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Summary 

This thesis reviews the use of sulphur hexafluoride (SF6) as an insulating medium in the 

electrical power industry and quantifies the potential global warming effects associated 

with its continued use. A mixture of Trifluoroiodomethane (CF3I) and carbon dioxide 

(CO2) is suggested as a potential alternative to SF6, and its insulation properties are 

examined. Pressure mixture ratios of 10%:90%, 20%:80% and 30%:70% CF3I-CO2 are 

used in the laboratory test programme.  

 
A test rig has been developed to safely fill and recover gas mixtures of CF3I-CO2 in 

switchgear. Practical medium voltage (MV) switch disconnectors and ring main units are 

used to test the insulation properties of CF3I-CO2 gas mixtures and compared with SF6 

using standard lightning impulses (1.2/50 µs). The experimental mixture ratios are used 

to identify how the insulation strength varies depending on the content of CF3I used. The 

switchgear is filled to its normal and minimum operating pressure to observe the reduction 

in insulation performance of the gas mixtures when the pressure is reduced. The insulation 

strength is measured using the 50% breakdown voltages (U50) and withstand strengths of 

each gas mixture in accordance with international standards. 

 
The effective ionisation coefficients of various CF3I-CO2 gas mixtures are calculated. 

This process identified the estimated critical reduced electric field strengths of several 

CF3I-CO2 gas mixtures. Furthermore, electric field simulations utilised the effective 

ionisation coefficient functions and the contact geometry of a switch disconnector to 

predict the likelihood of a flashover occurring for various CF3I-CO2 gas mixtures. 

 
This investigation shows that CF3I-CO2 can successfully be used to insulate practical MV 

switchgear but is dependent on equipment design and operating pressure. It has 

previously been indicated that by-products of CF3I make it unsuitable to interrupt high 

current. Therefore, it is suggested in this study that CF3I-CO2 gas mixtures can be adopted 

to insulate equipment such as vacuum circuit breakers. 
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CHAPTER 1 
 
 

INTRODUCTION 

 
 
 
 
 
 
1.1 Background  

SF6 is utilised throughout the world in distribution and transmission networks as an 

insulating medium in a large range of gas insulated switchgear (GIS) for switching, earth 

switching, circuit breaking and general circuit protection. Common GIS equipment used 

on the distribution networks include: Ring Main Units (RMUs), switches, switch 

disconnectors, circuit breakers and contactors all using SF6 to either insulate the 

equipment or to quench an arc when a circuit is broken or switched. SF6 is also the 

insulating medium of choice in gas insulated lines (GIL) where the gas is used to insulate 

high voltage lines. 

 
At the beginning of the 1980s, the main insulating medium for medium voltage (MV) [1] 

circuit breakers was oil or air. At that time, vacuum and SF6 insulation was only used in 
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Chapter 5: A comparative explanation of the results obtained from lightning impulse 

breakdown tests of SF6 and CF3I-CO2 gas filled switch disconnectors. These results 

include the 50% breakdown voltage (U50) and the withstand strength of the distribution 

equipment as typically carried out by manufacturers based on BS60060-1. 

 
Chapter 6: The use of the programme BOLSIG+ to calculate the effective ionisation 

coefficients of CF3I-CO2 gas mixtures, from which likely insulating capabilities can be 

predicted. The results of simulations carried out using the programme COMSOL. The 

results are evaluated and compared against the practical results obtained in Chapter 5. 

 
Chapter 7: This chapter sets out a proposal for CF3I insulated vacuum switchgear and 

whether it could be a viable alternative to SF6 in the future. 

 
Chapter 8: A conclusion of the research that has been carried out in this thesis and further 

studies that could be conducted in the future.   
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CHAPTER 2. 

 
 

LITERATURE REVIEW OF SF6, CF3I 
AND CF3I GAS MIXTURES 

 
 
 
 
 
 
 
2.1 Introduction 

This chapter examines the published literature with regards to characterising various 

gases when utilised as an insulation medium. It also explores the various advantages and 

disadvantages of each gas when used for this purpose. 

 
In this chapter, SF6 is characterised and the inherent qualities which make it a widely used 

insulating medium today are examined. The present day use of SF6 is then explored and 

the effects that this could have in the UK and worldwide are examined. 

 
The next areas of interest in this chapter are the various gas alternatives to SF6 that have 

been suggested along with alternative technologies and their limitations. The reasons why 

these are not used today instead of SF6 are also described. 
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ar = RF per unit mass increase in atmospheric abundance of the reference gas CO2 

(radiative efficiency) 

[Cr (t)] = time-dependent abundance of the reference gas CO2 

The numerator and denominator are called the absolute global warming potential 

(AGWP) of component gas (i) and the reference gas (CO2) respectively. 

 
The GWP of SF6 and CF3I relative to CO2 are shown in Table 2.1. 

 
Table 2.1: Global warming potential for SF6 and CF3I [14] [9]. 

 Global Warming Potential  
for Given Time Horizon 

Common 
Name 

Chemical 
Formula 

Lifetime 
(Years) 

Radiative 
Efficiency 

(W m-2 ppb-1) 

SAR 
(100-
yr) 

20 Yrs 100 
Yrs 

500 
Yrs 

Carbon 
Dioxide CO2 - 1.4×10-5 1 1 1 1 

Sulphur 
Hexafluoride SF6 3200 0.52 23900 16300 22800 32600 

Trifluoroiodo 
methane CF3I 0.005 - - 1.2 - 5 < 5 < 5 

 
SAR = Second assessment report by the IPCC (1995) 

 
2.3 Electronegative gases 

An electron pair is subject to a tug-of-war between the two atoms that share it. The 

covalent bond it forms acquires some ionic character if one atom has a greater pulling 

power than the other atom, because then the electron pair is more likely to be found closer 

to one atom than to the other. The electron-pulling power of an atom when it is part of a 

bond is called electronegativity (EN) [30]. 

