn EMI 

PM28B photomultiplier power supply unit. The output signals were recorded using 

the Hitachi VC-6275 digital storage oscilloscope. 

2.2 Experimental techniques 

2.2.1 Space charge injection method 

Two different space charge injection methods were used in the present work. One is 

the corona pin method and another is the direct injection method. 
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2.2.1.1 Corona pin method 

The positive and negative charges were injected into a point-plane gap by means of 

four auxiliary needle electrodes surrounding the gap with the needles being 

approximately in line with the point electrode tip. The length of each needle is I mm 

The four needle electrodes were mounted on an insulation ring (with a diameter of 80 

mm) and connected with the Brandenburg high voltage dc power generator. Figure 

2.3 shows the arrangement of the corona pins. 

H.V.DC 

Figure 2.3 Corona pins arrangement 

It should be stressed that the electrostatic capacitance between the point electrode 

and the needles has to be small enough so that the corona pins do not affect the 

electric field of the point-plane gap. This has been experimentally verified by the fact 

that the static breakdown voltage of the point-plane gap was not influenced by the dc 

bias voltage on the corona pin electrodes which is shown in figure 2.4 Clearly the de 

breakdown voltage is almost the same under different dc bias voltages in a 15mm 

point-plane gap filled with SF6 . 



de breakdown voltage versus de bias voltage 
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2.2.1.2 Direct injection method 

Another space charge injection method used throughout the test is the direct injection 

method in which dc voltage was applied to the point electrode before impulse voltage 

was applied. The circuit is shown in Figure 2.5. RI and R2 are two wire wound 

resistors(2x500kQ) in series with the Brandenburg dc voltage generator. The two 

resistors and a high voltage switch K are used here as a protection system in ease of 

any damage on dc generator due to the impulse voltage. A capacity C1(O.25IlF) was 

lIsed to prevent any influence on impulse voltage generator from the de generator. 
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R1 R2 

D.C. 

Fig.2.5 Test circuit for direct injection method 

2.2.2 Artificial Irradiation 

In experiments involving space charge injection, it is necessary to provide free 

electrons and compare the difference between various space charge injection 

methods. It is well known that the artificial irradiation increases the availability of 

the initiating electrons and in the present work two irradiation techniques were 

employed. 

2.2.2.1 Ultra-violet irradiation 

When the experiments were carried out in air, the point-plane gap was irradiated by a 

125W quartz-mercury arc lamp. The lamp was placed approximately 120mm from 

the gap. In the case of a diverging beam of ultra-violet light photoelectrons are 

released from the whole illuminated area of the gaps, but only a small proportion of 

the electrons will accelerate across the gap from the cathode to provide breakdown. 

The quartz-mercury arc lamp used in this work proved itself as a satisfactory 

irradiation source possible on account of its shorter wave length spectrum[ 1 09]. 
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2.2.2.2 Irradiation using radioactive isotope 

In experiments involving N2, SF6, SF61N2, SF6/Air, SF61R12 and SFdR20 gases/gas 

mixtures, UV irradiation is often considered to be insufficient for gaps due to photon 

absorption in these gases and gas mixtures. So a 5mCi capsule 137CS was placed close 

to the point electrode (approximately 100mm from the point electrode) to provide y 

ray. The production rate (electrons/s· cm3
) of the radiation source is not available, but 

considering the current experimants are to compare the effect of with or without 

irradiation, this value would be relatively insiginicant. 

2.2.3 Minimum impulse breakdown voltage measurement 

2.2.3.1 The importance of minimum impulse breakdown voltage 

It should be noted that though 50% probability (V50 ) is widely used, it has been 

shown[50] that care should be exercised when considering V50 data in nonuniform 

field gaps in which corona stabilisation peaks are exhibited. Depending on a number 

of factors including the impulse waveshape and the gap geometry and irradiation, 

although the V 50 level can sometimes be increased, the low probability level, which 

is naturally of greater importance in terms of design, often remains practically 

unchanged or can sometimes even decrease. Also, most, if not all of these mixtures 

suffer from the fact that due to the relative low strength of the carrier gas. the 

uniform field performance is poor and therefore, the corona onset level at any given 

pressure in the nonuniform field gap is low compared to that of SF6 . Thus it is clear 
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that the low probability level is a much more interesting and meaningful value. The 

minimum level is obviously that to which practical equipment must be designed if 

insulation failure is to be avoided and also, in terms of physical mechanisms, this is 

the stress level at which the gap will just break down if all necessary statistically 

varying conditions are simultaneously satisfied. 

2.2.3.2 The measurement and the procedure 

Before any test was carried out, the electrodes were first cleaned in normal manner, 

set to the desired spacing and the system was pumped, flushed, repumped and then 

filled to the desired pressure with appropriate gas/gas mixture. The minimum 

impulse breakdown voltage values and waveforms were measured using a Hitachi 

VC-627S storage oscilloscope in conjunction with a 10K: 1 ratio capacitor divider. 

In each test sequence, the 500/0 breakdown level was first determined by the normal 

up-and-down method, and then the charging voltage of impulse voltage generator 

was reduced in steps of O.SkV to give the level at which only 1 flashover in 40 was 

recorded, this gave the minimum (2.5% level) breakdown voltage. The impulse 

voltage had a waveform of 1.2/50IlS and the impulse breakdown voltages were 

measured with one minute time interval after each breakdown to ensure complete 

deionisation of the gap and cooling of the electrodes surface. 



Chapter 3 The effect of space charge 

3.1 Introduction 

In non-uniform field gaps, the appearance of first streamer may lead to breakdown or 

it may lead to the establishment of a steady-state corona discharge which stabilises 

the gap against breakdown. Accordingly, there may be a corona stabilised or direct 

breakdown. Whether direct or corona stabilised breakdown occurs will depend on 

factors such as the degree of field non-uniformity, gas pressure, voltage polarity and 

the nature of the gas. For example, in air the corona stabilised breakdown will extend 

to higher pressures than in SF6 due to the relative immobile SF ions. The breakdown 

mechanism is much more complicated than for a uniform field and it has been 

realised that this is probably due to the complex effect of space charge on breakdown 

process[3]. 

The positive and negative point-plane gap breakdown characteristics measured in air 

as a function of gas pressure are compared in figure 3.1 [29]. The breakdown 

characteristics for the two polarities at very small spacing are almost the same and no 

corona stabilised region is observed. As the spacing is increased, the positive 

characteristics display distinct high corona breakdown up to a pressure of about 0.7 

MPa, followed by a sudden drop in breakdown strengths. Under negative polarity the 

corona stabilised region extends to much higher pressures. 
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Figure 3.1 Point-plane breakdown and corona inception characteristics in air (radius 

of curvature of point r=lmm) [29] 

In SF6, experiments show that the regIOn of corona stabilised breakdown under 

positive voltage is limited to pressure below approximately O.15MPa. Extensive 

studies[95,96] of breakdown and corona inception in highly divergent fields in SF6 

have shown that whilst the corona stabilised voltage increased rapidly as the field 

becomes more divergent, the critical pressure beyond which the breakdown strength 

fall abruptly is not much affected by the field non-uniformity and for all geometries 

studies it is limited to pressure below O.2MPa. 

A practical non-uniform field geometry that is frequently used in the construction of 

high voltage apparatus is the coaxial cylindrical arrangement. By properly choosing 
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the radial dimensions of the cylinders it is possible to optimise such a system for the 

maximum corona free breakdown. 

Take a system of two coaxial cylinders with inner and outer radii of ri and ro for 

example. It can be readily shown that in the interelectrode space at radial distance r 

the field strength is given by, 

E = V 
r t 

rln-~ 
r 

(3.1) 

in which V is the applied voltage. As the breakdown or corona onset will follow 

when the voltage stress as the smaller wire reached the breakdown stress(Eb) the 

above equation can be written as, 

where Eb is the breakdown (or corona inception) field strength of the system. The 

maximum breakdown voltage of the system is obtained by differentiating the above 

equation with respect to rio The field strength Eb depends on the gas density as well 

as the inner conductor radius rio Neglecting this dependency, which would hold 

approximately for not too small radii ri and/or strongly attaching gases (with a steep 

increase of a /p=f(E/p), we may assume that Eb is a constant value. Then, keeping ro 

constant this condition gives the optimal design of the system, 



or 

ro 
-=e 
rj 

and 

( 3.4) 

(3.5) 

The relationship between the breakdown voltage and the radius of the inner cylinder 

for a fixed radius ro of the outer cylinder is shown in figure 3.2[29]. The maximum 

breakdown voltage is also indicated. The dotted curve indicates quantitatively the 

corona onset voltage and the solid curve the breakdown voltage. 
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Figure 3.2 Relationship between breakdown voltage and inner radius in a coaxial 

cylinder system [29] 

In the case of a positive point-plane gap shown in figure 3.3(a)[29] then an ionisation 

by electron collision takes place in the high tield region close to the point. Because 

of their higher mobility. electrons will be readily drawn into the anode. leaving the 

positive space charges behind. The space charges will cause a reduction in the tield 
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further away from it. The field distortion caused by positive space charges is shown 

in figure 3 .3(b )[29]. The dotted curve represents the original undistorted field 

distribution across the gap while the solid curve represents the distorted field. The 

high field region is in time moving further into the gap extending the region for 

ionisation. The field strength at the tip of the space charge may be high enough for 

the initiation of a cathode-directed streamer that subsequently may lead to complete 

breakdown. With the negative point (as shown in figure 3.4[29]), the electrons are 

repelled into the low field region and in the case of attaching gases become attached 

to the gas molecules and tend to hold back the positive space charges which remain 

in the space between the negative charges and the point. In the vicinity of the point, 

the field is grossly enhanced, but the ionisation region is drastically reduced. The 

effect is to terminate ionisation. Once ionisation ceases, the applied field sweeps 

away the negative and positive ion space charges from the vicinity of the point and 

the cycle starts again after the cleaning time for the space charges. To overcome this 

retarding action of the ions, a higher voltage is required, and hence negative 

breakdown voltage is higher than the positive breakdown voltage in gaps with 

marked asymmetrical fields. 

(b) 

E(x) 

-----------~-----r~--. 

Without space charge 

I x 

Figure 3.3 (a) Space charge build-up in positive 

point-plane gap (b )Field distortion by space [29] 
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Mathematically at any given time the voltage across the gap is given by the field 

integral f E( x )dx = V. Integration of the space charge distorted field in figure 3.3 

and .figure 3.4 respectively shows tha~ Vb(+point)<Vb(-point) 

(a) (b) 

fix) 

--.... 
// ..... ~ 

Without space charge 

With space charge 

I 
x 

Figure 3.4 (a) Space charge build-up in negative 

point-plane gap (b )Field distortion by space [29] 

As mentioned in Chapter 1, although SF6 is the most commonly used insulating gas 

in electrical system to date [1], because of its high cost, sensitive to particle effects, 

restricted working-temperature range and the green house effect, there has been an 

increasing interest in the study of alternative gas mixtures. It seems fair to conclude 

from previous studies [63,64,89,90,117,141,144,151,152,153 and 155]that only some 

SF6 mixtures with buffer gases are possible for industrial applications. Of those 

studied, SF61N2 and SF6/air are quite promising and are of research interest. It has 

been proved that there are at least four ways in which SF6 gas mixtures with buffer 

gases may be superior to SF6 commonly used alone in industrial practical high-

voltage systems. Firstly, higher total gas pressure may be used without raising the 

minimum operating temperature. Secondly, the cost of mixtures for a given pressure 
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can be reduced considerably depending on the cost of the second component. 

Thirdly, gas mixtures offer the possibility of some degree of immunity from the 

breakdown initiated by local ( microscope) field non-uniformities associated. Last but 

not the least, the use of SF6 mixtures with buffer gases could be a short-term solution 

to the problem of eliminating the potential contribution of SF6 to global warming 

The study of trace additives [106,137,138 and 139], especially some original 

refrigerants freon (e.g. R113, R12 etc) had shown that though these SF6/'freon 

mixtures have high dielectric strength and they were once considered to be verv 

promlsmg, they have no industrial prospects because they are environmentally 

unfriendly. Chalmers et al. [119] suggested that the marked improvement in the 

insulating performance of SF6 and hence to the tolerance of the gas to metallic 

particle in GIS when a chlorinated freon is present is related to ion chemistry. A 

better physical underst~nding of the factors that contribute to "good" insulating gases 

will assist in making informed choices for the next generation of GIS. 

3.2 Experimental setup and procedure 

The pressurised chamber and the test gap assembly are well documented in chapter 2 

and therefore would only be briefly commented upon here. The point-plane 

electrodes were first cleaned in normal manner before test, and set to the required 

spacing. The test chamber was vacuumed, flushed, re-vacuumed and then filled to 

the pressure of 0.1 MPa. The minimum impulse breakdown voltage, corona activity 

and time lag to breakdown were measured and recorded by the oscilloscope. 
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The tests reported in this chapter were carried out in SF6, SFJair(SO/SO), 

SF61N2(SO/SO), SF6/R12(9S/S) and SFJR20(9S/S). For the gases used, SF6, .\:. R12 

(CChF2) and R20 (CHCh) were supplied in bottles but air was of atmosphere air. 

Before filling gas mixtures, the test vessel was evacuated to about 10';: torr and 

flushed with the relative cheaper component of the mixture. The gas with the lower 

mix ratio was always filled first until the certain percentage of the total pressure for 

the gas mixtures in question was reached and thereafter filled with the gas with 

higher concentration to the predetermined total pressure. The vessel was left for at 

least 24 hours before testing in order to achieve a uniform gas distribution. 

Throughout the tests, the gap length was ISmm and the gas pressure was O.IMPa. 

Two different kinds of space charge injection methods were investigated and 

compared before tests were carried out, which will be discussed in sections 3.3. 

