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ABSTRACT 
This paper deals with the experimental measurements and analysis of the forma- 
tive time lags to breakdown and an estimation of the Toepler’s constant for gas gaps, 
under the application of 50 Hz ac voltage. The experiments were carried out in a 
145 kV gas insulated system (GIS) bus duct with pure N,, pure SF, and SF,-N, 
mixture as insulating media. The formative time lags to breakdown in the gas gaps 
were measured using a fast response capacitive sensor. Toepler’s spark law has been 
used to explain the breakdown phenomenon in the GIS and the values of Toepler’s 
constant ( k , ) ,  which gives a n  estimation of the formative time lags, were deter- 
mined. Results show that the formative time lags vary inversely with gas pressure 
and the gas mixture concentrations for two gaps studied (0.46 mm and 0.61 mm). 
In the case of another gap (0.20 mm), the variation in the formative time lags with 
pressure as well as SF, concentration in the mixture has been found to he negligi- 
bly small between gas mixtures, although significant variation can be seen between 
pure SF, and pure N,. Toepler’s constant, k,,  increases with gas pressure as well 
a s  SF, concentration in the mixture for the gaps studied. Hence, k, is a function of 
the gas pressure and the concentrations of SF, in the gas mixture for the above- 
mentioned gaps. 

Index Terms - Gas insulated systems, very fast transient over voltage, 
Toepler’s spark law, formative time lags, SF,-N, mixtures. 

1 INTRODUCTION 
AS insulated systems (GIS) have become a major 

have been used with considerable success over the past 30 
years [l]. Despite their excellent performance over so many 
years, GIS have their own problems also. One of the im- 
portant issues of concern is the generation of very fast 
transient over voltages (VFTO) in GIS during switching 
operations, especially at operational voltage levels of 420 
kV and beyond [Z]. There are mainly two major sources of 
origin of the VFTOs in a GIs: switching of disconnec- 
tors/circuit breakers and earth faults. In both cases, there 
is an instantaneous voltage collapse during occurrence of 
breakdown either between the contacts of the disconnec- 
tor/breaker or between phase and ground, which leads to 
the generation of steep voltage surges with vely short rise 
times. In order to understand the complete phenomena 
behind the occurrence of these fast transients. it becomes 
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extremely important to know the total time required for 
the plasma channel to bridge the gap during breakdown, 
since this time determines the characteristics of the VFTO. 

With escalating power requirements worldwide, the 
components, which are interconnected in the GIS are also 
increasing day by day, thus making the GIS network more 
and more complex. It then becomes extremely difficult and 
tedious to measure these fast transient voltages through 
actual experiments conducted in the GIs. In such a case, 
VFTO characteristics can be analyzed using computer 
simulation methods, mainly the EMTP, and the basic re- 
lation, which has been successfully used for discon- 
nector/circuit breaker arc simulations, is the Toepler’s 
spark law [Z]. To successfully model and simulate the GIS 
for attaining different characteristics of the VFTO using 
Toepler’s relation, a major iequirement is the understand- 
ing of the formative time lags and the range of Toepler’s 
constant under different experimental parameters. 

Another issue of concern in recent years is related to 
the continuous use of SF, in GIS in spite of the fact that 
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SF, has been identified as a potent greenhouse gas (with 
the added difficulty of removing it from the atmosphere) 
contributing to the global warming of the environment. A 
possible solution to this problem is to replace SF, with a 
gaseous mixture of SF, and N,, as this mixture has been 
widely accepted as the best possible replacement to SF, 
for use as the insulating medium in GIS [l]. 

Based on the present scenario, it is quite possible that 
SF,-N, gas mixture might replace pure SF, in GIS in the 
near future. To allow confident and successful use of this 
gas mixture in GIS, it is necessary to analyze the VFTO 
characteristics in a GIS with SF,-N, gas mixture insula- 
tion and thus data on the formative time lags to break- 
down and the range of Toepler’sconstant has to he known. 
In this regard, the present work undertakes an experimen- 
tal investigation of the breakdown of a gap in a GIS under 
SO Hz ac voltage with SF,-N, gas mixture as the insulating 
medium. The formative time lags to breakdown were ex- 
perimentally determined and the values of Toepler’s con- 
stant were calculated using Toepler’s spark law at differ- 
ent gas/gas mixture pressures and different gas mixture 
concentrations. 