 
The simplest analogy is to think of electronegativity as the ability of an atom to compete 

for electrons, as such, it is related to the ionization energy (I) (kJ mol-1) and electron 

affinity (EA) (kJ mol-1) of the element. If the ionization energy is high, then electrons are 

given up reluctantly. If the electron affinity is high, then no more energy is needed to 

attach electrons to an atom. Elements with high values of both these properties are 
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reluctant to lose their electrons and tend to gain them; hence, they are classified as highly 

electronegative. Conversely, if the ionization energy and the electron affinity are both 

low, then it takes very little energy for the element to give up its electrons and its tendency 

to gain other electrons is low; hence the electronegativity is low [30]. 

 
Figure 2.1 shows the variation of electronegativity for the main-group of elements of the 

periodic table based on the scale devised by Linus Pauling (1901-1994). Because 

ionization energies and electron affinities are highest at the top right of the periodic table 

(close to fluorine), it is not surprising to find that nitrogen, oxygen, bromine, chlorine, 

and fluorine are the elements with the highest electronegativities. Whenever these 

elements are present in compounds, we can expect their atoms to pull strongly on 

electrons shared with their neighbours. Electrons will still be shared with the less 

electronegative atom, but the sharing is unequal, and the electron cloud will be denser on 

the atom of the more electronegative element [30]. 

 
Figure 2.1: Electronegativity of elements [31]. 

 

2.3.1 SF6 bonds 

A sulphur hexafluoride molecule, SF6, has six atoms of fluorine attached to the central 

sulphur atom and no free electrons to form extra bonds on that atom. According to the 

valence-shell electron-pair repulsion (VSEPR) model, the fluorine atoms are farthest 

apart when four lie in a square around the equator and the remaining two above and below 
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2.4.3 Limiting field strength  

The limiting field strength (E/N)lim has been estimated using the effective ionisation 

coefficients described previously. Figure 2.8 shows that CF3I-N2 mixtures may have a 

slightly higher limiting field strength than CF3I-CO2 gas mixtures but, above a 50% 

concentration of CF3I, there was very little difference. It was also shown that mixtures of 

CF3I-CO2 and CF3I-N2 have a higher limiting field strength than pure SF6 when the 

mixture contains more than 70% CF3I [34]. 

 
Figure 2.8: The limiting fields (E/N)lim as a function of CF3I or SF6 gas content k [34]. 

 

2.5 Breakdown mechanisms 

There are two distinct types of breakdown, depending on the rate at which the voltage is 

applied to a contact gap. When voltage stress is applied relatively slowly, as with 

alternating voltage or long rise time switching surges, corona space charge plays an 

important part in controlling the field distribution by the corona stabilisation process. 

With shorter rise time surges i.e. lightning impulse or fast transients, breakdown occurs 

directly by a stepped leader mechanism [11]. For short rise time surges, the breakdown 

voltage is lower when the high field electrode is positive [11]. Therefore, more focus will 

be given to breakdown under positive point conditions. For positive point conditions, 

electrons trigger leader breakdown readily from the detachment of negative ions in the 

vicinity of the point. However, for negative point conditions, electrons are produced by 

field emission [11]. 
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2.5.3 Practical breakdown levels in GIS 

Usually, the design of HV GIS are configured so that the stresses exerted, under ideal 

conditions, are less than 50 percent of the critical electric field strength (Ecrit) [11]. This 

means that streamer inception will not occur even at the full rated impulse level [11]. 

However, it is important to note that, in practice, small scratches, free floating particles 

or other defects that affect the inner electrodes surface may result in streamer formation 

at reduced voltage. Such defects would probably be detected only under impulse-voltage 

test conditions at levels close to the lightning impulse withstand strength of the switchgear 

[11].  

 

2.6 Review of experimental tests 

This section reviews the experimental tests that have previously been undertaken with 

CF3I or CF3I gas mixtures used as an alternative insulation medium to SF6. The principle 

of gaseous insulation is based on the dielectric strength of the gas that is between two 

electrodes and its ability to prevent a breakdown occurring between them. A breakdown 

signifies the collapse of the dielectric strength of the gas that is between two electrodes 

which in practice is shown as the collapse of the voltage that has been sustained between 

two electrodes before breakdown occurred. 

 
2.6.1 Partial discharge inception voltage 

The partial discharge inception voltage (PDIV) for CF3I has been analysed using a needle-

plane electrode system of radius tip 0.5mm and a gas gap of 10mm as shown in Figure 

2.11. 
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Figure 2.11: AC PDIV and sparkover voltage (BDV) in CF3I and SF6, needle (0.5 mm)-

to-plane electrode configuration, gap length is 10 mm [39]. 

 
The negative partial discharge inception voltage in CF3I was almost the same as that of 

SF6 at 0.1 MPa [39]. The positive partial discharge inception voltage in CF3I was 70% 

and 40% higher than that of SF6 at 0.1 MPa and 0.15 MPa respectively [39].  

 
2.6.2 Gas insulation for short rise time surges (lightning impulse) or fast transients 

or slowly applied switching surges   

Most power systems use alternating voltages. However, insulation against breakdown 

may need to be at least twice that required for operating voltage, since transient 

overvoltages of higher levels may occur. These may be caused by lightning strikes, near 

to or upon an overhead line, by switching operations in the power system, or by temporary 

increases in the level of the operating voltage. Lightning strikes and switching operations 

are the most frequent and dangerous so the insulation is designed with this in mind [33].  

 
The lightning impulse is an approximation of the disturbance caused by a lightning strike. 

These impulses may be reflected from discontinuities in the transmission line, with 

consequent increase in voltage. For this reason, testing of high voltage apparatus is carried 
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out under an impulse voltage related to, but much higher than, the proposed operating 

voltage [33]. 