For corona pin methods, both positive and negative polarities dc voltages (up to 

±20kV) were applied to the four needle electrodes for injection of positive and 

negative space charges. Positive lightning impulse voltage with a waveform of 

1.2/50IlS was applied to the point-plane gap while the dc bias voltage was applied on 

the needle electrodes. The test circuit of direct injection method (figure 2.S) is shown 

in 2.2.1.2. The dc voltage (Vc) was applied to the point electrode for one minute then 

the high voltage switch was switched off, shortly after the impulse voltage was 

applied to the point electrode. The time of dc voltage application is an important 

factor on breakdown characteristics[ Ill]. Therefore, the relationship between dc 

applied time (~t) and minimum impulse breakdown voltage (\\) \vas tested prior to 
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any experiment. Figure 3.S shows the b.t-Vb curve for SFo. It can be noticed that for 

either positive or negative applied dc voltage, the minimum impulse breakd wn 

voltage becomes constant when the dc voltage applied time is longer than ne 

minute. The same is true for the results obtained in gas mixtures. Figure 3.6 ho\\ 

the ~t-Vb curve for SF6/air(SO/SO). 
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A sequence of 100, positive impulse voltages were applied to the gap with a voltage 

corresponding to the 900/0 breakdown level. The time lag to breakdown \vas recorded 

on the oscilloscope and results were given in column charts . 

• Prebreakdown corona activity measurement 

An optical photomultiplier (type 9125QB) was used to monitor the prebreakdown 

corona activity under different bias voltages. Details of the measurement procedure 

were outlined in 2.1.4.3. The high-gain Thorn EMIn1 photomultiplier was mounted 

on the outside of the observation window so as to record the transmitted light from 

the corona. The peak output from a photomultiplier (observing the total gap activity) 

as a function of DC bias voltage with an applied impulse voltage provided no 

breakdown occurs was recorded. 

3.3 Comparison of the corona-pin method and direct injection method 

The two methods, ie. corona pin method and the direct injection method have been 

fully described in 2.2.1. In general, both methods have the same effect of injecting 

space charges. The differences of the two methods in space charge injection are 

discussed here . 

• Direct injection method 
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The amount of space charges injected (Qi) into the gap from the point electrode can 

be expressed as[112]. 

Q. ex: r2E· ( Ydc _1)2 (3.6) 
I I y. 

I 

where r is the radius of the point electrode, E, the maximum field strength at the tip 

of point electrode when dc corona onset occurs, Yde the dc voltage applied on the 

point electrode and Vi the corona onset voltage. It should be noted that (3.6) is only 

correct when Yde>Yi, that is no space charges are injected ifYde~Yi. According to the 

relationship between corona current Ie and dc applied voltage Y de [1 13 ], 

it can be seen that the Qj and Ie increase as the Y de increases. 

• Corona pin method 

Four auxiliary needle electrodes surrounding the gap with the needles being 

approximately in line with the point electrode tip so that both positive and negative 

charges could be injected into the gap by means of alternating the polarity of the dc 

voltage source which is connected to the needle electrodes. Considering the electric 

circuit effect, the auxiliary needle electrodes act as a capacitor in parallel with the 

test gap. The capacitance between the point electrode and the needles should be 
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small enough compared with the capacitance of the test gap to a\'oid electric field 

distortion near the high stress electrode caused by the bias \·oltage. \1easurement 

[53] showed that the electrostatic capacitance of the 10-20mm test gap is 

approximately 10-20pF while the electrostatic capacitance between the point 

electrode and the needles is only O.2pF. Also experiments (figure 2.4 in section 

2.2.1.1) showed that the positive dc breakdown voltage is independent of the dc bias 

voltage which indicates that auxiliary needle electrodes have no effect on the electric 

field of the test gap. When dc applied voltage on needle electrodes is higher than 

corona inception voltage(Vdc>Vi), space charges are injected into the gap according 

to equation 3.6. 

3.4 Low-probability impulse breakdown voltages 

• SF6 and its mixtures with N2 and air 

Figure 3.7 shows the minimum impulse breakdown voltages(Vb) measured in the 

15mm SF6 , SF6!N2(50/50) and SF6/air(50/50) gaps as functions of the bias 

voltages(V c) on the corona pin arrangement, from which the following common 

observations were made, (The Vso values are also given in table 3.1 for comparison) 
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Figure 3.7 Minimum impulse breakdown voltage versus dc bias voltage on corona 

pins, gap=15mm, P=O.lMPa 

(l )Without dc bias voltage, SF6/air has the highest minimum impulse breakdown 

voltage (105% of sure SF6), and SF6iN2 also has about 90% of the minimum impulse 

breakdown strength of pure SF6. The impulse breakdown properties of SFJair and 

SF6iN2 are extremely attractive under the current unfavourable environmental issues 

concerning SF6 and the attendant quest for alternative gases. 

(2)With the increase in negative dc bias voltage, the minimum impulse breakdown 

voltages for all three gases considered decreases. SF6 decreases to 88. 70/0 (compared 

with the breakdown voltage at VI;=OkV) when V c=-20kV while the decreasing rate 

for SF6/air is 90.50/0 and for SF6iN2. 91.7%. However, it can be seen that there is a 

saturation effect As V c exceeds -16kV, the minimum impul e breakdown voltage 

decrea e very little ( F6 and SF(> 2) or remain con tant (SF6/air). 
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(3 )With the increase in positive dc bias voltage, there is little increase in minimum 

impulse breakdown voltage for SF6 and its mixtures Further increase in positive bias 

voltage would decrease the impulse breakdown voltage close to the breakdo\\n level 

as Vc=OkV. 

Table 3.1 Impulse breakdown voltage of SF6, SFdair(50/50) and SF61N2(50/50) 
(corona pin injection method) 

SF6 (kV) SF6/air (kV) SF61N2 (kV) 

de bias voltage (k V) Vrnin Vso Vrnin Vso Vrnin V~o 

-20 49.48 58.08 53.01 56.58 46.04 49.94 

-16 50.22 60.11 53.01 56.58 47.15 50.92 

-12 51.62 60.75 55.8 60.30 47.43 51.73 

-8 52.24 60.83 57.2 60.68 48.83 52.51 

-4 54.14 61. 71 58.59 62.27 49.38 54.19 

0 55.8 61.71 58.59 62.27 50.22 54.35 

4 55.8 62.82 58.59 63.45 50.22 54.68 

8 57.45 63.77 59.99 64.32 51.62 55.86 

12 60.73 65.65 59.99 65.56 50.86 56.13 

16 60.73 64.69 57.2 63.22 50.56 56.58 

20 57.45 63.24 57.2 63.22 50.56 56.69 

As the result of using the direct injection method, figure 3.8 shows the minimum 

impulse breakdown voltages(Vb) measured in the 15mm SF6, SF~2(50/50) and 

SFJair(50/50) gaps as functions of the dc applied voltages on the point electrode 

(V J, it can be noticed that, (The V 50 values are also given in table 3 2 for 

comparison) 
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Figure 3.8 Minimum impulse breakdown voltage versus dc applied voltage on point 

electrode, gap= lSmm, P=O. lMPa 

(1 )With the increase in negative dc applied voltage, the mInimum impulse 

breakdown voltages for all three gases concerned decrease, which is consistent with 

the results obtained by using corona pin arrangement (figure 3.7) . For SF6 gap, the 

minimum impulse breakdown voltage decreases to 84% when Vc=-20kV. For SFJ air 

it is 83 .6% and SF6iN2, 87.9%. The saturation effect is again noticed here as the 

negative applied voltage is over -16kV. 

(2)With the increase in positive dc applied voltage, there is an increase in minimum 

impulse breakdown voltage then there is a decrease in impulse breakdown voltage a 

the positive dc applied voltage increases, which is the same tendency as ob erved in 

figure 3 7. 
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Table 3.2 Impulse breakdown voltage of SF6, SFd air(50/50) and SF 2 50 50) 
(direct injection method) 

SF6 (kV) SF6/air (kV) SF6, 2 (kV 
de bias voltage (kV) Vmin VS() Vm in VS() Vmin V:-o 

-20 46 .88 53.48 48 .96 52.67 44.17 48 .26 

-16 46 .88 54.77 50.77 54.45 44.8 4867 

-12 48 .68 56.81 52.35 56.75 46 .59 5069 

-8 51.3 58 .89 57.56 61.42 49.01 52.46 

-4 52.73 59.72 58.59 62.72 50.22 55 .23 

0 55 .8 61.71 58.59 62 .72 50.22 54.35 

4 58 .8 65.82 58 .59 63 .24 50.22 54.35 

8 58.5 65 .35 60 .67 64 .19 52.64 56.68 

12 56.7 61.02 58.2 63.27 52.46 57.73 

16 54.9 60.86 5636 62.58 52.27 58 .29 

20 54.9 58.92 56.36 62.58 52.27 58 .29 

• SF6/freon mixtures 

The results obtained in R12 and R20 additives are shown in figure 3.9. Minimum 

impulse breakdown voltage versus dc bias voltage (Ve) on corona pins was measured 

in SF61R12(95/5) or SF6/R20(95/5). The Vso values are also given in table 3.3 for 

companson . 
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Figure 3.9 Minimum impulse breakdown voltage versus dc bias voltage on corona 

pins, gap=15mm, P=O.lMPa 

It can be found from the results presented in figure 3.9 that, 

(1 )The presence of the two freon additives (R 12 and R20) increases the minimum 

impulse breakdown voltage by 27.5% and 22.5% respectively compared with that of 

SF6 under the condition no space charge is injected (i.e. Vc=OkV). 

(2)With the injection of negative ions the minimum impulse breakdown voltage 

decreases very little compared with the results obtained in SF6 SFd~h and SFcJair 

(figure 3.7). 

(3)With the injection of positive ions there is almost no effect on minimum impul e 

breakdown voltage. 
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Table 3.3 Impulse breakdown voltage of SF6, SF6/R12(95/5) and SF~0(95/5 
(corona pin injection method) 

SF6 (kV) SF6/R12 (kV) SF6!R20 (kV) 
de bias voltage (kV) Vmin V50 Vmm V50 Vmm V:( 

-20 49.48 58.08 67.98 73.78 66.76 72.56 

-16 50.22 60.11 69 .56 75 .02 68.36 74.06 

-12 51.62 60.75 69 .56 75 .02 68 .36 74.06 

-8 52.24 60.83 69.56 76 .24 68.36 74.06 

-4 54.14 61.71 71.15 76.65 68.36 74.06 

0 55 .8 61.71 71.15 76.65 68 .36 74.06 

4 55 .8 62.82 71.15 76.65 68.36 74.06 

8 57.45 63 .77 71.15 76.65 68 36 74 .06 

12 60.73 65.65 71.15 76.65 68 .36 74.06 

16 60.73 64.69 71.15 75 .02 68 .3 6 74.06 

20 57.45 63.24 69 .56 75 .02 68 .36 74.06 

The results obtained in R12 and R20 additives by using the direct injection method 

are very similar to those obtained using corona pin arrangement method. 

3.5 Time lag measurement 

Time lag to breakdown was measured in 15mm SF6, SFdair(50/50), SFd~h(50/50), 

SF6/R12(95/5) and SF6!R20(95/5) gaps under both space charges injection methods 

when Yc=O, -16kV and 8kY. Figures 3.10 to 3.12 show the results obtained in the 

I5mm SF6 gap as the space charges were injected using corona pin arrangement 

method. The positive impulse voltages were applied to the gap with a oltage 



corresponding to the 90% breakdown level. For SF6 gap, the values are 57 8kV , hen 

Vc=OkV (fig.3.10), 55 .2kV when Vc=-16kV (fig. 3.11) and 59.8kV when Vc=8kV 

(fig. 3.12) . 
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Figure 3.10 SF6, 15mm gap, P=O.lMPa, Vc=OkV 
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Figure 3 11 SFCh 15mm gap, P=O.1 MPa, Y..:= -16kY 

121 



time lag to breakdown 

25 , mean ya lue=l.O"2us 

G' 15 
::: 
Q) 

g. 
~ 10 

5 

o 
0.7 0.8 0.9 1 1.1 12 1.3 1.4 1.5 

time lag(us) 

Figure 3.12 SF6, lSmm gap, P=O.lMPa, Vc=SkV 

From the above three figures, it can be seen that in SF6 gap, 

(l)With the negative dc (Vc=-16kV) biased voltage on the corona pins (figure 3.11) , 

the mean value of time lag to breakdown increases (from 1.107\.1s to 1.445\.1s). When 

no dc voltage (i .e. Vc=OkV) is biased on the corona pins (figure 3.10), the time lag 

distribution contains some proportions of short time lag. 

(2)With the positive dc (Vc=SkV) biased voltage on the corona pins (figure 3.12), the 

mean value of time lag to breakdown decreases (from 1.107\.1s to 1.042\.1s). 

Time lag measurement was also carried out in SFJ air and SFJN2 (gap= lSmm, 

P=O. 1 MPa), the results are shown in figures 3. 13 to 3. IS . 
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Figure 3.13 SFJair(SO/SO), 1Smm gap, P=O. lMPa, Vc=OkV 
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Figure 3.14 SFJair(SO/SO), lSmm gap, P=O.lMPa, Vc=-16kV 
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Figure 3.16 SFJN2(SO/SO), lSmm gap, P=O. lMPa, V~=OkV 
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From the figures, some common observations can be made, 

(l)With negative dc (V~=-16kV) biased voltage on the corona pins, the mean value 

of time lag to breakdown increases (from 1.498~s to 2.067~s for SFJair and from 

1.379~s to 1.7S~s for SF6!N2). When no dc voltage (i.e. Vc=OkV) is biased on the 

corona pins, the time lag distribution contains some proportions of short time lag for 

both SF6/air and SF6!N2 mixtures. 

(2)With positive dc (Vc=8kV) biased voltage on the corona pins, the mean value of 

time lag to breakdown decreases (from 1.498~s to 1.34S~s for SFJair and from 

1.379~s to 1.24~s for SF61N2). 