2 FORMATIVE TIME LAGS TO 
BREAKDOWN IN A GAS GAP 

In the present context, the formative time lags to break- 
down of a gas gap ( t , )  is defined as the time taken for the 
voltage to drop from 90% to 10% of its value during oc- 
currence of breakdown. This time corresponds to the in- 
terval when a conducting plasma channel bridges the in- 
ter-electrode gap equalizing the potential at both the elec- 
trodes. This conducting plasma channel is formed in a very 
short time, which is of the order of a few nanoseconds. 
During this time, the spark resistance changes from a very 
high value ( >> lo6 0) to a very low value ( 2 5 0) [3, 41. 
This time dependent arc resistance of the conducting 
channel is the main criterion that is considered while esti- 
mating the formative time to breakdown of the gas gap. In 
general, the arc resistance appears to be inversely propor- 
tional to some function of the arc current [SI. Many rela- 
tions obtained by theoretical or experimental methods are 
cited in literature to calculate the instantaneous value of 
the spark channel resistance [SI. But, it has been found 
that only two relations, namely, the relation obtained by 
Weizal and Rompe and the Toepler’s empirical relation 
agree with experimental data over short time intervals 
(order of nanoseconds) [61. 

The experimental gap range used by Toepler [SI is very 
much close to the gaps considered in the present study as 
compared to the inter-electrode gaps used by various ear- 
lier researchers [S, 71. Taking this fact into account and 
also because of its proven relevance with respect to VFTO 
phenomena in GIS, Toepler’s relation is used to explain 
the breakdown behavior in the present investigations. 

According to Toepler, the instantaneous value of the 
spark resistance R ,  is inversely proportional to the charge 
conducted through the spark channel [61. 

k, R, = I -  p 
where I is the length of the discharge gap in cm, i the 
discharge current in A and k,  the Toepler’s constant in 
Vs/cm. 

If the spark is due to a discharge of an ideal capacitor, 
the instantaneous voltage during breakdown, U is [41 

V 
U =  

l + e x p [ ~ k ; I t ~ ~ - ’ ]  

where V is the breakdown voltage in V and If, the forma- 
tive time lag to breakdown in ns. 

From equation (2) [41 

4.4x106k,l  
tf = V (3) 

The dependence of the formative time lags to break- 
down o n  the gas pressure in the case of very small air gaps 
has been experimentally determined by Mesyats et. al. [71. 
A similar study was undertaken by Vorob’ev et. al. [81 to 
study the effect of conductivity formation in the spark in 
various gases and concluded that the breakdown time of 
the gap is a function of the gas pressure in the case of air, 
N,, H,, CO,, He and CCI,F,. Toepler obtained the first 
value of Toepler’s constant (1.5 x I O - ‘  Vs/cm) by fitting 
experimental results of arc resistance vs time [91. Pfeiffer 
[lo] obtained a Toepler’s constant value of O S X l O - *  
Vs/m for air, N, and SF,. Osmokrovic et. al. [41 carried 
out experiments to measure the formative time lags to 
breakdown in a few gases and gas mixtures and found out 
that the formative time lags as well as the Toepler’s con- 
stant are functions of various GIS parameters like pres- 
sure, mixture concentration, gap distance, the field inho- 
mogeneity of the inter-electrode gap etc., but at gaps in 
the range of 1 mm to 5 mm only and mainly under dc 
stress. However, to the authors’ knowledge, formative time 
lags and values of Toepler’s constant at very small gaps 
with SF,-N, gas mixture insulation and under SO Hz ac 
voltage are not available in literature. 