 
2.6.3 Breakdown voltage characteristics of SF6, CF3I and CF3I gas mixtures 

In [10], the breakdown voltage characteristics and insulation performance of CF3I, CF3I-

CO2 and SF6 using a standard lightning impulse voltage have been investigated with 

fifteen breakdown tests being carried out for each gas. The experimental setup for testing 

the 50% breakdown voltage of different gas mixtures, at 0.1 MPa (abs), used a set of 

spherical electrodes made of stainless steel [10]. 

 
The 50% breakdown voltage, shown in Figure 2.12, shows gas mixtures of CF3I and CO2 

compared with SF6, plotted as a function of the CF3I percentage. The insulation 

performance of CF3I (100%) was about 1.2 times better than SF6. The insulation 

performance of CF3I-CO2 increased linearly with the proportion of CF3I. When the CF3I 

content was about 60%, the dielectric strength was approximately equal to that of SF6 

whilst the dielectric strength of CF3I-CO2 (30%:70%) was about 0.75 to 0.80 times that 

of SF6 [10]. 

 
Figure 2.12: Positive breakdown voltage characteristics in CF3I-CO2 at 0.1 MPa (abs), 

spherical-to-spherical electrode configuration (diameter 50.8 mm), gap length is 10 mm, 

fifteen breakdown tests for each gas mixture with a standard lightning impulse [10]. 
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Figure 2.16: Breakdown properties of 30%:70% CF3I-CO2 for various electrodes at 1 

bar [43]. 

 
The results in Figure 2.16 show that the more uniform the field between electrodes (plane-

plane) was the higher the breakdown strength of the CF3I-CO2 gas mixture. In Figure 2.16 

the field between the small plane-plane electrodes had a higher non-uniformity than the 

sphere-sphere electrodes, hence the results are lower than would normally be expected. 

If a sharp point exists between contacts in a piece of switchgear, the breakdown strength 

of a CF3I-CO2 gas mixture will be lower.  

 
The results in Figure 2.17 [43] show that for a higher pressure in the gas chamber, a higher 

breakdown strength of the CF3I-CO2 gas mixture was obtained. The results also show that 

the breakdown strength increased as the gas gap between contacts increased. 

 
Figure 2.17: Breakdown properties of 30%:70% CF3I-CO2 for various gas pressures for 

a rod-plane electrode configuration [43]. 
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2.6.6 Field utilization factor 

The field utilisation factor can be expressed using the following equation [19]: 

FieldElectricofStrengthMaximum

FieldElectricofStrengthAverage
FactornUtilisatioField  (2.6) 

The field utilisation factor has been investigated using the voltage-time characteristics 

(V-t characteristics) of four different types of electrodes. The V-t characteristics of 

breakdown for CF3I and SF6 revealed that [19]: 

-   The sparkover voltage of CF3I was lower than that of SF6 in a non-uniform electric 

field. 

-   The sparkover voltage of CF3I was higher than that of SF6 under a uniform electric 

field. 

-  The V-t characteristics observed in CF3I were largely dependent on the field utilization 

factor, unlike for SF6 (Figure 2.18 and 2.19). 

-  When the field utilization factor was less than 0.38, the sparkover voltage of CF3I was 

lower than that of SF6. However, when the field utilization factor was above 0.38, 

the sparkover voltage of CF3I was higher than that of SF6 (Figure 2.20).  

 

  
Figure 2.18: V-t characteristics of CF3I at 0.1 MPa, gap 10mm (positive polarity) [19]. 
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Figure 2.19: V-t characteristics of SF6 at 0.1 MPa, gap 10mm (positive polarity) [19]. 

 
 

Figure 2.20: Minimum sparkover voltage vs field utilization factor [19]. 

 

2.6.7 Short line fault (SLF) and breaker terminal fault (BTF) interruption 

capability of CF3I and SF6 

H. Katagiri, H. Kasuya, H. Mizoguchi and S. Yanabu [10] have shown the capabilities of 

CF3I, CF3I-CO2 and CF3I-N2 gas mixtures to interrupt a short line fault (SLF) and a 

breaker terminal fault (BTF). Their experiment used a model arc extinguisher chamber to 

push a gas flow over the moving opening contacts at 0.2 MPa (abs) [10].  

 
Tests undertaken showed that the borderline between a successful and failed SLF 

interruption of CF3I was slightly below that of SF6 [10], the SLF interruption performance 
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of CF3I was about 0.9 times that of SF6. It was also found that the SLF interruption 

performance of CF3I-N2 (20-80%) was nearer to N2 than that of CF3I [10]. The SLF 

interruption performance of 20%-80% CF3I-CO2 was approximately 95% of pure CF3I. 

The SLF interruption performance of CF3I-CO2 (20-80%) was nearer to CF3I than that of 

CO2 [10]. 

 
The SLF interruption performance of CF3I-N2 had a linear characteristic as the proportion 

of CF3I was increased, whereas the performance of the CF3I-CO2 mixture changed non-

linearly in the range encountered. The performance of a CF3I-CO2 gas mixture was 

approximately the same as pure CF3I when a concentration of 20% CF3I or above was 

used [10], as shown in Figure 2.21. 

 

Figure 2.21: Transition of SLF interruption performance to CF3I ratio of CF3I mixture 

gas [10]. 

 
The BTF interruption capability of CF3I was found to be 0.67 times that of SF6 and the 

BTF interruption capability of CF3I-N2 changes linearly with the increase in the 

proportion of CF3I [10]. 

 
The BTF performance of CF3I-N2 (30-70%) was about 0.32 times that of SF6, whereas 

the BTF interruption capability of CF3I-CO2 mixture changes non-linearly [10]. The BTF 

performance of CF3I-CO2 to pure CF3I was approximately the same when CF3I exceeds 

the proportion of 30% [10]. 
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Comparison of CF3I-CO2 and CF3I-N2 BTF interruption capabilities at the same CF3I ratio 

shows CF3I-CO2 to be superior, as shown in Figure 22 [10]. 