The results of time lag measurement obtained in SF6/R12 and SF61R20 mixtures 

(gap=lSmm, P=O.lMPa) show significant difference from those obtained from SF6, 

and its mixtures with N2 or air. The results for SFJR 12 and SFJR20 are very 

similar, therefore only the results for SFJR12 are shown in column charts (figures 

3.19 to 3.20). 
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Figure 3.19 SF61R12(95/5), 15mm gap, P=O.lMPa, Vc=OkV 
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Figure 3.20 SF~12(95/5), 15mm gap, P=O.lMPa, Vc=-16kV 

With negative bias voltage (V c=-16kV, figure 3.20) on the corona pins, the mean 

value of time lag to breakdown changes very little (from 1.2~s to 1.212~s, for 

SFJR20, from 1.114J..ls to 1087J..ls). With positive bias voltage(Vc=8kV column 



charts not shown), the mean value of time lag remains the same for both FJRI_ and 

3.6 Corona activity measured by photomultiper 

As mentioned in 2.1.4.3, the optical photomultiplier(PM) was used to monitor the 

discharge activity. Figures 3.21 and 3.22 show the PM output value as function of dc 

bias voltage measured in SF6, SF61N2 and SF6/air when the space charges were 

injected using the corona pin arrangement. 
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Figure 3.21 SF6 and SF61N2, gap=lSmm, P=O.lMPa(applied impulse voltage 
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Figure 3.22 SF6 and SF6/air, gap=lSmm, P=O.I:MPa(applied impulse voltage 

=36kV) 

It could be noticed from the above figures that PM output is almost unaffected by 

positive charges. With the negative bias voltage discharge activity increases 

dramatically, the phenomenon is more pronounced in SF6 gap. Typical PM signals 

obtained in SFG gaps are shown in figures 3.23 and 3.24 . 

Figure 3.23 .PM signals obtained in the 15mm SF6 gaps Without de bIas \'oltage (Vc=OkV) 

(top: the applied impulse \oltagc. 16k . I 2/5n~l . bottom output of PM) 
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Figure 3.24.PM signals obtained in the 15mm SF6 gaps with de bias voltage (Vc=-1 6kV) 

(top: the applied impulse voltage. 36kY. 1.2/50l1s. bottom: output of PM) 

The PM measurement was also carried out in SFJ R12(95/5) and SF6IR20(95/5) 

mixtures and the results are compared with those of SF 6 in figures 3.25 and 3.26. 
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Figure 3.26 SF6 and SFJR20, gap=15mm, P=O.lMPa(applied impulse voltage =36kV) 

It could be noticed from the above two figures that in SFdR12 or SF61R20 gaps, PM 

output changes very little, if any, under the effect of either positive or negative space 

charges. It can be seen that only in the case of pure SF6, is there any effect on 

discharge activity and then only with the injection of negative charge. 

3.7 Discussion 

The results reported in the chapter were obtained in a point plane gap filled with SF6 

and its mixtures with Nz, air, R12 and R20. The results obtained in SF6, SF6/N2 

(50/50) and SF6/air (50/50) are more or less the same, whilst significant differences 

can be noticed in SF61R12(95/5) and SF6!R20(95/5). The space charges were injected 

using two different methods - corona pin arrangement and direct injection method. 



Results obtained in SF6, SFd~h(50/50) and SFdair(50/50) had shown that without de 

bias voltage(i.e. Vc=OkV), SFdair has higher minimum impulse breakdown voltage 

than pure SF6 ( by 5%, at O.IMPa, in a 15mm point-plane gap), and SFdN2 also has 

about 90% of the minimum impulse breakdown strength of pure SF6. These results 

indicate that these mixtures are economically and technically (in terms of non

uniform field breakdown strength) attractive alternatives to pure SF6. The 

phenomena had been noticed in some earlier studies[141, 153 and 155]. In one of the 

studies [153], it had been noticed that the impulse breakdown voltage (V50 measured) 

of SF6/air(90/1 0) is 45% higher than that of pure SF6. As the air cubicle type GIS 

(i.e. C-GIS) is removed by SF6 using a displacement method [154], residual air 

inside C-GIS is not only inevitable but also beneficial to dielectric strength under 

impulse. The mechanism is, however, not fully understood and should be further 

studied. The effect of the air additive on impulse breakdown of SF6 was supposed to 

be due to its faster space charge movement [153]. Gallimberti and van Brunt 

[18,131] suggested this might due to the component in air - O2, drastically 

influences the minimum precursor inception level of SF6, which seems to be related 

to its ability of producing photo-electrons further away from an ionisation region 

than pure SF6. 

With the increase in negative dc bias or applied voltage (using either injection 

method), the minimum impulse breakdown voltages decrease for SF6 and its 

mixtures with N2 and air. The reason is believed due to the abundance of initiatory 

electrons resulting from detachment from plentiful negative ions. The results are in 

agreement with recent work[ 1 02.117] which has shown that the positive impulse 



breakdown voltage in a point plane gap is affected by the presence of space charge 

Chalmers and others[ 1 05] have pointed out that non-uniform-field breakdown in SF6 

involves the development of a series of streamer/leader steps which propagate from 

the point electrode towards the plane. It also has been realised[ 1 06] that the 

successful development of impulse breakdown relies on there being a supply of 

electrons in the gap volume such that each streamer step can be initiated. Availability 

of seed electrons within the point/plane gap volume has been discussed previously 

[119] in terms of its effect upon propagation of stepped discharge from the point. 

Whether or not a "stabilising corona" occurs for any given set of conditions, may be 

critically dependent upon the statistics associated with the production of initiating 

electrons in the critical volume of the gap[143]. As the availability of electrons 

increases then the probability of a corona discharge at the end of each leader step 

also increases and this leads to an associated increase in breakdown probability and 

consequent decrease in breakdown strength. These initiating electrons are generally 

believed to result from detachment from the negative ions [124 and 132]. The 

findings of the present work confirm to a large extent the suggestion that the 

breakdown strength of a non-uniform field gap in SF6 is greatly affected by the 

availability of initaitory electrons throughout the gap volume to allow the 

streamer/leader step progression to take place. 

When negative space charges are injected by direct injection method, with the 

increase in negative dc applied voltage, the minimum impulse breakdown voltages 

decrease more rapidly than those obtained under corona pin arrangement method. 



This seems to imply that more space charges are injected using the direct injection 

method. 

Also noticed is that when the negative dc bias/applied voltage (V de) is relatively low. 

the minimum impulse breakdown voltage decreases very little(for SFJair, the 

minimum impulse breakdown remains constant when the negative dc bias voltage is 

less than -4kV). This could be understood on the basis of Vdc is lower than the 

corona onset voltage (Vi) as previously discussed in 3.3. When Vdc is lower than Vi, 

no or very few space charges are injected. There is something of a saturation effect 

as the negative dc bias voltage is increased, the breakdown strength becomes 

progressively less sensitive to further increase. As can be seen in figures 3.7 and 3.8 

that impulse breakdown voltages become constant or change very little when the 

negative dc bias voltage was more than -16kV. This seems to imply that there are 

already sufficient initiatory electrons resulting from detachment of plentiful negative 

ions injected. It would be reasonable to assume that there is a limit beyond which the 

breakdown strength cannot be further decreased by increasing negative-ion 

population. Further study presented in chapter 5 confirms the assumption. 

When positive IOns were injected, by either method, there is little increase in 

minimum impulse breakdown voltages and the breakdown voltages decrease slightly 

then remain almost constant as the Vc increased from 0 to +20kV. The increase in 

minimum impulse breakdown voltage is probably owing to the sweeping effect[ 118], 

i.e., the ionising particles produced may be swept out of the gap before the applied 

voltage level reaches the normal breakdown value. In [120], a so called "sweep 



voltage" (+2kV DC) was applied, and it has been found that it is possible to obtain 

improved pulsed voltage recovery characteristics by depleting the ion population. 

The result obtained with positive bias/applied voltage would then correspond, at least 

in kind, to those previously measured in mixtures of SF6 and additives[ 119] which 

are believed to bind the electrons to stable negative ions and thus remove them from 

active participation in breakdown process. It is of much interest to notice that further 

increase in positive bias or applied voltage results in a reduction in minimum 

impulse breakdown voltage and the breakdown levels are close or equal to the value 

as Vc=OkV. The sweeping effect is probably most effective at lower dc bias voltage. 

i. e. below the onset voltage level. Above the onset level, the positive ions, as they 

were studied and pointed out [124], do not play any role in the initiating process. 

The minimum impulse breakdown voltages for SF61R12 (95/5) and SF~O (95/5) 

are much higher than that of pure SF6 gas when no space charges were injected. The 

phenomena that the breakdown level can be significantly increased by the presence 

of freon additives had been noticed in non-uniform field previously [137, 138, 139, 

14 1 ], the results cannot readily be explained by the concept of enhanced corona 

stabilisation. For example, previous measurement showed that although the 

minimum impulse breakdown strengths of SF6 in a highly non uniform field gap can 

be dramatically improved by an R12 additive, yet corona measurement indicated that 

the R 12 additive produces no measurable increase in corona activity in the gap[ 138, 

139]. Recently Chalmers et al [119] suggested that the chlorine molecule IS 

associated with the enhanced dielectric strength of the mixture and R 121R20, or 

indeed any other additive which is capable of producing negative ions of chlorine, 



will be beneficial in that it will mitigate the reduction in performance associated with 

the almost inevitable presence of water vapour and metallic conducting particles in 

high voltage application. All the additives addressed in the work contain chlorine 

(i.e. R12 - CChF2, R20 - CHCh) , the assumption being that it is the stable CI" ion 

which is responsible for any ameliorating effects observed. When either of the two 

chlorine-bearing additives is present, injection of charges of either polarity has little 

effect on minimum impulse breakdown voltage (figure 3.9). Successful development 

of impulse breakdown relies upon there being a supply of electrons in the gap 

volume such that each streamer step can be initiated. These initiating electrons are 

generally believed to result from negative ions such as SF and OH- as discussed 

previously. Certain additives, particularly those containing chlorine, preferentially 

produce very stable negative ions (such as Cn which do not readily detach or may 

play a part in causing increased attachment and in slowing the charge separation 

process [106]. These stable cr ions also make the direct ionisation process 

difficult[157] which will be discussed later. The impulse breakdown strength is 

increased in mixtures containing those froen additives because there is then a 

reduced likelihood of successful development of the discharge channel through a 

scarcity of initiating electrons in the gap. It is not surprising, in this sense that there is 

not much change in minimum impulse breakdown voltage when space charges are 

injected since the detachment process is much more difficult to be initiated and 

maintained. 

For environmental reasons, there would be an understandable reluctance to use any 

of these freons. However. it is of great importance to have a better understanding of 



how these cr ions affect the breakdown process so that it might be possible to 

investigate other more benign additives or combination of additives which might 

perform the same function as the chlorine containing freons. 

From the results of time lag measurement shown in figures 3.13 to 320, it is clear 

that for SF6 and its mixtures with N2 and air, the time lag to breakdown is affected 

by the injected space charges, especially by negative space charges. The mean value 

of time lag to breakdown increases as negative space charges are injected, and 

decreases as positive space charges are injected. With a high negative dc bias voltage 

(Vc=-16kV), there is an almost 100% probability that an initiating electron will 

appear in the critical volume when the voltage has reached the corona onset voltage. 

A filamentary corona will be established and it is necessary that the voltage be 

increased to a higher value and the field near the plane electrode be space-charge 

enhanced before breakdown can take place. Thus the time lag to breakdown is 

relatively longer. When no space charge is injected, there is a finite probability that 

no electron will appear until a much higher voltage is reached at which a streamer 

can develop which is sufficiently large. Breakdown will then take place shortly after 

the appearance of the initiating electrons. 

When relatively low positive dc bias voltage (Vc=+8kV) was applied, there are less 

initiatory electrons compared with the situation when no space charges were injected 

(i.e. V.:=OkV) because of the sweeping effect. Therefore the time lag to breakdown is 

relatively shorter. 

I ~7 



The results of time lag measurement obtained in SF Jfreon mixtures (both R 12 and 

R20) are totally different from those obtained in SF6 and its mixtures with ~2 or air 

The time lag is not affected by the space charge, either negative or positive. This is 

consistent with the breakdown voltage data which point to the fact that in SF6 and its 

mixtures with N2 and air, the injection of negative ions enhances the discharge 

activity through the creation of unstable negative ions which can detach and provide 

electrons. When the chlorinated additive is present, stable chlorine ions are formed 

and no matter their number, they do not readily detach and therefore do not 

contribute to the discharge development. 

Figures 3.21 to 3.26 show the results of the PM output as the function of the dc bias 

voltage. It can be seen from the results obtained in SFJair and SFJN2 that as the 

negative dc voltage increases the output of the PM increases which in another way 

strongly suggests the negative ions have a great influence on discharge and 

breakdown processes. Clearly the positive ions have little effect as the PM output 

almost remains constant as the positive bias voltage increases. The results suggest 

that the prebreakdown corona activity and breakdown characteristics are greatly 

affected by the negative ions, but are not much affected by the positive ions. 

The results obtained in SF61R12 and SFJR20 are different from those obtained in SF6 

and it mixtures with buffer gases. PM output changes very little whether positive or 

negative ions are injected. The observation is consistent with breakdown 

measurement and suggests that stable chlorine ions do not readily detach and 

therefore do not contribute to the discharge development. 



3.8 Conclusions 

From the above experimental results and discussion, the following conclusions \\ ere 

made. 

The SF6!N2 (50/50) and SF6/air (50/50) mixtures look promising in terms of their 

breakdown strength in non-uniform field is close to (SF~2) or no less (SFJair) 

than that of pure SF6. Under the current unfavourable environmental issues on SE;. 

there is a drive to explore alternative gases to pure SF6. Improved gaseous dielectrics 

have been studied and so designed on the basis of knowledge of fundamental 

electron-molecule interaction. The most important electron control mechanism in gas 

under electrical stress is electron attachment to gas molecules [164]. Attachment 

becomes more difficult for all attaching gases at high electron energies (typically 

above 2 e V), so that gas components are included which can remove energy from 

electrons escaping the efficient low-energy attachment range, returning them the 

energy from electrons escaping the effective and away from the ionisation threshold. 

It is generally accepted that binary mixtures should team one gas that primarily de

energises free electrons and one gas that removes free electrons from the dielectric 

by electron attachment [165]. N2,02,CO and CO2 are some typical electron retarding 

gases in which fast electrons can be slowed and the electron energy can be reduced. 