3 EXPERIMENTAL SET-UP AND 
PROCEDURE 

The experiments for measuring the formative time lags 
to breakdown were carried out in a 145 kV GIS bus duct 
shown in Figure 1 [ l l l .  The GIS bus duct has an in-built 
and adjustable hemispherical electrode gap with S cm di- 
ameter electrodes. The busbar is open at one end and the 
open length of the busbar from the point of breakdown of 
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Figure 1. Experimental set-up for measurement of formative time 
lag. 

the gap is 2.45 meters. Formative time lags to breakdown 
were measured at gap distances of 0.20 mm, 0.46 mm and 
0.61 mm respectively in SF,-N, gas mixture with concen- 
trations of SF, varying from 0 to 100% in the pressure 
range 100-500 kPa. For accurate measurements and also 
to confirm the alignment of the electrode surfaces, the 
gap spacings were measured using a filler gauge to an ac- 
curacy better than +OS%. Once the gap was adjusted, 
experiments in all gas mixture ratios and at different 
gas/gas mixture pressures were conducted without dis- 
turbing the gap again. The gas pressure in the GIS was 
measured with a pre-calibrated pressure gauge connected 
to the bus duct to an accuracy of up to +5%. The HV bus 
was excited with a sinusoidal voltage of 50 Hz from a 150 
kV HV test transformer. Over the range of voltages in the 
present study, the transformer is assumed to be discharge 
free. 

The bus duct was initially evacuated to a very low pres- 
sure of around lo-' kPa to remove air, moisture and other 
contaminants present inside. The duct was then filled with 
the appropriate gas in which experiments were per- 
formed. In the case of pure SF, and pure N,, the gas 
(99.9% purity) was filled directly and left for about 1 h 
before starting the experiments. For preparing SF,-N, 
mixtures, the duct was filled according to the partial pres- 
sure of the gases. In this method, the gas having the lesser 
percentage content in the mixture, i.e., SF, in the present 
case is let in first followed by the gas with higher content 
in the mixture, i.e., N,. Between successive breakdowns, a 
time delay of approximately 10 minutes was provided. The 
handling of SF, gas, i.e., evacuation, pressurizing and re- 
cycling etc., was done with the help of a gas recycling and 
pressurizing plant. 

The formative time lags to breakdown were measured 
using a fast response capacitive sensor, which was de- 
signed and developed specifically for this purpose [12]. The 
voltage rise time of the sensor (the time to rise from 10% 
to 90% of the full amplitude) is sufficiently steep for mea- 
suring the voltage rise of a disconnector induced fast tran- 
sient. This has been experimentally verified by a step re- 
sponse measurement and the rise time has been found to 
he approximately 2.1 ns [12]. The fast transients generated 
due to the breakdown of the gap are recorded on an oscil- 

loscope (200 MHz Tektronix digital storage oscilloscope 
having a sampling rate of 1 Gs/s and 1.2 ns rise time). 
The values of the formative time lags to breakdown for 
each setting (i.e., for a given gap, gas mixture ratio and 
gas pressure) during the current investigations has been 
obtained by taking an average of 30 measurements. The 
experimental error in the measurements (from the capaci- 
tive sensor and the oscilloscope) has been taken into con- 
sideration while arriving at the final value of the formative 
time lag. The rate of increase of the applied voltage lead- 
ing to the breakdown of the gap was maintained at a con- 
stant rate to ensure that the breakdown of the gap occurs 
at the peak of the ac voltage wave. The readings recorded 
at each of the settings were consistent in all the break- 
downs, with occasional occurrences of minor variations, 
but those were limited to a maximum of +2%. A sample 
measurement with different parameters of interest is 
shown in Figure 2. 