 

 

Figure 2.22: Transition of BTF interruption performance to  

CF3I ratio of CF3I mixture gas [10]. 

 

2.7 Phase change gas-liquid data 

One of the main challenges with using CF3I in distribution equipment is its high boiling 

point. At atmospheric pressure (0.1 MPa), the high boiling point of CF3I is -22.5 °C and 

this means that CF3I rapidly converts to a liquid state at higher pressures. SF6 has a boiling 

point of -63.9 °C at atmospheric pressure.  The saturation curves for CF3I and SF6 are 

shown in Figure 2.23.  

 

Figure 2.23: Saturation vapour pressure curve in CF3I and SF6 [44]. 
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Figure 2.24: Gaseous by-products as a function of cumulative charge qc [39]. 

 
It was found that hexafluoroethane (C2F6), tetrafluoroethane (C2F4), 

pentafluoroethyliodide (C2F5I), octafluoropropane (C3F8), trifluoromethane (CHF3), 

hexafluoropropene (C3F6) and methyliodide (CH3I) were the gas by-products of CF3I 

under partial discharge stress (Figure 2.24) [39]. 

 
The dominant gas by-products of CF3I were C2F6 (1300 ppm), C2F4 (200 ppm) and C2F5I 

(55 ppm) with the other gas by-products C3F8, CH3I, CHF3 and C3F6 being detected at 

less than 50 ppm [39]. Analysis of the temporal change of the amount of decomposition 

products 20 hours after the partial discharge test, revealed that all by-products were 

present except CH3I [39]. 

 

 

2.8.1 Measurement of fluorine by-products 

In reference [10], the by-product fluorine content of CF3I was measured, because of its 

harmful nature towards insulating materials and because it is toxic. This was then 

compared against that of the known fluorine production level in SF6. 

 
When SF6 was interrupted, at various current levels (Arms), the fluorine density for SF6 

was shown to increase exponentially with the current. In contrast the fluorine level of 
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CF3I was very small throughout interruption. In 30%-70% CF3I-CO2 gas mixtures, the 

density of fluorine was not detected at all [10]. 

 
At 400 Arms, the fluorine density generated from SF6, when the current was interrupted 

frequently, increased in proportion to the number of interruptions [9]. The density of 

fluorine from CF3I was very low even if the current was interrupted 10 times in a row 

(Figure 2.25 a) [9]. The density of fluorine from CF3I-CO2 (30%-70%) was not detected 

at all [9]. When the interruption current level (Arms) was varied, for one current 

interruption at a time, it was found that the fluorine value from SF6 increased 

exponentially with the current value [9]. The fluorine density from CF3I was very small 

even when the interruption current reached its highest value (Figure 2.25 b) [9]. 

 
a)      b) 

Figure 2.25: Density of fluorine when a) current is interrupted frequently b) current is 

interrupted one time only [9]. 

 

2.8.2 Measurement of iodine by-products 

CF3I generates iodine when subject to a breakdown, and it is possible for the iodine to 

reduce its dielectric strength and voltage withstand capability because iodine particles are 

metallic [10]. 

 
When current was interrupted in CF3I and a mixture of CF3I-CO2 (30-70%) with a 

variable level of current, the density of iodine from pure CF3I increased exponentially 

with the current, as did iodine from the CF3I-CO2 mixture but at a rate 1/3 that of pure 
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CF3I. This was in line with the mixture ratio of CF3I [10] [25], and can be shown in Figure 

2.26. 

 
The density of C2F6 increased almost linearly with the amount of flashovers, for either 

measurement under a uniform or a non-uniform field [47]. C2F6 was generated by the 

chemical reaction: 

26232 IFCICF    [47] (2.8) 

Iodine (I2) was observed on the surface of the electrode after spark discharge, and its 

amount seemed to increase with the number of discharges [47]. As for the C2F6 generated 

ratio, it was noted that the generated amount of C2F6 depends largely on the applied 

voltage [47].  

 
It can be said that partial discharges result in the production of C2F6 gas and the 

dissociation of I2 [39]. Iodine was not detected by the use of gas chromatography and a 

mass spectroscopy detector, probably because it was attached to the plane of the electrode 

in a solid state [39]. 

 

 

a)      b) 

Figure 2.26: Density of iodine when a) current is interrupted frequently b) current is 

interrupted one time only [9]. 

 
The saturation vapour curve of iodine is shown in Figure 2.27. The molecule presents a 

melting point at 386.85 K (113.7 °C) and a boiling point at 457.4 K (184.3 °C) [48]. From 
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as activated alumina or molecular sieves [3]. The advantages of using a molecular sieve 

with SF6 is clearly shown in Figure 2.28, however, this process only works because most 

by-products of SF6 have a smaller critical diameter and are absorbed without affecting 

the insulation materials [49]. The same molecular sieve could not be used for a mixture 

of CF3I-CO2 because CO2 has a smaller critical diameter than CF3I and so would be 

absorbed into the molecular sieve, thus affecting the gas mixture ratio. 

 
a)      b) 

Figure 2.28: Gaseous by-products of SF6  

a) without absorbent b) with molecular sieve [3]. 

 
In early research of CF3I, the authors [10] expected that the removal of iodine by gas flow 

would be necessary to improve the repeated interruption performance of CF3I for a large 

current. However, it was later found that the iodine became attached to the surface of the 

electrodes and that gas flow would not always be effective in removing this adhesion.  

 
H. Kasuya, H. Katagiri, Y. Kawamura, D. Saruhashi, Y. Nakamura, H. Mizoguchi and S. 

Yanabu [25] conducted experiments to remove all the iodine from an arc extinguisher 

chamber by using an absorbent. With the absorbent being placed in the way of the gas 

flow it was hoped that the decomposed gas would be thrown compulsorily into the 

absorbent and the iodine absorbed. The amount of absorbent that was needed to 

completely remove the iodine generated was explored. The absorbent used was C2X, 

which is an activated carbon that is highly purifying [25]. This research was then 
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replicated to find out whether the absorbent can maintain its effect by repeatedly 

interrupting current [25]. 