Why the SFJair mixture (50/50) has a higher minimum impulse breakdown voltage 

than that of pure SF6 is not fully understood and should be further studied. Although 



there are suggestions that the faster space charge movement [153] and/or the 

production of photo-electrons [18 and 131] may be responsible. 

The fact that SF6 and its mixtures with N2 and air are affected by the injection of 

negative ions is in good agreement with some recent studies [102,103,104]. This 

would suggest that, at least for those levels of mixtures, the breakdown process is 

similar to that obtained in pure SF6 and can therefore be significantly affected by the 

presence or lack of negative ions in the gap volume so that initiatory electrons can be 

detached. It has been found that the positive ions do not affect the discharge 

development too much. Although the minimum impulse breakdown voltage can be 

slightly increased when relatively lower positive dc voltage is biased or applied. It 

is suggested that sweeping effect is responsible and it is only effective when the 

voltage is low. 

The minimum impulse breakdown voltage of SF6IR12 and SF61R20 is much higher 

than that of SF6 and the minimum impulse breakdown voltages of the mixtures are 

not affected by the injection of either negative or positive ions. The results add 

further evidence to the suggestion [119] that the marked improvement in the 

insulating performance of SF6 and hence to the tolerance of the gas to metallic 

particle in GIS when a chlorinated freon is present is related to ion chemistry. The 

presence of such chlorinated additives results in the preferential production of highly 

stable negative ions of chlorine which cannot detach within the time scale necessary 

and thus cannot significantly provide the seed electrons in the gap necessary for the 

propagation of steeping process. 



The study of these mixtures and the different effects of space charge on them is 

informative and helpful to have a better physical understanding of the factors which 

contribute to "good" insulating gases. Further study may allow tailoring of specific 

gases to provide appropriate mixtures for particular applications especially where 

the use of pure SF6 may be undesirable. 



Chapter 4 The effect of artificial irradiation 

4.1 Introduction 

The study of space charge in Chapter 3 has shown that the initiatory electrons play an 

important role in non-uniform field breakdown process in SF6 and its mixture with 

air and N2. Some previous work [101,102,117,122] pointed out that the production of 

initiating electrons in the critical volume of the gap is quite important for the 

development of breakdown process. It has been well established that [121] there are 

mainly two possible sources of free electrons, one is the detached electrons from the 

negative ions such as SF6- and OH-, which was studied in Chapter 3, the other is from 

the direct ionisation of neutral molecules by artificial irradiation or natural irradiation 

[122], such as cosmic radiation from the space ( which can produce approximately 

2x 1 0-5 electrons/so cm3 .Pa [127] ), radiation from the radioactive components in the 

earth's crust and from the materials used for building, e.g., granite, etc. It has been 

found that in an enclosed highly non uniform field gap in air [122,123] and SF6 [120] 

the impulse breakdown voltage decreases under the condition of strong irradiation. 

From the industrial viewpoint, it was concluded [107] that the probability of failure 

of SF6 insulated switchgear (GIS) under positive surge waveforms depends on the 

presence of free electrons. The study of artificial irradiation in conjunction with 

space charge injection would be beneficial to a better understanding of the 

breakdown mechanism with particular reference to the role of initiatory electrons. 



For the work described in this chapter, two artificial irradiation sources were used. 

i.e. an 125W quartz-mercury arc lamp and a piece of 5mCi capsule 137CS (6!\1eV 

gamma source). Although the main purpose of the thesis is to study the impulse 

breakdown characteristics of SF6 and it mixtures, a series of experiments \\ ere 

carried out in air as the first step to study the effect of artificial irradiation and the 

quartz-mercury arc lamp was used to provide ultraviolet ray irradiation (hereafter 

referred as UV irradiation). Because UV irradiation is often considered insufficient 

for gaps in SF6 and its mixtures due to photon absorption, so a piece of 5mCi capsule 

137C d h' d' . s was use as t e lrra lattOn source. 

4.2 Experimental setup and procedure 

The pressurised chamber and the test gap assembly are well documented in chapter 

2. The point-plane electrodes were first cleaned in normal manner and set to different 

gap length before each test. The minimum impulse breakdown voltage and time lag 

to breakdown were measured and recorded by the oscilloscope. 

Positive lightning impulse voltage with a waveform of 1.2/50 ~s was applied to a 

point-plane gap in a mild steel pressurised test vessel titted with four orthogonally 

arranged windows as described in Chapter 2. The tests were carried out with and 

without artificial irradiation source for comparison. Air. SF6 and its mixtures with 

N2, air, R 12 or R20 were studied in this chapter. With experiments carried out in air. 

the point-plane gaps were irradiated by the 125W quartz-mercury arc lamp which 

was placed approximately 120mm from the gap. For air gaps, the point-plane gaps 



were placed in the vessel either with the four observation windows to enclose the 

gaps ( hereafter refers as "enclosed air gaps"), or the gaps were placed in the open air 

in the vessel without the 4 observation windows fitted on( hereafter refers as "open 

air gaps"). For gaps filled with SF6 and its mixtures, a piece of 5mCi capsule 137CS 

was placed close to the point electrode (approximately 100mm from the point 

electrode) to provide the y ray. 

• Time lag measurement 

A sequence of 100, positive impulse voltages were applied to the gap with a voltage 

corresponding to the 90% breakdown level. The time lag to breakdown was recorded 

on the oscilloscope and results were given in column charts. 

4.3 Low-probability impulse breakdown voltages 

• air gaps 

Figure 4. 1 compares the minimum impulse breakdown voltage versus gap length in 

enclosed air gap with and without UV irradiation. The test was repeated using the 

same point-plane geometry in open air and the results are shown in figure 4.2. From 

the figures, it can be seen that, 

(I )There is significant difference between the minimum impulse breakdown voltages 

obtained in open and enclosed air gaps. The minimum impulse breakdown voltage 



decreases (by 15.9% for 15mm gap) when the experiments were carried out in open 

aIr gaps. 

(2)There is very little decrease (by 2.8% for 15mm gap) in minimUm impul e 

breakdown voltage with and without UV irradiation when the experiments were 

carried out in open air gaps. However, for enclosed air gaps, the minimum impulse 

breakdown voltages decrease significantly (by 17.6% for 15mm gap) under the effect 

of UV irradiation and the phenomenon is more pronounced as the gap spacing 

Increases. 
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.SF6 and its mixtures with air, N2 

Figures 4.3 and 4.4 show the results obtained in SF6, SF6/air (50/50) and SF _ 2 

(50/50) gaps with and without the irradiation of 137CS. The minimum impul e 

breakdown voltage decreases (for SF6 by 5.1 % for the 15mm gap, by 3.40/0 for 

SFJN2 and by 3.2% for SF6/air) with the application of 137CS irradiation which is 

similar to the results obtained in enclosed air gaps with UV irradiation. But the rates 

of decreasing in SF6 and its mixtures with air and N2 are much smaller than that of 

enclosed air gaps. 
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Also noticed is that the minimum impulse breakdown levels of SFJair (50 50) are 

higher than pure SF6, while the breakdown levels of SF6/N2 (50/50) are lower. The 

attractive non-uniform breakdown characteristics of SF6 mixtures had been discussed 

in chapter 3 . 

• SF6 mixtures with freon 

Tests were carried out in SF61R12 (95/5) and SF6iR20 (95/5) gaps with and without 

137 CS irradiation. 
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The minimum impulse breakdown voltages decrease very little under the effect of 

irradiation for both SFJfreon mixtures. While on the other hand, the presence of 

freon additives increases the minimum impulse breakdown voltage significantly as It 

was observed and discussed in chapter 3" 

4.4 Time lag measurement 

Time lag to breakdown was measured in open and enclosed air gaps with and 

without UV irradiation. The results are shown in figures 4.7 to 4.10. The gap length 

was 25mm. 
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From the above figures, some interesting points are noted, 

(1 )With the irradiation of the quartz-mercury arc lamp, the mean value of time lag to 

breakdown of enclosed air gaps increases; for open air gaps, the mean value of time 

lag changes very little. 

(2)lt can be seen that the mean values of time lag for open air gaps, either with or 

without irradiation, are longer than those for enclosed air gaps. 

The results obtained in SF6 are shown in figures 4.11 and 4.12. For SF6INz (50/50) 

and SF6/air (50/50), the results are quite similar to those obtained in SF6 . All the tests 

were carried out at the gap length of I5mm. The column charts for the time lag 

measurements in the mixtures are not shown but the results will be commented 
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From the above two figures, it can be seen that with the 137 Cs irradiation, the mean 

value of time lag to breakdown increases from 1.1 07 ~s to 1.284 ~s The same 

phenomenon is observed in SF(jair (50/50) and SFJ~h (50/50) mixtures (column 

charts not shown) The mean value of time lag increa es from 1.49811s to 1. 22~ 

~51 



with 137CS irradiation in SFJair gaps. For SF61N2 gaps from 1 . 379~s to 1.654~s The 

mean values of time lag to breakdown of SF6, SFJair and SFGiN2 gaps without 

irradiation are relatively smaller and contain short time lag. The results are similar to 

those obtained in air gaps. 

The time lags of SF61R12 (95/5) and SF61R20 (95/5) were measured and the results 

are quite different from those obtained in SF6 and its mixtures with air, N2. The mean 

values of time lag to breakdown do not change too much with or without irradiation. 

For example, for SF61R12, the values change from l.20 ~s to l.188 J..lS as the 

irradiation source was applied (column charts shown in figures 4.13 and 4.14). For 

SF61R20, from l.114 J..lS to 1.111~s (column charts not shown) . 
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4.5 Free electrons from irradiation 

For a certain gap, the breakdown criterion can be written as[16], 

where a is Townsend's first ionisation coefficient i.e., the number of ionising 

collisions for an electron per unit length of path in the direction of the field, 11 is the 

electron attachment coefficient defined as the number of attachments per electron per 

unit length of path in the direction of the field, Xc is the co-ordinate where 0.-11=0, K 

is a constant (for SF6, K=10 5 [125]). 



Equation (4-1) can be readily explained as that breakdown occurs when the total 

number of electrons in an avalanche attains a certain value. While radioacti\e 

sources, ultraviolet ray irradiation of the cathode (or the gas), and field emission 

from negative sharp-cathode tips (especially at high pressure) can be source of 

initiatory electrons, the main source of such electrons in gas-insulated equipment is 

directly or indirectly connected with the ionisation of the gas by cosmic and 

terrestrial radiation. It is estimated that the contribution from cosmic radiation to be 

about 2x 10-5 electrons/s.cm3.Pa by considering that the average dose of cosmic 

radiation is about 28 mrem per year (approximately 2.8x10-7 J/g·year) [127] and that 

the average energy to produce an electron-ion pair (i.p) in most gases of interest is 

between 25 and 36 eV/i.p [128,129]. In addition to this, ionisation from natural 

terrestrial sources can produce about 10-4 electrons/s.cm3.Pa[128]. However, since 

about 800/0 of these latter electrons are produced by a and P particles [126] which 

normally would not penetrate the metallic enclosures of practical systems, the 

relevant free electron production rate due to terrestrial radiation is also about 2x 10-
5 

electrons/s.cm3.Pa, bringing the total to about 4x 10-5 electrons/s.cm
3
.Pa[128]. In non 

electron attaching gases this is the rate at which the free electrons become available 

for breakdown initiation. In electron attaching gases, the electrons produced by 

cosmic and terrestrial radiation are captured by the gas molecules forming negative 

ions. It is estimated [107] that the equilibrium concentration of negative ions in SF6 

insulated systems is about 104/cm3 by assuming an electron production rate of 4x 10-
5 

electrons/s.cm3.Pa. It therefore, seems that the major source of breakdown-initiating 

free electrons is electron detachment from these negative ions[ 130, 131,132] and 
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occurs with highest probability in the vicinity of positive-stressed electrode under 

nonuniform field condition. 

In enclosed gaps, however, most electrons are shielded by the enclosure [126] but 

there are few electrons that enter the enclosure, and they can be attached to form 

negative ions and initiatory electrons can be detached from the negative ions, as for 

Without the effect of electric field, the density of free electrons can be estimated 

considering the ion formation and recombination[ 126], as, 

AS 
----·n 

B 
R(1 +-0) 

(4-4) 

where A is the photo ionisation probability coefficient, B is the electrons attachment 

probability, 0 is the electrons detachment probability, S is the radiation intensity, R 

is the recombination probability of electrons and positive ions, and n is the density of 

the gas. 

From (4-4). it can be seen that the number of free electrons increases as the radiation 

intensity increases. In enclosed gaps, about 80% of the electrons which are produced 



by a and P rays in normal condition [126] would not penetrate the metallic 

enclosures of practical system, thus the free electrons are less. As the availability of 

electrons decreases and then the probability of a corona discharge at the end of each 

leader step also decreases and this leads to an associated decrease in breakdown 

probability and consequent increase in breakdown strength as the results shown in 

this chapter (figures 4.1 to 4.4). 

4.6 The detachment of negative ions 

As previously discussed, it has been well established that [121] there are mainly two 

possible sources of free electrons, one is the detached electrons from the negative 

ions such as SF6- and OH-, which was studied in chapter 3. The other is from the 

direct ionisation of neutral molecules by artificial irradiation or natural irradiation as 

discussed in 4.5. 

The electron detachment process from negative ions is very complicated, detailed 

discussion on the topic can be found in [126]. A brief discussion is given here in 

terms of SF6- negative ions detachment process, it is generally believed that there are 

four kinds of detachment forms in SF6, 

(1 )Self-detachment: 

SF6 + e (~detach) (~attach) (SF6-) 
• 



The unstable (SF6-)* can be formed by SF6 molecule and electron through attachment 

process, and after a certain time the stable state SF6- can be formed. The unstable 

(SF6)* is very easy to release electron through detachment process and SF6 molecule 

is formed again[92]. In nonuniform field, the electrons can only initiate breakdown if 

they are released within the a (a =a-ll»O critical area ( this area is extremely small) 

near the point electrode and the volume(V cr) of the critical area decreases as the gas 

pressure increases [126]. Thus the self-detachment has little effect on breakdown 

initiation until the (SF6) * is moved into the Vcr area. 