4 RESULTS AND DISCUSSIONS 
Figure 2 shows the fast transient waveforms (measured 

using the capacitive sensor) generated during breakdown 
in the gas gap. It is quite clear that the formative time (t,) 
can be measured from the fast transient waveform 
recorded at the lower time scale (5  ns/div). As soon as the 
breakdown of the gap occurs and the spark channel bridges 
the inter-electrode gap, a surge is generated (during the 
time period shown by points 0 and A in Figure 2) which 
shows the equalization of potential at the other electrode. 
This time gap between 0 and A thus gives the breakdown 
time (or formative time lag) of the gap. Since the busbar 
acts as a lossless transmission line, the voltage wave gen- 
erated due to breakdown of the gap travels along the bus- 
bar and gets reflected from all the impedance mismatch 
points and finally from the open end of the bus. This re- 
flected voltage wave gets superimposed on to the original 
voltage wave starting at point A and the final reflected 
wave from the open end of the bus reaches at point B as 
seen in Figure 2 (recorded at  5 ns/div). Consequently, the 
oscillations as seen in the fast transient waveform are due 
to the superimposition of these reflected travelling waves. 
The waveform recorded at 50 ns/div. shows the main fre- 
quency of the dominating VFTO component ( c 20 MHz), 
which is determined by the total length of the experimen- 
tal set-up, At all the gap spacings and at different gas or 
gas mixture pressures and different gas mixture ratios, the 
waveforms were recorded and the formative time lags to 
breakdown were measured in a similar way. 

The formative time lags at the gap spacing of 0.20 mm 
are shown in Table 1 whereas data at the other two gaps 
are shown as variations with respect to the gas pressure 
and gas mixture concentration in Figures 3-6. Figures 3 
and 4 show the variations of the formative time with gas 
pressure and concentrations of SF, in N,, respectively for 
0.46 mm gap. Similarly, for the gap spacing of 0.61 mm, 
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Table 1. Formative time lags (in ns) in gases/gas mixtures at a gap 
spacing of 0.2 mm and different gas pressures. 
Pressure Pure 40%SF6- 20%SF6- 15%SF6- 10%SF6- 5%SF6- Pure 

(kPa) SF6 60%N, 80%N, 85%N, 90%N2 95%N2 N, 
100 4.95 4.95 4.95 4.95 4.95 4.95 5.50 
200 4.39 4.95 4.95 4.95 4.95 4.95 5.50 
300 4.39 4.95 4.95 4.95 4.95 4.95 5.50 
400 4.39 4.39 4.39 4.95 4.95 4.95 5.50 
500 4.39 4.39 4.39 4.39 4.95 4.95 4.95 

' 

the variations of the formative times with gas pressure and 
SF, 'concentration are shown in Figures 5 and 6 respec- 
tively. 

Using Toepler's Spark Law and the values of formative 
time lags and breakdown voltages obtained from the pre- 
sent experiments (Table 2), the values of Toepler's con- 
stant were also calculated for the gaps of 0.46'mm and 
0.61 mm. The values of Toepler's constant were not calcu- 
lated in the case of 0.20 mm gap since no significant varia- 
tions in the formative time lags could be observed in gas 
mixtures with variations of the gas pressure and gas mix- 
ture concentration. For 0.46 mm gap, the variations of the 
Toepler's constant with respect to the gas pressure and 

2 5  
100 2AO 340 400 500 

Pressure (kPa1 
Figure 3. Pressure YS formative time tags at 0 46 mm gap. A SF6; 

20% SF6-80% N,, a 10% SF6-90% N2; N,. 

the concentration of SF, are shown in Figures 7 and 8, 
respectively. In the same way, Figures 9 and 10 show the 
variations of the Toepler's constant with the gas pressure 
and gas mixture ratio at the gap spacing of 0.61 mm. 
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Figure 4. %SF, in N, vs formative time lags at 0.46 mm gap. 8 100 
kPa; 0 200 kPa; A 300 kPa; 7 400 kPa; * 500 kPa. 

Table 2. Breakdown voltages at different gas mixture concentrations 
and gas pressure in all gap spacings. 