 
A detecting tube was used to measure the iodine density, after current interruption, and 

filled with different amounts of absorbent (10, 30, 60 and 90g) along with the investigated 

mixture of 30%:70% CF3I-CO2 [25]. 

 
By using different amounts of the absorbent i.e. 0, 10, 30, 60 and 90g, it was found that 

by increasing the amount of absorbent, it was possible to completely remove the iodine 

when 60g or over of absorbent was used [25].  

 
The durability of the absorbent was recorded and current interruption repeated 22 times, 

with the iodine density measured every 3 current interruptions. The interruption occurs 

each time by the use of a new gas mixture and the durability of the absorbent was 

examined. The iodine density increased when the interruption frequency increased and it 

was found that the effect of the absorbent weakened gradually [25].  

 
No iodine was detected, in 22 current interruptions, when 90g of absorbent was used. 

Thus, when the amount of absorbent was increased, it was found that the iodine could be 

completely removed with the absorptivity sustained throughout [25].  

 
It was surmised, in reference [25], that, to be able to completely remove the iodine, an 

increased amount of absorbent from the experimental results would be needed in a real 

life practical situation. 

 
In reference [9], the absorbent C2X was used in a mesh with a specific surface area of 

1.100-1.250 m2/g and with an aperture of 3.35-4.75 mm. When 5 grams of absorbent was 

placed in the chamber and the iodine density measured shortly after the interruption, with 

the current being varied for one interruption each time, the iodine content stayed the same 
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for pure CF3I and decreased a little for CF3I-CO2 as shown in Figure 2.29. When 5 grams 

of the absorbent was placed in the chamber and the iodine content was measured 5 

minutes after interruption, with varying current levels, it was shown that the iodine for 

pure CF3I decreased to 1/5 of the original value without the absorbent. The iodine from a 

30%:70% CF3I-CO2 mixture was less than 1/10 that of the original value without the 

absorbent as shown in Figure 2.30 [9].  

 

 
Figure 2.29: Density of iodine shortly after interruption when absorbent is placed [9]. 

 

 
Figure 2.30: Density of iodine after absorption of about 5 mins [9]. 
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2.9 Discussion and conclusion 

CF3I is non-carcinogenic [10], colourless, non-flammable [10] and has a very low 

environmental impact [10], especially when compared to SF6. CF3I has a global warming 

potential (GWP) of less than 5 [9] and an ozone depleting potential (ODP) of 0.008 [28]. 

These factors can be attributed to CF3I having an extremely short atmospheric lifetime of 

less than 2 days (estimated) [24] because it is rapidly decomposed by solar light [10]. It 

remains unclear how much SF6 equipment exists worldwide and the effect this could have 

on the environment, this issue is examined in Chapter 3. 

 
CF3I is highly electronegative [11] [32] and, therefore, should be a good insulator. The 

effective ionization coefficient gives a limiting field strength for CF3I of 431 Td [34] 

which is higher than 361 Td for SF6 [34] leading to CF3I having an insulation strength 

approximately 1.19 times that of SF6 [34]. Although, the effective ionization coefficient 

can show that as the amount of CF3I in a gas mixture is lowered, so is the limiting field 

strength and insulation capability [34]. In Chapter 3, the effective ionization coefficients 

are calculated for 10:90%, 20:80% and 30:70% CF3I-CO2 to determine their insulation 

strength against that of SF6.  

 
The electric field and the field utilization factor are dependent on the electrode 

configuration, if the electrodes produce a uniform field (plane-plane), then the insulation 

strength and sparkover voltage of CF3I is higher than SF6 [43]. However, the sparkover 

voltage and insulation strength of CF3I is lower than that of SF6 under a non-uniform 

electric field (rod-plane) [43]. It remains unclear how the complex contact geometry 

found in practical switchgear will influence the uniformity of the electric field and, 

therefore, the insulation strength of CF3I. This issue is explored in more detail in practical 

experiments in Chapter 5 and in simulations in Chapter 6. 
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interruption is very small throughout [28], the fluorine level increases as SF6 is used for 

current interruption. 

 
From the research reviewed in this chapter, it is clear that CF3I could be considered as an 

alternative insulation medium for distribution network applications. However, to 

maintain the high dielectric performance of SF6 in distribution equipment some problems 

need first be overcome before CF3I can be used as an insulation medium in switchgear.  

 
Further research is required to concentrate on which mixtures of CF3I and another gas, 

such as CO2, could be used to insulate equipment at all voltage levels. Gas mixes of CF3I 

and another insulating gas must consider the trade-off of the dielectric strength compared 

to the prevention of liquefaction by decreasing partial pressure of the gas. 

Experimentation must also use practical switchgear to examine the insulation capabilities 

of CF3I gas mixtures on industrial equipment that has complex contact geometry. It is 

noted that iodine deposits may have an effect on the results obtained over a long period 

of time. These tests can be used to observe whether there are any issues associated with 

replacing SF6 in practical equipment and whether a certain CF3I gas mixture could be a 

viable environmentally friendly insulator for the future. 
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CHAPTER 3. 
 
 

SF6 POWER PLANT AND GAS LEAKAGE 

 
 
 
 
 
 
 
3.1 Introduction 

In this chapter, the widespread use of SF6 in the distribution network is examined over 

the last 30 years. Various pieces of equipment that are insulated by SF6 and that are 

common on the network today are also examined. Calculations of the amount of gas 

leakage that can be expected from SF6 equipment, that has already been installed 

worldwide, and the effect this could have on the environment are given.  