(2)Field-induced detachment: 

SFG- ~ SF6 + e 

It has been shown that the field-induced detachment can only occurred when the 

electric field strength is extremely high, and in many gas discharge experiments the 

breakdown initiation can not be attributed to electric field-induced detachment since 

the electric field strengths in these studies were too low for any significant electric 

field-induced detachment to occur [135]. Electric field-induced electron detachment 

is an unlikely source of initiatory electrons in gas-insulated systems unless negative 

ions with very small electron binding energies exist in the discharge process. 

(3 )Photo-detachment: 

1 :'7 



Photo-detachment only occurs when there is irradiation of very short wa\'e length 

There is evidence that in GIS system photo-detachment is very unlikely to happen 

[131]. 

(4 )Collision detachment: 

*: unassociative detachment 

e: associative detachment 

It is generally believed that the detachment process is mostly collisional 

[126,132,136]. Even though the collisional velocities of SF6- and SF6 under field-free 

conditions are so small for collisional detachment, the shift in the velocity 

distribution of the negative ions to higher velocities under an applied electric field 

may result in significant collisional detachment. The negative ions in SF6 can be 

produced mainl y through these processes, 

Recent studies [133,134] on field-assisted collisional detachment involving F, SF 5-. 

and SF6- in SF6, have shown that of these three negative ions the one (F) with the 

highest electron affinity energy (EA) and the lowest cross section of formation has 



the highest electron detachment rate [126]. The electron detachment coefficient D is 

defined as the number of detachments per electron per unit length of path in the 

direction of the field, 

where I1e is the number of electrons in the unit volume, n- is the number of negative 

ions in the unit volume. The production rate of electrons can be expressed as, 

dne ~ _ ( -=u,vd·n 4-6) 
dt 

where Vd is the velocity of negative ion in electric field. 

Detachment coefficient D can be expressed as, 

(4-7) 

where n is the number of molecule in the unit volume, Vr is the relative velocity of 

collisional particles, ad is the cross section of collisional detachment, itvr ) is the 

distribution function of the relative velocity. There is no published literature on the 

measurement of the collisional detachment cross section of negative ions in SF6 . 

According to the collisional detachment cross section of O2-, the cross section of 

colI isional detachment ad can be expressed as, 

a = jaoC v -IJ)V > vrnin (4-8) 
d mm v<v. o - nun 

where Vmin is the minImum velocity that negative ions can be detached through 

collision process and it can be determined by the experiments. In electronegative 

gases, the Vrnin is much larger than that of air, because the negative ions have to 
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overcome the electron affinity energy, and the electrons detached from negative ions 

must have enough energy so that they are not to be attached. 

The impulse breakdown probability in the certain time t according to the Boeck 

volume-time criteria[132] can be expressed as, 

Wet) ~ 1- exp[ -J~Jvcr ~e (1- ~}v. dt] (4-9) 

It can be seen from (4-9) that in the critical volume Vcr, the breakdown probability 

depends on the initiatory electron production rate, i.e., the detachment of negative 

ions increases the breakdown probability. 

4.7 Discussion 

The results reported in this chapter were obtained in point plane gaps filled with air, 

SF6 and its mixtures with air, N2, R12 or R20 with and without irradiation. The air 

gaps were tested under enclosed and open air conditions. 

From the test results obtained in enclosed air gaps, it can be seen that there is 

significant decrease in minimum impulse breakdown voltage with UV irradiation but 

there is almost no decrease in minimum impulse breakdown with UV irradiation 

under the same condition if the gaps are in open air. The differences between these 

sets of data can be explained by the fact that, in enclosed air gaps, due to the 

shielding from cosmic radiation and stray UV irradiation, there will be something of 

a scarcity of free electrons or negative ions capable of yielding initiatory electrons. In 

the open air gaps, on the other hand. UV irradiation from the impulse generator [6] 



as well as cosmic radiation (which can produce approximately 2 x 1 O-~ 

electrons/s.cm3.Pa [127] ) will more or less guarantee a relative abundance of free 

electrons which cannot be significantly increased by artificial UV irradiation. This is 

also the reason why the minimum impulse breakdown voltages measured in open air 

gaps are much lower (by 15.9% for 15mm gap) than those obtained in enclosed air 

gaps. The fact that minimum impulse breakdown voltage does not decrease much 

under the effect of artificial irradiation in open air gaps may imply that, there is limit 

beyond which the breakdown strength cannot be further affected. This saturation 

effect will be studied in chapter 5. 

From the results obtained in air, SF6 and its mixtures with air or N2, it has been 

shown that the minimum impulse breakdown voltages in the point-plane gaps 

decrease when the artificial irradiation is applied. These results are in good 

agreement with some earlier work as it [122] was pointed out that the production of 

initiating electrons in the critical volume of the gap is quite important for the 

development of breakdown and the fact that in an enclosed highly non uniform field 

gap in air [122,123] and SF6 [120], the impulse breakdown voltage decreases under 

the condition of strong irradiation. The effect of external irradiation on the initial 

discharge activity was also studied by observing photomultiplier (PM) oscillograms. 

With irradiation, the inception pulse and the subsequent corona activity tended to be 

greater[ 120]. 

It is well known that when a gaseous dielectrics is stressed electrically a free electron 

must be present and suitably placed before any discharge can develop. This is 



confirmed in the present work and one can onl y assume that the decrease in 

breakdown strength is associated with a relative abundance of electrons within the 

critical volume around the highly stressed electrode. However, as indicated 

previously [106], initiatory electrons are also required throughout the gap in order to 

promote the stepwise development and whilst it is easy to explain how electrons can 

be so generated using the corona pin arrangement and direct injection method, it is 

more difficult to explain the existence of electrons or negative ions capable of 

detachment within the gap volume when the caesium 137 is present. The 

radioisotope, emitting gamma radiation, would be expected to generate electrons 

only close to the metal surface and not in the mid gap. A high ion density may assist 

leader propagation presumably by providing seed electrons which favour continued 

leader development. Alternatively, the seed electrons may be required to assist in the 

initiation of leader channel restrikes which occur between leader steps. The role of 

artificial irradiation in highly non-uniform fields is not fully resolved and must be 

further studied. 

In any case the rate of reduction in breakdown strength due to the radioisotope is 

clearly less than that produced by the ion injection methods. Take the SF6 ISmm gap 

for example, the minimum impulse breakdown voltage decreases by 5.1 % due to the 

irradiation. While under the effect of ion injection (using corona pin arrangement, 

V.:=-20kV), the minimum impulse breakdown voltage decreases by more than 110/0. 

As previous results shown in chapter 3, the minimum impulse breakdown voltage is 

unaffected by the injection of ions in SFJfreon mixtures, while the breakdown 



voltages of SF6 and its mixtures with air and N2 are much affected by the injected 

ions. It can be concluded that the presence of negative ions in SF6 and its mixtures 

with air or N2 which almost inevitably contain traces of water vapour, affects the 

impulse breakdown voltage in highly nonuniform gaps by providing seed electrons, 

detached from negative ions (such as,OH-,SF") to allow the streamer/leader stepping 

process to propagate. From the results obtained in this and last chapters, the fact that 

injected charges has little effect when a chlorine bearing additive is present, endorses 

the view that the presence of such additives results in the preferential production of 

highly stable negative ions of chlorine which cannot detach within the time scales 

necessary and thus cannot significantly provide the seed electrons in the gap 

necessary for the propagation of the stepping process. 

From the results of time lag measurement shown in figures 4.7 to 4.10, it can be seen 

that: 

(I )The mean values of time lag measured in open air gaps, are larger than those 

measured in enclosed air gaps. 

(2)With irradiation, the mean values of time lag to breakdown measured in enclosed 

air gaps, SF6 and its mixtures with air or N2 gaps increase. 

(3 )The mean values of time lag do not change much in open air gaps whether with or 

without irradiation. 

(4)ln SFdfreon mixtures~ the mean values of time lag do not change too much. 



The above phenomena can be explained by the fact that with the irradiation sources, 

there is an almost 1000/0 probability that an initiating electron in the critical volume 

when the voltage has reached the corona onset voltage. A filamentary corona will be 

established and it is necessary that the voltage be increased to a higher value and the 

field near the plane electrode be space-charge enhanced before breakdown can take 

place, thus the time lag to breakdown is relatively longer. When no irradiation is 

presented, there is a finite probability that no electron will appear until a much higher 

voltage is reached at which a streamer can be developed which is sufficiently large 

that it can propagate across the gap by virtue of its own localised space charges. 

Then, breakdown will take place shortly after the appearance of the initiating 

electrons. The time lags to breakdown obtained in open air gaps which are almost not 

affected by the irradiation and the fact that the mean values of time lag in open air 

gaps are longer than those of enclosed gaps can also be explained by the above 

viewpoint. The observation of time lag measurements in SF6 and its mixtures with 

air, N2 or SFJfreon is absolutely consistent with the breakdown voltage data and 

again points to the fact that in SF6, the injection of negative ions enhances the 

discharge activity through the creation of unstable negative ions which can detach 

and provide electrons. When the chlorinated additive is present, stable chlorine ions 

are formed and, no matter their number, they do not detach and therefore do not 

contribute to the discharge development. 

~.8 Conclusions 



The initiatory electrons produced from the direct ionisation of neutral molecules bv 

artificial irradiation (supplied by either an 125W quartz-mercury arc lamp or a piece 

of 5mCi capsule 137 Cs) andlor natural irradiation (refers to the background radiation 

from radioactive materials in the ground and from cosmic radiation from space, etc) 

affect the minimum impulse breakdown voltage in nonuniform field. The present 

work has confirmed that the breakdown strength of air, SF6 and SF6 mixtures with 

nitrogen and air, at least to the 50150 level, is affected by the presence of artificial 

irradiation as has been found previously under the effect of injected ions. This would 

suggest that air, SF6 and its mixtures with air and N2 can be affected by the presence 

or lack of negative ions in the gap volume. Although the rate of decreasing under the 

effect of artificial irradiation is much less than that of injected ions, and the 

explanations of the existence of electrons or negative ions capable of detachment 

within the gap volume when irradiation is present or ions are injected would not be 

the same. 

The present results add further evidence to the suggestion [119] that marked 

improvement in the insulating performance of SF6 and hence to the tolerance of the 

gas to metallic particle in a GIS when a chlorinated freon is present is related to ion 

chemistry. It is unlikely, however, due to environmental pressures, that in GIS 

installations chlorinated freons would be considered as feasible. Indeed, at the 

present time, and again for environmental reasons, there is a drive to explore 

alternative gases to pure SF6. A better physical understanding of the factors that 

contribute to "good" insulating gases will assist in making informed choices for the 

next generation of GIS. 



Chapter 5 The combined effect of space charge and artificial irradiation 

5.1 Introduction 

In chapters 3 and 4, the effect of space charge and artificial irradiation had been 

studied respectively. It had been proved that the development of breakdown process 

production may be critically dependent upon the statistics associated with the 

production of initiating electrons in the critical volume of the gap[ 143]. It is well 

known that when a gaseous dielectric is stressed electrically a free electron must be 

released from a bound atomic or molecular state before any discharge can develop. 

There are many mechanisms whereby electrons can be released from their bound 

states. Generally the electron can be emitted either from the cathode of the electrode 

system or from within the gaseous volume. The effect of cathode processes can be 

eliminated by using a non-uniform field geometry in an electronegative gas where 

the electric field at the cathode is small. Under such circumstance the low electric 

field at the cathode ensures that any electron emission is reduced, and even if an 

electron is released it will attach to a neutral molecule very quickly as the attachment 

coefficient will also be very much greater than the ionisation coefficient (i.e ll»a). 

For these particular conditions, there are really only two possible sources of free 

electrons one is from the direct ionisation of neutral molecules by some of the , 

known processes (e.g. by alpha, bata, gamma or cosmic radiation), the other is 

detached electrons from negative ions. The study in this chapter is emphasised on the 

combined effect of space charge and artiticial irradiation. 



5.2 Effect of space charge 

In highly nonuniform electric field gaps within a certain pressure range of SF
6 

or its 

mixtures, it is well established that corona stabilised breakdown exists. It is generall y 

thought that the enhancement in corona stabilisation is affected by increasing the 

homopolar charge near the high-stress electrode [94]. For instance a low ionisation 

energy gas or vapour additive like cis-2-C4Hg [94] or TEA [137] may greatly 

increase the positive dc corona stabilised breakdown voltages of SF6 in a point plane 

gap. However, corresponding results for impulse breakdown can not readily be 

explained by the above concept because there is insufficient time for space charge 

movement to modify the electric field in the gap. In addition, some additives which 

do not produce enhanced corona also have the similar effect. For example, the 

positive impulse breakdown voltage of SF6 in a highly nonuniform field can be 

apparently increased by the R 113 (C2ChF 3) vapour additive, yet corona 

measurements indicate that the R 113 additive causes no increases in corona activity 

in the gap [138,139]. This is not surprising because the dielectric strength ofRIl3 is 

higher than that of SF6 [140]. A similar phenomenon has been observed in SF6 with 

an R12(CChF2) additive [141] in which the dielectric strength ofR12 is no less than 

that of SF6 [142]. For a non-uniform-field gap, the breakdown mechanism is much 

more complicated than for a uniform field. This is probably due to the complex effect 

of space charges on the breakdown process [3]. In some earlier work, it has been 

pointed out that space charges greatly affect the breakdown strength of SF6 in non

uniform-fields [101, 102,1 03,1 04.117]. The mechanism of breakdown under impulse 
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conditions is not fully understood, although it is now known to involve the 

development of a series of streamer/leader steps [105] which propagate from the 

point electrode towards the plane. It has recently been suggested [106] that the 

successful development of impulse breakdown relies upon there being a supply of 

electrons in the gap volume such that each streamer step can be initiated. These 

initiating electrons are generally believed to result from the detachment from the 

negative ions or result from direct ionisation of neutral molecules by irradiation. 

Certain additives, particularly those containing chlorine (as studied in previous 

chapters), preferentially produce very stable negative ions which do not readily 

detach and thus the suggestion [106] is that the impulse strength is increased in 

mixtures containing those additives because there is then a reduced likelihood of 

successful development of the discharge channel through a scarcity of initiating 

electrons in the gap. 