Breakdown Voltage (kV) 
Gap Pressure Pure 40%SF6 20%SF6 15%SF6 10%SF6 5%SF6 Pure 

(mm) (kPa) SF6 inN, inN, inN, inN, inN, N, 
0.20 100 2.3 1.85 1.28 1.24 1.043 1.0350.633 

200 3.22 2.43 2.24 2.14 1.898 1.6621.15 
300 5.3 3.47 3.2 3.1 2.956 2.82 2.3 
400 7.47 6.55 6.13 5.45 5.12 4.492.85 
500 9.27 8.86 7.96 7.06 6.53 5.44 3.24 

0.46 100 3.54 NA 2.65 NA 2.07 NA 1.44 
200 6.9 5.37 4.84 2.75 
300 10.98 8.58 6.81 4.35 
400 15.61 11.49 9.84 6.94 
500 18.88 14.58 12.7 8.63 

0.61 100 5.35 4.06 3.6 NA 2.86 2.0971.8 
200 8.02 6.7 5.84 5.22 4.94 3.6 

7.68 7.35 5.3 300 11.95 10.14 9.08 

500 19.23 17.42 15.77 14.18 13.03 9 
400 16.6 14.21 12.35 10.45 10.01 7.2 

NA: Not available 
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Figure 6. %SF, in N, vs formative lime legs at 0.61 mm gnp. 100 
kPa; 200 kPa; A 300 kPa; v 400 kPa; A 500 kPa. 

Figure 8. %SFs in Ni vs Toepler's conatdm at 0.46 mm gap. 8 100 
kPa; 0 200 kPa; A 300 kPa; 7 400 kPa; A 500 kPa. 
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Figure 9. Pressure vs Toepler's constant at 0.61 m m  gap. v N,; A 
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Figure 10. %SF, in N, YS Toepler's constant at 0.61 mm gap. 
100 kPa; 0 200 kPa; A 300 kPa; v 400 kPa; + 500 kPa. 

4.1 FORMATIVE TIME LAGS TO 
BREAUDOWN 

It can be observed from Table 1 that the formative time 
to breakdown of 0.20 mm gap do not vary significantly 
(except for variations between pure SF, and pure N,) irre- 
spective of changes in the gas pressures at different gas 
mixture ratios. In pure N,, the time to breakdown re- 
mains constant with increasing pressure except at 500 kPa 
where it is lower. In the case of pure SF,, the formative 
time remains constant at 4.39 ns at all pressures except at 
100 kPa and these lie in the time range specified earlier in 
literature [Z, 31. With regards to SFti-N, mixtures, the for- 
mative time lags are constant at 4.95 ns at all pressures 
with 10% SF, in N,, while at mixtures containing 20 and 
40% SF,, it remains constant at 4.95 ns till 300 kPa pres- 
sure and reduces to 4.39 ns at 400 and 500 kPa. This ob- 
servation is quite interesting, since Toepler's theory shows 

that the formative time to breakdown of a gas gap is in- 
versely proportional to the breakdown voltage of the gap 
(equation 3). Now, it is well known that the breakdown 
voltage of a gap is a function of the gas/gas mixture pres- 
sure as well as with the gas mixture concentration and 
therefore with changes in these parameters, the formative 
time lags to breakdown should be inversely varying with 
respect to these parameters. In spite of the value of the 
breakdown voltage being different at different gas/gas 
mixture pressures and different gas mixture ratios, the 
formative times remain practically analogous over the 
pressure range studied. A possible explanation is given be- 
low. 

The delay time of a breakdown of a gas gap, f d  consists 
of two components-the statistical component f,, deter- 
mined by the time required for the effective initial elec- 
tron to-appear in the gap and the formative time, f, re- 
quired for the formation of discharge which doesn't de- 
pend on the electrode current from the cathode, i.e., 

f d  = f, + t, 
For E/p > 52.5 kV/m-Pa (i.e., for gaps of the order of a 

millimeter or more), where E is the breakdown field 
strength and p the gas pressure, the discharge formation 
time, f, consists primarily of the time required for a single 
avalanche to reach critical size, when the space charge 
field is equal to the external field. Here the avalanche 
becomes a streamer, which develops much more rapidly 
than the avalanche itself. The time required for this rapid 
development of the streamer in the gap is very small and 
is of the order of nanoseconds and in many cases it is 
ignored during calculations. In the present investigations, 
the gap under study is 0.20 mm which is very small and 
the observations ofvery small formative time lags (4.39-5.5 
ns) is as expected. But, a possible reason behind the negli- 
gible change in the formative time lags with respect to the 
gas/gas mixture pressure and the gas mixture concentra- 
tion may be that due to the very small gap, the time taken 
for the discharge to bridge the gap is practically the same 
at different gas pressures and gas mixture concentrations 
as explained earlier. From Table 1, it can be observed that 
the values in the formative time lags in pure SF,, pure N, 
and SF,-N, gas mixtures (at different mixture ratios) are 
very close. Considering the overall nature of the formative 
time lags in this gap, it can be assumed that the role of 
the formative time lags to breakdown in the discharge 
process is insignificant. These observations seem to closely 
agree with the results of Pfeiffer [13], which shows that for 
approximately uniform fields and small gap separations, 
the difference in the time lags (formative time) between 
N, and SF, does not seem to he very important. 