 

3.2 Historical review of SF6 equipment 

To understand the significant role that SF6 plays, within the power industry worldwide 

today, it is important to examine how SF6 has been utilised throughout history. It is also 

important to understand the reasons why specific designs of SF6 equipment have been 

implemented, specifically contact designs. From this historical and present day 
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all technologies: air, oil, vacuum and SF6 have been used as an insulation and current 

interruption medium. In Figure 3.2, SF6 and vacuum have replaced oil and air as the only 

dielectrics used. SF6 and vacuum have replaced current interruption in air because the 

equipment for these technologies costs less and requires less space [2]. Furthermore, SF6 

and vacuum have replaced current interruption in oil in MV applications because of the 

reliability the equipment has had over the last 30 years. More importantly, SF6 equipment 

requires little to no maintenance [6], due to the sealed-for-lifetime nature of the equipment  

[2], and as a result, has a high safety record to date [4].  

 
Figure 3.2: Development of the MV circuit breaker market in Europe [2]. 

 
Figure 3.3 shows breakdown voltage as a function of the inner-electrode distance and 

pressure of the equipment for SF6, air, vacuum and oil. It is important to note from the 

graph that SF6 can cope with a much higher voltage than any other insulation medium so 

long as the pressure is high with a much smaller contact gap. This allows for much smaller 

equipment to be produced at HV and EHV than for any other insulation medium [50]. 

The insulation strength of vacuum technology is dependent on the pressure of the vacuum 

that can be achieved on the equipment through its seals and the vacuum pump utilised for 

this process [4]. The insulation strength of vacuum stabilises at a contact gap of roughly 

25 mm. Therefore, vacuum cannot be used above 200 kV in the very best circumstances 

despite any changes that can be made to the electrode design or separation distance from 
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one another [2]. At 1 bar, the breakdown voltage of air does not increase anywhere near 

as rapidly as SF6 when the inner electrode gap is increased. This means that as the voltage 

is increased the gap between the electrodes needs to be much larger in air equipment. 

Therefore, air equipment with the same breakdown strength as SF6 equipment will be 

larger [5]. As the pressure of SF6 is increased, the gap between electrodes can be further 

decreased for the same voltage withstand, as can be seen in Figure 3.3 when SF6 has a 

pressure of 5 bars. This means that air equipment at 1 bar compared to SF6 equipment at 

5 bars will be much larger.  

 
Figure 3.3: Influence of inter-electrode gap on dielectric strength [2]. 

 
In the LV distribution network, magnetically activated air breakers are predominantly 

used. This is because air breaking has the longest service record at this voltage, and 

although other insulating media could be used they are simply not necessary. For this 

voltage level, other insulating media would be more expensive and complex rather than 

the relatively cheap air technology currently used [2]. 

 
In EHV, SF6 is practically the only insulating medium used because this technology is 

the most cost effective, and the equipment is much smaller [12]. Typically, the lowest 

voltage level that an SF6 piece of equipment would normally be found operating at on the 
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network is between 1 kV and 52 kV at MV. It was, therefore, decided to focus on this 

voltage range to identify a potential alternative to SF6. 

 

3.3 Typical distribution network which utilises SF6 equipment 

A typical distribution network from power generation to end user is shown in Figure 3.4 

and 3.5 and depicts the various levels where SF6 equipment might be found, although 

other insulation media are used at some of these voltage levels as well. 

 
Figure 3.4: Typical distribution levels [12]. 

 

 
Figure 3.5: SF6 distribution equipment on a typical distribution network [12]. 
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For this project, the emphasis was to determine whether an alternative to SF6 insulation 

in distribution equipment could be found. It was decided that to first prove the insulation 

capability of an alternative insulation medium, tests must be undertaken at the lowest 

voltage level for which SF6 equipment is presently used i.e. MV. In Figure 3.5, it is shown 

that the lowest voltage level, for which SF6 equipment is presently installed on the 

network, is at the secondary distribution level and, therefore, importance was placed on 

finding equipment that operated at this level. 

 

3.4 UK substation layouts 

To assess the potential of replacing SF6 gas in equipment with CF3I-CO2 gas mixture, it 

is important to understand how switchgear is utilised within the UK distribution network. 

It is, therefore, important to ascertain which distribution system switching arrangements 

and substation layouts are typical in the UK. These layouts will be particularly focused 

upon urban environments, as SF6 equipment is most commonly employed in these 

situations [51] due to demand in the local area and the fact that urban substations are often 

restrained by size restrictions.  

 
Figure 3.6 shows a typical urban distribution system with a primary single busbar layout 

substation and secondary open ring circuit substations. Along this network, there is 

equipment, within which the SF6 insulation medium could be replaced with CF3I-CO2, as 

indicated on switches and other potential switchgear such as circuit breakers and ring 

main units. 

 
Further information on this section can be found in Appendix A.  
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Figure 3.6: Typical urban distribution system with potential replacement CF3I-CO2 switches and circuit breakers [51].
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3.5 MV distribution equipment design 

Table 3.1 defines some of the SF6 equipment commonly used in the MV network as well 

as their functions and applications. 

 
Table 3.1: Various switching devices, their functions and their applications [2]. 

 
 
The rotary puffer contact design, shown in Figure 3.7 for switchgear, consists of a moving 

contact that rotates away from the incoming terminal to open the contacts. In some cases 

the contacts may not only rotate away from each other but also slide inwards away from 
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each other increasing the gap between contacts even further [52].  In a switch 

disconnector, and depending on the type of equipment being used, an earthing contact is 

provided so that the rotating arm for which the outgoing terminal is attached can be 

directly connected to earth, therefore, earthing the equipment in question. When the 

rotating arm moves away from the incoming terminal, SF6 gas will be pushed into the 

resulting gap between contacts and insulate the outgoing terminal. The further away the 

open contacts are from each other will determine the amount of gas between the contacts 

and the resulting insulation strength, this is dependent on the amount of rotation of the 

moving arm. The SF6 gas is also used to extinguish any arcs that may occur when the 

contacts are opened.  