5.3 Effect of artificial irradiation 

It had been noticed in some earlier work that in an enclosed highly nonuniform field 

gap filled with air [122,123] and SF6 [124], the impulse breakdown voltage decreases 

under the condition of strong irradiation. In chapter 4, the results obtained in 

enclosed air, SF6 and its mixtures had shown that the minimum impulse breakdown 

voltages in the point-plane gaps decrease when the artificial irradiation( either a 

quartz-mercury arc lamp or a piece of 5mCi capsule 137CS) is applied. The reason 

was concluded to be the detachment of free electrons from the direct ionisation of 

neutral molecules by irradiation. 



Although natural irradiation, such as cosmic radiation from the space (which can 

produce approximately 2 x' 10.5 electrons/s-cm3 
-Pa [127]), radiation from the 

radioactive components in the earth's crust and from the materials used for buildinu 
""",. 

e.g., granite, etc. will more or less provide some kind of irradiation and guarantee a 

relative abundance of free electrons. It is known that in enclosed gaps, about 80% of 

the electrons which are produced by a and p rays in normal condition [126] would 

not penetrate the metallic enclosures of practical system, thus the effect by natural 

irradiation is presumably very much decreased. A series of experiments were carried 

out in enclosed air and open air gaps (figure 4.2). The minimum impulse breakdown 

voltages were measured as the functions of gap length, the distinguish differences 

(the minimum impulse breakdown voltage decreases by 15.90/0 for 15mm open air 

gap) between the two sets of data, at first sight, to be surprising to what one might 

expect. In open air gaps ultraviolet irradiation from the impulse generator [6] as well 

as natural radiation will more or less guarantee a relative abundance of free electrons. 

In enclosed air gaps, however, due to shielding from natural irradiation and stray UV 

irradiation, there will be something of a scarcity of free electrons or negative ions 

capable of yielding free electrons. 

5.4 Experimental setup and procedure 

Details of the pressurised chamber and the test gap assembly were well documented 

in chapter 2. The point-plane electrodes were first cleaned in normal manner and set 

to different gap length before each test. The minimum impulse breakdown voltage. 



corona activity and time lag to breakdown were measured and recorded by the 

oscilloscope. 

The tests were carried out with combined effects of space charge and artificial 

irradiation. Space charges were injected by means of four auxiliary needle electrodes 

(corona pin arrangement) surrounding the gap with the needles being approximately 

in line with the point electrode tip. The four needle electrodes were connected with a 

Brandenburg high voltage dc power generator and both positive and negative charges 

can be injected into the point-plane gap. The artificial irradiation was provided by 

either an 12SW quartz-mercury arc lamp for tests carried out in air or a piece of 

SmCi capsule 137CS (6MeV y ray source) for tests carried out in SF6 and its mixtures 

with air, N2, R12 or R20. The quartz-mercury arc lamp or the 137CS radiation source 

was placed approximately 120mm or 100 mm from the point electrode, respectively . 

• Minimum impulse breakdown voltage measurement 

The mInImUm impulse breakdown voltage was determined by the following 

procedure: in each test sequence, the SO% breakdown level was first determined by 

the normal up-and-down method, and then the charging voltage of impulse voltage 

generator was reduced in steps ofO.SkV to give the level at which only 1 flashover in 

40 was recorded and this voltage value is regarded as the minimum (2.S% 

breakdown probability) breakdown voltage . 

• Time lag to breakdown measurement 



A sequence of 100, positive impulse voltage were applied to the gap with a voltage 

corresponding to the 900/0 breakdown level. The time lag to breakdown was recorded 

on the oscilloscope and the results were given in column charts. 

• Prebreakdown corona activity measurement 

An optical photomultiplier (type 9125QB) was used to monitor the prebreakdown 

corona activity under different gap length with or without irradiation provided no 

breakdown occurs. More detailed information was outlined in 2.1.4.3. The high-gain 

THORN EM! ™ photomultiplier was mounted on the outside of the observation 

window so as to record the transmitted light from the corona. The peak outputs from 

the photomultiplier (observing the total gap activity) as functions of the gap length 

provided no breakdown occurs were measured. 

5.5 Low-probability impulse breakdown measurement 

Figures 5.1 to 5.3 show the minimum impulse breakdown voltages measured in 

enclosed air gaps SF6 and its mixtures with N2 or air gaps as functions of the gap 

length. The tests were carried out with negative dc high voltage applied to the four 

auxiliary needle electrodes to supply space charges. For tests carried out in enclosed 

air gaps, the dc bias voltage was -12kV. For SF6, SFJN2 (50/50) and SFJair (SO/SO) 

the dc bias voltage was -16kV. Tests were carried out either with or without 

artificial irradiation source. 
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Figure 5.1 Minimum impulse breakdown voltage versus gap length, enclosed air gaps. P=O.lMPa. 
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Figure 5.3 Minimum impulse breakdown voltage versus gap length, SF6 gaps, 

P=O.lMPa, with dc bias voltage of -16kV 

It can be noticed from the above 3 figures that as the artificial irradiation was 

applied, the minimum impulse breakdown voltage decreases but very little in 

magnitude. Comparing with the results obtained in chapter 4 (i .e. figures 4.2 to 44) 

when the tests were carried out with no space charges injection (i .e., under the only 

effect of irradiation) it can be noticed that there were noticeable differences in 

minimum impulse breakdown voltages when the tests were carried out with or 

without irradiation. Also comparing the results obtained in chapter 3 (i .e. figures 3.7 

and 3.8), the minimum impulse breakdown voltage decreases significantly when 

negative ions were injected . So under the only effect of irradiation or negati e 

injected ions, the minimum impulse breakdown voltage decrease But under the 



combined effect of irradiation and negative injected Ions, the mInImUm impulse 

breakdown voltage does not decrease much further. 

Figures 5.4 and 5.5 show the mlmmum impulse breakdown voltage measured in 

SFJR12(95/5) and SFdR20(95/5) mixtures. Minimum impulse breakdown voltages 

measured with or without irradiation in SFJR12 or SFJR20 mixtures do not change 

very much. 
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5.6 Time lag measurement 

Time lag to breakdown was measured in enclosed air, SF6 and its mixtures v~ith 2, 

air, R12 or R20 gaps with de bias voltage (Vc) applied to the four needle electrodes. 

The tests were carried out either with or without artificial irradiation source . 

• aIr 

Figures 5.6 and 5.7 show the results obtained in the enclosed air gaps, the gap length 

was fixed at 25mm. The applied de bias voltage was -12kV. Time lag to breakdown 

was measured with (figure 5.8) or without (figure 5.7) UV irradiation. 
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Figure 56 Enclosed air,gap=25mm,P=O.lMPa,Vc=-12kV,without irradiation 
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Figure 5.7 Enclosed air,gap=25mm P=O.lMPa,Vc=-12kV,with irradiation 

It can be seen from the above figures, when the UV irradiation source was added, the 

mean value of time lag to breakdown increases very little, i.e., from 1.3784f.ls to 

1.3796f.ls . 

• SF6 and its mixtures with air or N2 

Figures 5.8 and 5.9 show the results obtained in the SF6 gaps, the gap length was 

fixed at 15mm. The applied dc bias voltage was -16kV. Time lag to breakdown was 

measured with (figure 5.9) or without (figure 5.8) 137CS irradiation 
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Figure 5.8 SF6,gap=15mm,P=O.lMPa,Vc=-16kV,without irradiation 
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Figure 5.9 SF6,gap=15mm,P=O.lMPa,Vc=-16kV,with irradiation 

It can be seen from the above figures, when the 137 Cs irradiation source wa added, 

the mean value of time lag to breakdown increa e very little. 
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The same was observed as the time lag measurements were carried out in SF £1"\:; 

(50/50) and SF6/air (50/50) gaps (column charts not shown). The mean values of 

time lag to breakdown change very little when the irradiation source is applied. For 

SF6/N2, the mean value of time lag changes from 1. 75I1S(V.;=-16kV, without 

irradiation) to 1. 75311S(V c=-16kV, with irradiation). For SF6/air, from 2.06711S to 

2. 056 I1S. 

Comparing with the results presented in chapter 3, it can be seen that as the negative 

space charges were injected the time lag to breakdown increased significantly in SF6 

and its mixtures with air or N2. Also can be seen from the results in chapter 4 that the 

time lag to breakdown increased when the artificial irradiation source was added. So 

under the only effect of irradiation or negative injected ions, the mean value of time 

lag increases. But under the combined effect of irradiation and negative injected ions, 

the mean value of time lag does not increase much further. 

• SF6 mixtures with R12 or R20 

Time lag to breakdown was measured in the 15mm point-plane gap fill with SFJR12 

(95/5) and SFJlUO (95/5) mixtures with or without 137CS irradiation whilst negative 

space charges were injected (V.:=-16kV). Figures 5.10 and 5.11 show the results 

obtained in SFdR 12 mixtures. 
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The mean value of time lag does not change much for SFJR 12 whether with or 

without irradiation, i.e. from 1 212~ls to 1 . 216~1 The arne 1 tme for , F IR20 

mixtures, i.e. from 1 087~lS to 1.091 Jls (column chart not h wn) . 
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5.7 Corona activity measured by photomultiplier 

As described in chapter 2, the optical photomutilier (PM) was mounted on the 

outside of the observation window so as to record the transmitted light from the 

corona. The high-gain PM was used to monitor the prebreakdown corona activity and 

the peak output from the PM (observing the total gap activity) as a function of the 

gap length with or without irradiation was measured provided no breakdown occurs. 

The tests were carried out in enclosed air, SF6, and its mixtures with N2, air, R12 or 

R20 gaps. A dc bias voltage (Ve) was always applied to the four needle electrodes. 

For tests carried out in enclosed air gaps, the Vc was -12kV and for all other gases or 

mixtures it was -16k V. 
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It can be noticed from the above figures that PM outputs increase very little in 

enclosed air and SF6 gaps when artificial irradiation was applied. The same 

phenomenon was also observed in SF6 mixtures with air, N2, R12 or R20 (figures not 

shown) . 

Comparing with the results presented in chapter 3, it can be noticed that with the 

injection of negative ions, corona activity increased dramatically in SF6 and its 

mixtures with N2 or air. 

5.8 Discussion 

I," 



All the test results reported in this chapter were carried out in point plane gaps filled 

with air, SF6 and its mixtures with N2, air, R12 or R20 with dc bias voltage applied to 

the four needle electrodes. 

The measurements of minimum impulse breakdown voltage in enclosed air, SF6 and 

its mixtures with N2 or air gaps showed that there is very little, if any, decrease in 

breakdown voltage values when the artificial irradiation source was added. 

Significant differences can be noticed comparing the results reported in chapters 3 

and 4. In chapter 3, minimum impulse breakdown voltages were measured under the 

only effect of space charge, and it can be seen that when negative space charges were 

injected, the minimum impulse breakdown voltage decreased significantly in SF6 and 

its mixtures with N2 or air. In chapter 4, minimum impulse breakdown voltages were 

measured under the only effect of irradiation. It can be seen that when artificial 

irradiation source was added or when natural irradiation was available, the minimum 

impulse breakdown voltage also decreased in SF6 and its mixtures with N2 or air. 

Under the combined effect of space charge and artificial irradiation, however, there 

was not much further decrease in minimum impulse breakdown voltage. It was 

concluded in previous chapters that the breakdown strength is affected by the 

initiatory electrons whether resulting from the detachment of negative ions or the 

direct ionisation of neutral molecules by artificial or natural irradiation. The results 

reported in this chapter, however. strongly suggest that there is a limit beyond which 

the breakdown strength cannot be further affected by increasing initiatory electron 

population. It is well established that [101, 102, 117, 122] the production of initiating 

electrons in the critical volume of the gap is quite important for the development of 



breakdown process. It [105] has been pointed out that non-uniform-field breakdown 

involves the development of a series of streamer/leader steps which propagate from 

the point electrode towards the plane and it [106] has been realised that the 

successful development of impulse breakdown relies on there being a supply of 

electrons in the gap volume such that each streamer step can be initiated. The 

conclusion had been made based on the results reported in previous chapters that 

breakdown process of a non-uniform field gap in SF6 and its mixtures with N2 or air 

is greatly affected by the availability of initiatory electrons throughout the gap 

volume to allow the streamer/leader step progression to take place. From the results 

presented in this chapter, however, it seems fair to conclude that there is a threshold 

which the number of initiatory electrons has to be reached so breakdown process can 

be initiated and be further affected. Those initiatory electrons exceeding the 

threshold value make no or very little contribution to breakdown process. This 

conclusion is implied by some test results presented in chapters 3 and 4. From figure 

3.7, the saturation effect was noticed that with the increase in negative dc applied 

voltage, the minimum impulse breakdown voltage decreases significantly at first, but 

then becomes constant or decreases very little when the dc applied voltage was over -

16 k V. This could suggest that the number of initiatory electrons reach the threshold 

value when the dc applied voltage is over -16kV. Further increase in the dc applied 

voltage does not affect the minimum impulse breakdown voltage too much. From 

figure 4.2, it also can be noticed that there is almost no difference in minimum 

impulse breakdown voltage with or without UV irradiation when the tests were 

carried out in open air gaps although there is significant difference in minimum 

impulse breakdown voltage with or without UV irradiation when the tests were 



carried out in enclosed air gaps. The phenomenon seems surprising at first sight. but 

considering the initiatory electrons threshold it is relatively easy to explain. In 

enclosed air gaps, due to the shielding from natural radiation and stray U\' 

irradiation, there will be something of a scarcity of free electrons or negative ions 

capable of yielding initiatory electrons. In open air gaps, on the other hand. l'V 

irradiation from the impulse generator [6] as well as natural radiation will more or 

less guarantee a relative abundance of free electrons. Thus further artificial 

irradiation does not affect the minimum impulse breakdown voltage too much. 