In the case of 0.46 mm, it can be seen from Figures 3 
and 4 that there is a continuous decrease in the formative 
time lag with increasing gas/gas mixture pressure and SF, 
concentration in the GIS bus duct. A similar observation 
can be made for the gap spacing of 0.61 mm from Figures 
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5 and 6. The formative time lag is a function of the break- 
down voltage having an inverse relationship (equation 3). 

' It is known that the breakdown voltage increases with in- 
creasing gas/gas mixture pressure and SF, concentration 
in N,. Hence, a decrease in the formative time lags with 
respect to these parameters is observed when they are in- 
creased in the GIS at both gap spacings. It can be ob- 
served in Figures 3 and 5 that there is a wide difference in 
the formative time lags at different gas mixture pressures 
between pure N, and SF,-N, mixtures. This is due to the 
large difference in the corresponding values of breakdown 
voltages. The lowest values of the formative time were ob- 
served in pure SF, at 500 kPa in both the gaps. 

It can he further ohserved from Figures 3 and 5 that 
there is a steep decrease in the formative time lag when 
10% SF, was added to N, in both the gaps, the steepness 
being more at higher pressures. This is as a result of the 
sudden and steep increase in the breakdown voltage when 
10% SF, was added to N, in both the gaps. Beyond 10% 
SF, concentration, the steepness is observed to reduce and 
the formative time lags start to saturate at higher concen- 
trations of SF, in the gas mixture at both gap spacings. 
The saturation occurs because the breakdown voltages of 
the gaps also tend to saturate beyond 40% SF, concentra- 
tion in the gas mixture. 

4.2 TOEPLER'S CONSTANT 
An important parameter in Toepler's relation men- 

tioned earlier is the Toepler's constant k, ,  which gives an 
estimation of the formative time lags to breakdown for a 
particular gas gap and it is necessary while modeling the 
breakdown phenomena in a GIS. Using Toepler's relation 
in equation 3 and substituting the values of formative time 
lags (f,) and the breakdown voltage (VKTable 2) obtained 
from the present investigations, Toepler's constant is cal- 
culated for 0.46 mm and 0.6 mm gaps. 

In the present investigations, it has been observed that 
the variations in the formative time lags to breakdown is 
small with respect to variations in the gds/gas mixture. 
pressure and gas mixture concentration at the gap spacing 
of 0.20 mm [Table I]. Therefore, the values of Toepler's 
constant were not calculated for this particular gap. 

For 0.46 mm, it can he seen from the variations of 
Toepler's constant ( k , )  in Figures 7 and 8 that the values 
of k,  increase with increasing gas/gas mixture pressure 
(almost linearly) and SF, concentration in the bus duct. 
Similar observations can be made in the case of 0.61 mm 
gap also from Figures 9 and 10 and k,  is scen to increase 
with respect to the gas/gas mixture pressure (almost lin- 
early) and SF, concentration. In 0.46 mm, Toepler's con- 
stant lies in the range of 0.33 X Vs/cm-2.75 X 10V4 
Vs/cm whereas it ranges from 0.33 X Vs/cm to 1.84 
X Vs/cm in 0.61 mm over the experimental pressure 
range at different SF,-N, gas mixture ratios. From Toe- 
pler's Law in equation (31, it can be seen that Toepler's 
constant is directly proportional to the product of the for- 

mative time lag and the breakdown voltage of the gap. 
The breakdown voltage of the gap increases with increas- 
ing gas/gas mixture pressure and SF, concentration in the 
bus duct, whereas the formative time lags decrease with 
the above parameters for the same gap length, but not in 
direct proportion to the variations in the breakdown volt- 
age. Hence, k ,  will not remain constant with variations in 
the above parameters. In the present work, an increase in 
the Toepler's constant is observed for both the gaps. The 
lowest value of Toepler's constant is seen in pure N, and 
it increases to a maximum value in pure SF, in both the 
gaps. 