 

Figure 3.7: Three position rotary puffer contact design [52]. 

 
A switch disconnector in a GIS installation is used mainly to isolate different sections of 

busbars either for operational reasons or for safety during maintenance and refurbishment. 

Switch disconnectors are also used for duties, such as load transfer from one busbar to 

another, off-load connection and disconnection of busbars and circuit-breakers.   

Disconnectors are not intended to interrupt circuit currents but will be required to interrupt 

small capacitive currents associated with either open circuit-breakers or adjacent live 

circuits. When closed, the disconnector must be capable of carrying its rated load current 

and also a rated short-circuit current. In its open position, it must provide isolation both 

against the rated power frequency voltage and associated switching or lightning impulse 

voltages that may be superimposed thereon [50]. 
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CHAPTER 4 

 
 

DEVELOPMENT OF LABORATORY 
EXPERIMENTAL RIGS 

AND TEST METHODOLOGY 

 
 
 
4.1 Introduction 

This chapter examines the experimental test setup developed to examine different 

mixtures of CF3I-CO2 and the various pieces of equipment that were needed to make this 

research possible. Particular emphasis is given to the equipment that is commonly used 

in the industry when SF6 gas is the insulation medium being implemented. 

 
Section 4.2 examines various pieces of SF6 switchgear and the selection process for 

choosing a piece of switchgear that could be utilised for testing, especially when the 

switchgear is filled with a gas such as a CF3I-CO2 mixture. It is also relevant to examine 

whether this new mixture would cause any problems to the equipment that were specific 

to CF3I-CO2 but not with SF6. 
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Section 4.3 examines the gas handling equipment with particular attention being paid to 

the vacuuming / gassing / de-gassing of the particular switchgear chosen.  The 

connections between the switchgear and the gas handling equipment were developed so 

that they were safe and secure. This section also examines the safe storage of various 

CF3I-CO2 gas mixtures, how much could be stored, its cost and how to achieve specific 

pressure-pressure ratios of CF3I-CO2 gas mixtures. 

 
Section 4.4 examines the HV impulse generator test setup and the various British / IEC 

standards related to applying a lightning impulse to a piece of switchgear. Section 4.5 

describes the preliminary testing required in order to establish a reliable and repeatable 

test condition. Lastly, section 4.6 concludes the development of an experimental rig and 

the testing techniques undertaken. 

 

4.2 SF6 switchgear for exploring applications of CF3I and CF3I-CO2 mixtures 

Worldwide today, various pieces of SF6 equipment exist including equipment that is used 

over a wide range of networks, current ratings, pressure ratings and voltage networks 

including Medium Voltage (MV), High Voltage (HV) and Extra High Voltage (EHV). 

 
For the test setup being developed, it was important that the switchgear chosen had real 

relevance to equipment that is presently used on the network. It was important to focus 

on a piece of equipment that had not already been outdated by a different form of 

interruption medium. It was clear that the research should be focused on the potential of 

CF3I and CF3I-CO2 gas mixtures as an alternative insulation medium inside a piece of 

MV SF6 equipment. There was also a need to ensure that the SF6 equipment chosen for 

testing would have a voltage / current rating that can be generated with the facilities 

available at Cardiff University. 

 



 

 

73 

Another issue faced was the availability of the switchgear equipment. To that end, a 

partnership was established with one of the main manufacturers of SF6 switchgear 

(Schneider Electric) and the units used for testing were decided upon from the equipment 

that could be provided. 

 

4.2.1 SF6 applications for exploring applications of CF3I and CF3I-CO2 mixtures 

The MV switchgear product range for Schneider Electric is shown in Figure 4.1 [60] 

which was available for testing. It is important to note that there are also similar pieces of 

SF6 equipment available which are manufactured by other companies.  

 
In Figure 4.1, undesirable specifications for testing specific to this project have been 

highlighted in red such as units using only vacuum interruption technology or have a 

higher voltage rating i.e. 36 kV and above. Desirable features of a particular piece of 

switchgear have been highlighted in green. It was important that the contact design in the 

equipment chosen be as simple as possible but still being of the complex nature found in 

practical switchgear. This simplicity meant that any effects of the new insulating gas 

could be easier to interpret, and simulation of the contact design could also be conducted. 

Therefore, a load break switch was thought to be the best option for testing and 

simulation. Other specifications of particular interest included the switchgear current 

rating, which it was important to pick as low as possible, and the fact that the equipment 

could be operated indoors where testing was to take place. 

 
The units chosen for testing with CF3I-CO2 gas mixtures and SF6 were the Fluokit and 

Ringmaster switch disconnectors because of their specifications and partly because of 

their availability. It is also important to note that the Ringmaster unit is employed in the 

UK MV distribution network and, therefore, very relevant for UK power companies. 
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Figure 4.2: a) and b) Fluokit M24+ switch disconnector c) switch diagram [63] [66] 

[67]. 

 
From Figure 4.2, it is important to note the small area which is occupied by the gas 

chamber within, compared to the full size of the unit. This is because the space that is 

located beneath the gas chamber, where Figure 4.2 indicates cable connections, can also 

be used to house a 3 phase SF6 circuit breaker. This has been specifically designed to fit 

in this compact space so that the unit can house both an SF6 insulated switch disconnector 

and circuit breaker. Another important aspect of the design is to note the connection 

points, where testing equipment can be connected, which are at the top and the bottom of 

the gas chamber.  

 
Fluokit M24+ switch disconnectors, in a MV substation, can be connected together. This 

means that a row of switch disconnectors can be employed as a switchboard, in a common 

busbar arrangement, but occupy as little space as possible.  