As it was noticed previously, minimum impulse breakdown, time lag to breakdown 

or PM out measured in either SF61R12 or SFJR20 does not change too much with the 

injection of space charges or irradiation. The results obtained in this chapter, showed 

that in SF61R12 and SF61R20, these values do not change much even under the 

combined effect of space charge injection and irradiation. Previous work at 

Strathclyde [137,138] and elsewhere [139, 140] has shown by adding small amounts 

of RI13(C2ChF3) or RI2(CChF2) to SF6, the dielectric strength of the gas can be 

greatly improved under certain condition. It is interesting that the additives do not 

produce enhanced corona. Recently it had been suggested that the chlorine molecule 

is associated with the enhanced dielectric strength of the mixture and R113, or 

indeed any other additive which is capable of producing negative ions of chlorine. 

will be beneficial in that it will mitigate the reduction in perfonnance associated with 

the almost inevitable presence of water vapour and metallic conducting particles in 

GIS. It is believed that these chlorinated freons, preferentially produce very stable 

negative ions (Cr) which do not readily detach. The impulse strength is increased in 



mixtures containing those additives because there is then a reduced likelihood of 

successful development of the discharge channel through a scarcity of initiating 

electrons in the gap. 

The time lag measurements were carried out in enclosed air, SF6 and its mixtures 

with air, N2, R 12 or R20 with or without artificial irradiation, a dc bias voltage was 

always applied to the four needle electrodes. It is quite apparent that under the 

combined effect of space charge and artificial irradiation, the time lag to breakdown 

changed very little, if any, compared with the time lag measurements presented in 

chapters 3 and 4, there was significant difference in time lag measurements under the 

only effect of space charge or artificial irradiation. With irradiation source or 

negative space charge injection, there is an almost 100% probability that an initiating 

electron will appear in the critical volume when the voltage has reached the corona 

onset voltage. A filamentary corona will be established and it is necessary that the 

voltage be increased to a higher value and the field near the plane electrode be space

charge enhanced before breakdown can take place, thus the time lag to breakdown is 

relative longer. Without the irradiation or negative space charge injection, there is a 

finite probability that no electron will appear until a much higher voltage is reached 

at which a streamer can be developed which is sufficiently large that it can propagate 

across the gap by virtue of its own localised space charges. Breakdown will then take 

place shortly after the appearance of the initiating electrons and the time lag to 

breakdown is relatively shorter. When artificial irradiation was applied, since 

negative space charge injection has already provided significant initiatory electrons. 

it is expected that those electrons resulting from direct ionisation by irradiation 



which exceed the initiatory electron threshold in number have very little effect on 

time lag to breakdown. 

The peak output from a photomultiplier (observing the total gap activity) as the 

function of gap length was also measured. The results are compared as the artificial 

irradiation was applied or not. It can be seen that in all gases or gas mixtures 

concerned, the output of PM (i.e., discharge activity) changed very little whether the 

artificial irradiation was applied or not. This observation is absolutely consistent with 

the minimum impulse breakdown voltage and time lag measurements and confirms 

that there is a limit beyond which the breakdown process cannot be further atfected 

by increasing initiatory electron population. Considering the threshold of the 

initiatory electrons, more than enough electrons make very little or no contribution to 

the prebreakdown and breakdown processes. 

5.9 Conclusions 

The following conclusions were drawn based on the results and discussion presented 

here and in previous chapters. Whilst the initiatory electrons resulted from either the 

detachment of negative ions or the direct ionisation of neutral molecules by 

irradiation have considerable effect on prebreakdown and breakdown processes, the 

results shown in this chapter strongly suggest that there is a limit beyond which the 

prebreakdownlbreakdown process cannot be further affected by increasing initiatory 

electron population. The term "threshold of initiatory electrons" was introduced in 

this chapter. The term means that there is a certain number of initiatory electrons that 



has to be reached so that breakdown process can be initiated and further affected It 

is also concluded from the results that any extra initiatory electrons exceeding the 

number of threshold make very little, if any, contribution to the 

prebreakdownJbreakdown process. 
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Chapter 6 The effect of different wavefront 

6.1 Introduction 

The behaviour of point-plane gaps in SF6 and its mixtures under impulse voltage 

application has been the subject of considerable research in recent years and the 

mechanism is not fully understood. It is believed, however, the complex effect of 

space charge on the breakdown process has great effect on breakdown process. There 

is evidence that the abundance of initiatory electrons plays an important role in 

breakdown process [102,117,143]. The initiating electrons will be produced mainly 

by the detachment from negative ions and so their rate of production in critical 

volume will itself depend upon the applied waveform [143]. Previous work [49] has 

shown that the V 50 characteristic is strongly wavefront dependent, showing a more 

and more pronounced stabilisation peak as the wavefront is increased. The above 

experimental observations have been explained qualitatively [80] on the basis of a 

theoretical model for point-plane breakdown. It is assumed that the point corona 

takes the form of radial sheath similar to that previously suggested for dc voltage 

application [85]. The radius of the sheath is assumed to be time and voltage 

dependent and clearly, if the voltage is applied rapidly, then insufficient time is 

available for the radial development of the sheath, and breaks down when impulse 

voltage reaches the minimum voltage necessary for propagation of a leader from 

point to plane. If, on the other hand, a long-fronted wave is applied to the gap, then 

the corona sheath can develop to a greater or lesser extent depending upon the 



duration of the front, and the impulse characteristics will show some form of 

"partial" stabilisation peak. 

Little is known at present of the mechanism controlling the spatial and temporal 

development of corona in SF6 and its mixtures. The available evidence from time

resolved under both static [54] and impulse voltage [50,56,57] suggests that corona 

consists of individual, mutually-exclusive, re-illuminating filaments, each of which 

can last for many hundreds of microseconds before extinguishing and giving way to 

another filament at some other site. However, it is somewhat difficult to reconcile the 

observation with the picture of a radial sheath as proposed [80, 85] and it is far from 

certain, therefore, if the model for corona formation as proposed by these authors or 

the concept of "partial stabilisation" is applicable, even for long-fronted impulses. 

However, such a conclusion is not consistent with time lag measurement [143] and 

V-p characteristic measured [52,143]. It [143]had been suggested that there is no 

such phenomenon as "partial stabilisation". A stabilising corona discharge capable of 

inhibiting breakdown either forms or does not form under impulse conditions, 

depending upon a number of factors. The most important of these is the statistics 

associated with the production of electrons in the gap. 

Earlier studies have found that wave tail has little influence on impulse breakdown 

process ofSF6 and its mixtures [141. 158] and the effect of wave front on breakdown 

process is studied in this chapter. 

6.2 Experimental setup and procedure 



The pressurised chamber and the test gap assembly were well documented in chapter 

2. The tests were carried out with the injection of space charge of both polarities 

under different types of wavefronts, i.e., 1.2, 9 and 19~1S The wave tail was kept 

constant at 50~s. 

Space charges were injected by means of four auxiliary needle electrodes (i.e., 

corona pin arrangement), surrounding the gap with the needle electrodes connected 

with a Brandenburg high voltage dc power generator and both positive and negative 

charges can be injected into the point-plane gap. 

The mInImum impulse breakdown voltages under different wavefronts were 

measured by the oscilloscope. The procedure to determine the minimum impulse 

breakdown voltage was outlined in chapter 5. 

6.3 Experiments under different impulse wavefronts 

6.3.1 SF6 

Figure 6.1 shows the mInImum impulse breakdown voltages measured under 

different wavefronts, i.e., 1.2, 9 and 19 ~s. Either positive or negative space charges 

were injected. 
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Figure 6.1 SF6, gap=lSmm, P=O.IMPa 

It can be noticed readily from the above figure that, 

(I)Without the injection of space charge (i .e. Vc=OkV), the mInimum impulse 

breakdown voltage increases as the wavefront increases. 

(2)When negative space charges were injected, the minimum impulse breakdown 

voltages decrease. The longer the wavefront, the smaller the decreasing rate. The 

minimum impulse breakdown voltage decreases by 11 .30/0 when V c=-20kV for l.2~s 

wavefront, 8.2% for 9~s wavefront and 4.80/0 for 19~s wavefront. 

(3)When positive space charges were injected, the minimum impulse breakdown 

voltages increase a little bit and then decrease to the levels as no space charge was 

injected. The minimum impulse breakdown voltage is not too much affected by the 

positive space charges. 

6.3.2 SFJair 



Figure 6.2 shows the mInimUm impulse breakdown voltages measured under 

different wavefronts, i.e., 1.2, 9 and 19 ~s . Either positive or negative space charge 

were injected. The point-plane gap was filled with SFJair(50/50) . 

minimum impulse breakdown voltage versus gap length 
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Figure 6.2 SF6/air(50/50), gap=lSmm, P=O. LMPa 

It can be noticed readily from the above figure that, 

(1 )Without the injection of space charge (i.e. Vc=OkV), the mlnImUm impulse 

breakdown voltage increases as the wavefront increases. 

(2)When negative space charges were injected, the minimum impulse breakdown 

voltages decrease. The longer the wavefront, the smaller the decreasing rate The 

minimum impulse breakdown voltage decreases by 9.5°/
0 when Vc=-20kV for 1.2p 

wavefront, 6.8% for 9~s wavefront and 4.4% for 19~ wa efront. 
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(3 )When positive space charges were injected, the minImUm impul e breakdo\ n 

voltages increase a little bit and then decrease to the levels as no space charge \\a 

injected. The minimum impulse breakdown voltage is not too much affected bv th 

positive space charges. 

6.3.3 SFdNz 

Figure 6.3 shows the mInImUm impulse breakdown voltages measured under 

different wavefronts, i.e., 1.2, 9 and 19 ~s. Either positive or negative space charge 

were injected. The point-plane gap was filled with SF61N2(50/50). 
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It can be noticed readily from the above figure that. 



(1 )Without the injection of space charge (i.e. Vc=OkV), the mInImUm impulse 

breakdown voltage increases as the wavefront increases. 

(2)When negative space charges were injected, the minimum impulse breakdown 

voltages decrease. The longer the wavefront, the smaller the decreasing rate. The 

minimum impulse breakdown voltage decreases by 8.40/0 when V-:=-20kV for 1 21ls 

wavefront, 4.9% for 91ls wavefront and 4.40/0 for 1911s wavefront. 

(3)When positive space charges were injected, the minimum impulse breakdown 

voltages increase a little bit and then decrease to the levels as no space charge was 

injected. The minimum impulse breakdown voltage is not too much affected by the 

positive space charges. 

6.3.4 SFJR12 

Figure 6.4 shows the mInImUm impulse breakdown voltages measured under 

different wavefronts, i.e., 1.2, 9 and 19 Ils. Either positive or negative space charges 

were injected. The point-plane gap was filled with SF6IR12 (95/5). 
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Figure 6.4 SF61R12(95/5), gap= lOmm, P=O.lIvfPa 

It can be noticed readily from the above figure that, 

(1 )The mInImUm impulse breakdown voltages mcrease slightly as the wavefront 

mcreases. 

(2)The minimum impulse breakdown voltages decrease as the negative ions were 

injected when the wavefront is 1 , 2~s , For longer wavefronts (i ,e, 9~s and 19~s), the 

minimum impulse breakdown voltages remain constant. 

(3)The minimum impulse breakdown voltage is not much affected by the positive ion 

injection, 

6.3.5 SF6I'R20 



Figure 6.S shows the IIDntmum impulse breakdown voltages measured under 

different wavefronts, i. e., 1.2, 9 and 19 ~s . Either positive or negative space charge 

were injected. The point-plane gap was filled with SF61R20 (9S/S). 

minimum impulse breakdown voltage versus de bias voltage 
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Figure 6.S SF6fR20(9S/S), gap=lOmm, P=O.lMPa 

It can be noticed readily from the above figure that, 

(I )The minimum impulse breakdown voltages increase very little as the wavefront 

mcreases. 

(2)The minimum impulse breakdown voltages decrease as the negative ions were 

injected when the wavefront is 1.2~s . For longer wavefronts (i.e. 9~s and 19I1S), the 

minimum impulse breakdown voltages remain constant. 

(3)The minimum impulse breakdo\ n voltage is not affected by po itive Ion 

injection 



6.4 Discussion 

It has long been noticed that the wavefronts can affect breakdown characteristics. 

Binns and others reported the influence of wavefronts on breakdown voltage 

measurement [122]. Some earlier studies [49,50,160,161] concluded that the increase 

of impulse breakdown voltage as the increase of wavefront can be accounted for 

corona stabilisation effect. Narbut [161] suggested that corona stabilising effect 

depends on space charge formation that requires time, and hence it is not so 

pronounced when wavefront is short. It should be noticed that the previous work 

[50,160.161] is all V 50 measurement and it has been concluded that V 50 characteristic 

is strongly wavefront dependent, showing a more and more pronounced stabilisation 

peak as wavefront is increased [143]. Farish and others found that fast-fronted waves 

give minimum breakdown levels which are much lower than the long-wavefront 

results[ 159]. It can be seen from the results obtained in present work, that for SF6, 

SF6/air and SF6!N2, the minimum impulse breakdown voltage increases as wavefront 

increases. The phenomena can not be explained readily by the only effect of corona 

stabilisation. For minimum impulse breakdown voltage measurement, the increase in 

minimum impulse breakdown voltage with wavefront is also due to the role of 

initiatory electrons in breakdown process. In the absence of any other information, 

this might be taken to indicate the introduction of a corona process during the longer 

wavefront period, with the increased minimum level demonstrating "partial" 

stabilisation. However, such a conclusion would be quite inconsistent with the results 



obtained [143] that the time lags associated with breakdowns with longer (e.g 5(lpS) 

wavefronts were also short, just as for shorter wavefronts. 

It might be argued that the absence of corona stabilisation implies that the rate of rise 

of the applied voltage is too rapid to allow sufficient time for the development of 

corona. However, this would not be consistent with the fact that on rising part of the 

Vip characteristic [52,143], stabilisation can apparently develop rapidly to be active 

for even the shortest wavefront (1.2I-1s). In view of this, it would seem reasonable to 

suggest that corona may not require to spread over the point-electrode surface but 

may simply involve the development of the first filamentary, reilluminating 

discharge which itself could inhibit the subsequent development of breakdown. Thus, 

whether or not a "stabilising corona" occurs for any given set of conditions, may be 

critically dependent upon the statistics associated with the production of initiating 

electrons in the critical volume of the gap. How discharges develop will depend on 

the value of the applied voltage at the instant an initiating electron appears in the 

critical volume. 