The variations of the Toepler's constant with the SF, 
concentration in Figures 8 (0.46 mm) and 10 (0.61 mm) 
are similar to the variations of the breakdown voltage of 
the gaps with respect to the concentration of SF, at 0.46 
mm and 0.61 mm, respectively (Table 2). The characteris- 
tics clearly exhibit a non-linear trend, which are more pro- 
nounced at higher gas pressures (400-500 kPa). There is a 
steep increase in the value of the Toepler's constant on 
addition of 10% SF, to N, at all pressures in both gaps 
with the steepness being more at higher pressures (400 
'and 500 kPa). This observation is as a result of the appre- 
ciable increase in the breakdown voltage of the gap on 
addition of 10% SF, to N,. With further increase in the 
percentage of SF, in  N,, the increasing trend in the 
Toepler's constant starts decreasing and it almost satu- 
rates between 40% SF6-60% N, mixture and pure SF,. A 
similar trend can he ohserved from the characteristic of 
SF, concentration in N, with respect to the attachment 
coefficient (?/PI observed by various researchers [141. In 
their results also, the values of attachment coefficient sat- 
urates when the SF, concentration in N, increased be- 
yond 40%. Although, the results obtained by earlier re- 
searchers were under different theoretical and experimen- 
tal conditions, the dependence of the effective ionization 
coefficient [ (a-q) /p ,  where a is the Townsend's first ion- 
ization coefficient] on the concentration of SF, in N, is 
similar in all the cases and thus it cannot be entirely ne- 
glected. It has been found that the breakdown voltage sat- 
urates when the percentage of SF, in an SF,-N, gas mix- 
ture is increased beyond 40%. Since the breakdown volt- 
age is a function of the effective ionization coefficient of 
the gas mixture, it may be concluded that the breakdown 
behavior with respect to the concentration of SF, will be 
similar. From this point of view, it may be appropriate to 
mention that Toepler's constant can be a function of the 
effective ionization coefficient [(a.-?)/pl  of the gas/gas 
mixtures alsq. 

5 CONCLUSIONS 
H E  present study dealt with the experimental T measurements of the formative time lags to break- 

down of 3 gap in a GIS. The validity of Toepler's spark 
law in analyzing the formative time lags with respect to 
the V I T O  phenomena in a GIS was also investigated. 
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Taking into consideration the Toepler's constant ap- 
proach to modeling the breakdown phenomena in a GIs, 
the range of Toepler's constant was evaluated at different 
gap spacings in the GIS using Toepler's spark law. 

It  has been observed that at a gap spacing of 0.20 mm, 
the formative time lags to breakdown of the gap in the 
GIS do not change significantly over a pressure range of 
100-500 kPa at different concentrations of SF, in the SF,- 
N, gas mixture. But at the other two gaps of 0.46 mm and 
0.61 mm, significant variation in the formative time lags 
are observed with respect to the gas/gas mixture pressure 
and the SF, concentration in the gas mixture. The forma- 
tive time lags,have been found to decrease with increasing 
gas/gas mixture pressure and SF, concentration. At these 
gaps, the values of Toepler's constant were calculated us- 
ing the Toepler's relation. Values of Toepler's constant in 
both these gaps were found to be dependent on the 
gas/gas mixture pressure and SF, concentration. The in- 
fluences of these parameters on the value of the 
Toepler's constant are quite significant. The variations of 
the Toepler's constant with respect t o  the gas/gas mixture 
pressure and the SF, concentration in the GIS show an 
increasing trend. In this case also, the breakdown voltage 
is the major controlling parameter. 
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