The statistics of electron production are obviously highly complex for non-uniform 

field gaps. The initiating electrons will be produced mainly by detachment from 

negative ions [121] so their rate of production in the critical volume will itself 

depend upon the applied waveform. Long wavefronts may well result in sweeping 

the majority of negative ions out of a gap before the discharge can be developed. 

Previous chapters and some relevant work [103,104] had shown that the initiatory 

electrons have great etTect on breakdown characteristic. i.e., the minimum impulse 
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breakdown voltage decreases as the number of initiatory electrons increases beyond a 

certain limit. It would not be surprising that minimum impulse breakdown voltage 
--

increases as the wavefront increases since negative ions would be, more or less in 

number, swept out of the gap during the longer wavefront period and consequently, 

the number of initiatory electrons that can be detached from these naturally occurring 

negative ions is less. Indeed, it had been reported that almost all ions are swept out of 

the SF6 gas filled gaps in about 8J..ls[ 162]. It [I05] has been pointed out that non-

uniform-field breakdown involves the development of a series of streamer/leader 

steps that propagate from the point electrode towards the plane. Theoretically, there 

is evidence [17,80] that leaders propagate, not in continuous, but in a step-wise 

fashion, even in very short gaps. The physics governing the production of individual 

leader steps is not understood but at any given time in the development of a leader, 

whether a new step is produced or the leader simply dies out, may well depend upon 

the availability of free electrons in close proximity to the leader tip. Therefore, the 

probability of a leader, once initiated, propagating from the point to the plane, may 

also depend upon the negative-ion density and the rate of electron detachment 

throughout the gap. The increase in minimum impulse breakdown voltage as the 

wavefront increases may account for the sweep off action. 

It can be noticed that in all the gases/gas mixtures tested, the minimum impulse 

breakdown voltage decreases as negative space charges were injected. This was 

discussed as the effect of initiatory electrons detached from the negative ions 

injected. The rate of decreasing in minimum impulse breakdown voltage being the 

largest when wavefront is 12J..ls and the smallest when wavefront is 19J..ls. This could 



be explained readily considering the role of initiatory electron and the s\\'eepmg 

effect. When wavefront duration is relative short (eg 1.2~s), less negative ions are 

swept out during the relative shorter time period. So plentiful initiatiory electrons can 

be detached from negative ions, breakdown is more readily to occur and breakdO\\'n 

levels are lower. As the wavefront increases, more negative ions are to be swept out 

and the number of initiatory electrons is less. As a consequence, the decreasing effect 

on minimum impulse breakdown voltages due to negative space charges is not very 

pronounced for longer wavefronts. 

As for positive space charge injection, the minimum impulse breakdown voltage 

increases a little bit for short wavefront (eg 1.2~s), but for longer wavefronts, the 

minimum impulse breakdown voltage is not very much affected. As discussed 

previously, when no space charge is injected (Vc=OkV), the longer the wavefront 

period, the more naturally occurring negative ions in the gap would be swept out. 

It has been known [118,119] that the sweeping effect exists as positive bias voltage is 

applied (in [119] this kind of positive bias voltages were called sweeping voltage). 

As can be noticed from the results, for longer wavefronts, the minimum impulse 

breakdown voltage is almost unaffected by the positive space charges injection. It 

would be reasonable to suggest that, the sweeping effect due to the positive bias 

voltage does not have too much further effect because the majority of ions have 

already been swept out during the longer wavefront period. For shorter wavefront. 

the injection of positive space charges results in an increase in minimum impulse 

breakdown voltage. It can be explained as those naturally occurring negative ions 
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that are not able to be swept out during the shorter wavefront duration. are swept out 

under the effect of positive bias voltage. Therefore, under the shorter wa\efront 

duration, there is an increase in minimum impulse breakdown voltage. 

It was also noticed that for SF6/freon. mInImUm impulse breakdown voltage 

increases as the wavefront increases, but the rate of increasing is very small. For 

SF6/freon this phenomenon is believed to be associated with the creation of cr ions 

from the freon molecule. Recently, it [119] had been suggested that the chlorine 

molecule is associated with the enhanced dielectric strength of the mixtures, and 

indeed any other additive which is capable of producing negative ions of chlorine, 

will be beneficial in that it will mitigate the reduction in performance associated with 

the almost inevitable presence of water vapour and metallic conducting particles in 

GIS. These cr ions, preferentially produce very stable negative ions which do not 

readily detach. As it was discussed earlier, increase in wavefront would result in 

sweeping out the negative ions in the critical volume. It would not be difficult to 

understand that the sweeping effect on negative ions is not so pronounced as the rate 

of detachment of negative ions in SF6/freon mixtures is lower itself. 

6.5 Conclusions 

The general conclusions were drawn trom the chapter, 

1. In SF6, SFJair(50150) and SFJ~h(50/50) mixtures, the mInimum impulse 

breakdown voltage increases as the wavetront increases. This is concluded as the 



sweeping off action. In SFdR12(95/5) and SFJR20(95/5), the phenomenon is not 

very pronounced. This is related to ion chemistry. 

2. Minimum impulse breakdown voltage decreases as the negative IOns were 

injected. The longer the wavefront, the smaller the rate of decreasing in minimum 

impulse breakdown voltage. The reason is believed to be the sweeping off action 

being more significant as the wavefront increases. 

3. Minimum impulse breakdown voltage is not very much affected by the injection 

of positive ions, especially under longer wavefronts. It is understood that the 

naturally occurring negative ions in the gap are swept out effectively under positive 

dc bias voltage (sweeping voltage) or during the relatively long wavefront period. 

Consequently, there is not much difference whether positive ions were injected or 

not. 
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Chapter 7 General conclusions 

The impulse breakdown characteristics of SF6 and its mixtures in highly non-uniform 

field gaps were studied throughout the present work. Emphases were placed upon the 

effect of space charge, artificial irradiation, different gas mixtures, different additive 

gases and different wavefronts on impulse breakdown characteristics. 

Although high voltage equipment IS designed to work under uniform field 

conditions, high divergent fields are actually inevitable. The dielectric characteristics 

of uniform fields are fully studied and fairly well understood. On the other hand, the 

dielectric characteristics of gases in non-uniform fields are much more complicated 

and they are not fully understood. Earlier study [89] had shown that the non-uniform 

breakdown mechanism is much affected by space charge. The study of space charge 

effect on impulse breakdown characteristics of SF6 and its mixtures in highly 

nonuniform field gaps has become an increasingly important subject. Especially, 

since SF6 had been identified by the Intergovernmental Panel on Climate Change 

[167] as a potent greenhouse gas, there has been a tremendous need to find ideal 

substitutes for pure SF 6 insulation. 

The effect of space charge on impulse breakdown voltage was studied extensively 

using two kinds of space charge injection methods - corona pin arrangement and 

direct injection method. The study was carried out using pure SF6 and its mixtures 

with air, N2, R 12 or R20 as gaseous dielectrics. It had been found that space charges 



injected by either method have nearly the same effect on mInImUm impulse 

breakdown voltage and corona activity. The role of negative and positive space 

charges on breakdown and pre-breakdown processes is somewhat different. \\'hen 

negative space charges are injected, the minimum impulse breakdown voltage 

decreases while the corona activity increases. The reason is on account of abundance 

of initiatory electrons resulting from detachment of plentiful negative ions injected. 

For positive space charges, on the other hand, the minimum impulse breakdown 

voltage remains almost constant or slightly increases when the positive dc 

bias/applied voltages are relatively low. This is mainly because of the sweeping 

effect and it is helpful in obtaining improved voltage recovery by depleting the ion 

population. Further increase in positive bias/applied voltage results in the reduction 

in minimum impulse breakdown voltage. The phenomenon was noticed in some 

earlier studies [102, 117] and the effect of higher concentration of positive ions in 

reducing the breakdown strength is not understood at present and should be further 

investigated. 

The time lag measurement had shown that space charges, notably, negative space 

charges increase the mean value of time lag to breakdown. This is understood on the 

basis that there is an increasing probability that an initiating electron would appear in 

the critical volume when the voltage has reached the corona onset voltage. A 

filamentary corona will be established and it is necessary that the voltage be 

increased to a higher value and the field near the plane electrode be space charge 

enhanced before breakdown can take place. Thus the time lag to breakdown is 

relatively longer. 



An optical photomultiplier (PM) was used and the PM outputs were measured as the 

function of the dc bias voltage. It had been found that as the number of negatiye 

space charges increases, the output of PM increases. Whilst the PM output almost 

remain constant under the influence of positive space charges. The measurement is 

absolutely consistent with the breakdown and time lag measurement. The above 

conclusions were confirmed by PM measurement. 

It had been known that apart from the detachment of negative ions, the direct 

ionisation of neutral molecules by artificial irradiation or natural irradiation [122] is 

another possible source of free electrons. The effect of artificial irradiation is thus 

studied to achieve a better understanding of the initiatory electron effect. The 

initiatory electrons produced from the direct ionisation of neutral molecules by 

artificial irradiation (supplied by either a 12SW quartz-mercury lamp or a piece of 

SmCi capsule 137CS) and natural irradiation have effect on minimum impulse 

breakdown voltage and corona activity. It had been found that the direct ionisation of 

neutral molecules has the kind of effect that is similar to that of detachment of 

negative ions. 

A set of tests were so designed to study the combined effect of space charge and 

artificial irradiation. In the hope that it could be understood how much the 

breakdown and prebreakdown processes can be affected by initiatory electrons. It 

had been found that although initiatory electrons have considerable effect on 

breakdown and prebreakdown processes, there is a limit beyond which the 



breakdown and prebreakdown processes cannot be further affected by increasing 

initiatory electron population. It was concluded that there is a certain number of 

initiatory electrons which has to be reached so that the breakdown process can be 

initiated and further affected. It was also concluded that any extra initiatory electrons 

exceeding the number of the threshold make very little, if any, contribution to 

breakdown process. 

The effect of initiatory electrons was studied usmg SFJN2 (SO/SO) and SFJair 

(SO/SO) mixtures. It had been shown that initiatory electrons have the same effect on 

pure SF6 and its mixtures with air and N2. The results obtained in SF6IR12 (9S/S) and 

SF61R20 (9S/S) had shown that when the tests were carried out in either of these two 

chlorine-bearing additives, neither space charge nor artificial irradiation has very 

pronounced effect on breakdown or prebreakdown process. It is believed that these 

chlorinated freons preferentially produce very stable negative ions (Cr) which do not 

readily detach or ionise and consequently, there would be a definite reduced 

likelihood of initiatory electrons. 

The effect of different wavefront on breakdown characteristics in SF6 and its 

mixtures was studied, as it has been known that the rate of production of initiatory 

electrons is wavefront related. The tests were carried out in SF6, SFJair(SO/SO), 

SF61N2(SO/SO), SF6/R12(9S/S) and SF61R20(9S/S). It had been found that in SF6, 

SFJair and SFJN2, the minimum impulse breakdown voltage increases as the 

wavefront increases. This is concluded as the effect of sweeping otT action. It was 



also concluded that the sweepmg off action being the most significant when 

wavefront duration is long. 

The wavefronts have little effect on minimum impulse breakdown voltage measured 

in SF dR 12 and SF 6iR20. The present results add further evidence to the suggestion 

that the marked improvement in the insulating performance of SF 6 and hence to the 

tolerance of the gas to metallic particle in GIS when a chlorinated freon is present is 

related to ion chemistry. It is unlikely, however, due to environmental pressures, that 

in further GIS installations chlorinated freons would be considered as feasible. 

Indeed, at the present time, and again for environmental reasons, there is a drive to 

explore alternative gases to pure SF6 . A better physical understanding of the factors 

which contribute to "good" insulating gases will assist in making informed choices 

for the next generation of GIS. 
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Chapter 8 Recommendations for further studies 

As it was summarised in Chapter 1, the breakdown characteristics in nonuniform 

fields are more complicated than in uniform fields. The reason is probably due to the 

complex effect of space charge on breakdown process [3]. Nonuniform fields are 

inevitable in high voltage insulated equipment and there is considerable interest in 

the breakdown characteristics of nonuniform field gaps in SF6 and its mixtures. 

Although much work had been done and it [105] had been pointed out that 

nonuniform field breakdown involves the development of a series of streamer/leader 

steps which propagate from the point electrode towards the plane. It [106] had also 

been realised that the successful development of impulse breakdown relies on there 

being a supply of electrons in the gap volume such that each streamer step can be 

initiated. The breakdown mechanism in nonuniform field has not been, up until now, 

fully understood. The effect of space charge was studied and the influence of 

initiatory electrons were evaluated. It had been found that initiatory electrons, 

beyond a certain limit, have considerable effect on prebreakdown and breakdown 

processes. As a further proposal, the density of space charges is to be measured. Thus 

it could be determined how the initiatory electrons affect the breakdown and 

prebreakdown processes, quantitati vel y. 

A series of tests in the present work had shown that different SF6 mixtures with 

different buffer gases behave differently under the effect of initiatory electrons. This 

is believed due to the different ion characteristics, mainly ion mobility. The 

measurement of ion mobility would certainly help to obtain a better physical 

understanding of the factors which contribute to "good" SF6 mixtures. Consequently, 



it would be helpful in making informed choices for more benign SF6 mixtures. One 

of the practical ways of measuring ion mobility being considered was suggested bv 

Waters and other [166]. The method is based on the concept that the average 

mobility is a function of discharge current. 

The prebreakdown process under the effect of space charge and/or irradiation was 

observed using photomultiplier in the present work. If an image intensifier with a 

very high gain and a high speed camera were in use, more information about 

breakdown and prebreakdown processes could have been obtained. 

The sweeping effect was noticed as the positive ions were injected. It is of great 

interest to note that sweeping effect can increase the minimum impulse breakdown 

voltage. It is not understood, at present stage, that in what way and to what extent the 

minimum impulse breakdown voltages are affected by these positive ions. As the 

sweeping effect might have a potential effect on improving dielectric strength. The 

effect of positive ions and sweeping effect must be further studied. 
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