 
Figure 4.3 shows the cable connections for the Fluokit M24+ switch disconnector which 

are located above the gas chamber for the busbar connections and below for the cable 

connections. The gas filling point of the Fluokit switch disconnector is also shown. 
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However, it is important to note that the Raccord valve gas connection shown has a 

permanent adapter connected to it for testing. The Raccord valve is only meant for 

lifetime filling i.e. once for 25 years and not for permanently gassing and de-gassing the 

units as was required for testing. 

 
Figure 4.3: Side of Fluokit switch disconnector unit with cable connections and gas 

filling point [63] [66]. 

 
4.2.4 Ringmaster switch disconnector connections and operation diagrams 

The Ringmaster unit is shown in Figure 4.4 along with the operation and cable 

connections that can be made to the switch disconnector. The Ringmaster unit has one 

operating mechanism that can choose between the operation of the load switch and the 

earth switch positions in contrast to the Fluokit which has two mechanisms for each 

position. The Ringmaster range is also fitted with a gas pressure indicator whereas the 

Fluokit is not.  

 
Figure 4.5 shows the connection points through which the switch disconnector can be 

earthed when the earth switch is placed in the closed position. These earthing points are 

connected to the main earthing point of the whole unit. The metal casing of the switch is 
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also connected to the main earthing point to ensure the switch has a permanent earth 

connection. Figure 4.5 also indicates the position where the gas filling / de-gassing point 

can be accessed so that the switch can be filled for testing with mixtures of CF3I-CO2 gas. 

The gas indicator is shown in Figure 4.5, and indicates the optimum filling pressure of 

0.35 bar G. The red line on the pressure gauge is the minimum operating pressure (for 

SF6) for the unit which is 0 bar G, below this point it is no longer safe to operate the unit. 

 
Figure 4.4: Operation and connections of the Ringmaster switch disconnector [65]. 

 
Figure 4.5: Ringmaster switch disconnector earthing connections and gas filling point. 
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4.2.5 Switch disconnectors testing arrangement  

Throughout testing four switch disconnectors, 2 x Ringmaster SE6-S1 and 2 x Fluokit 

ISR units, were utilised. One of each switch disconnector was permanently filled with 

SF6 gas and the other of each type was filled with different pressure-pressure ratios of 

CF3I-CO2 gas as shown in Figure 4.6. 

 
The permanently filled SF6 switch disconnectors remained the same as they are out of the 

factory i.e. filled for life. Therefore, the gas did not need removing and this solved the 

issue of requiring a qualification to be able to handle SF6. Releasing SF6 is highly 

regulated by the Kyoto protocol due to its global warming potential. The lightning 

impulse generator, as described in section 4.4, was connected to each phase in turn to the 

busbar connections at the top of the switch disconnectors during testing, as shown in 

Figure 4.7. 

 
Figure 4.6: Ringmaster SE6 and Fluokit M24+ switch disconnectors used for testing 

red indicates SF6 gas filled devices, blue indicates CF3I-CO2 gas filled devices. 
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Table 4.2: CF3I and its decomposition products [68] [69] [70] [71] [72] [73].

By-
product 

Molecular 
Weight Stability Toxicology 

Description 
Transport 

information Personal Protection 
EU code 

R S 

CF3I 195.91 

Avoid strong 
oxidizing agents. 

Hazardous 
decomposition 

products 

May be harmful if 
inhaled. Irritant. 

UN No 1956 
Hazard Class 2.2 

Safety Goggles 
Gloves 

Impervious Clothing 

Irritating to eyes, 
respiratory system and 

skin. 
Possible risk of 

irreversible effects 

Do not breathe gas/fumes/vapour/spray.  Avoid contact with 
skin and eyes. In case of contact with eyes, rinse immediately 
with plenty of water and seek medical advice.  Wear suitable 
protective clothing and gloves. Wear eye/face protection.  In 

case of accident or if you feel unwell seek medical advice 
immediately. 

C2F6 138.01 Avoid strong 
oxidizing agents 

May be harmful if 
inhaled. 

Suffocation if present in 
high concentrations 

UN No 2193 
Hazard class 2.2 

 

Good ventilation 
Gloves 

Safety Goggles 
Impervious Clothing 

Irritating to eyes, 
respiratory system and 

skin. Risk of explosion if 
heated under confinement.  

Vapours may cause 
drowsiness and dizziness 

Keep container in well ventilated place.  In case of 
insufficient ventilation wear suitable respiratory equipment.  

Use only in well-ventilated areas 

CHF3 70.01 
Stable 

Incompatible with 
strong oxidizing agent 

May be harmful if 
inhaled 

Rapid suffocation 
Narcotic effect 

UN No 1984 
Non-flammable gas 

Hazard class 2.2 

Good ventilation 
Safety Goggles 

Gloves 
Impervious Clothing 

- In case of insufficient ventilation wear suitable respiratory 
equipment 

C3F8 188.02 

Stable under normal 
conditions. 

Thermal 
decomposition yields 
toxic products which 
can be corrosive in 

the presence of 
moisture. 

Not Established 
Hazard :  asphyxiation 

Frostbite, 
Irritating to eyes, 

respiratory system and 
skin 

UN No 2424 
Hazard Class 2,2 
Store in cool, dry 

place 

Ensure adequate 
ventilation. 

Safety Goggles 
Gloves 

Impervious Clothing 

Irritating to eyes, 
respiratory system and 

skin. Risk of explosion if 
heated under confinement.  

Vapours may cause 
drowsiness and dizziness 

Keep container in well ventilated place.  In case of 
insufficient ventilation wear suitable respiratory equipment.  

Use only in well-ventilated areas 

C3F6 150.02 
Stable, Avoid direct 

sunlight 
Avoid heat sources 

Inhalation (Toxic) 
Irritant, frostbite 

UN No 1858 
Hazard class 2.2 

Gloves 
Safety Goggles 

Impervious Clothing 
- - 

C2F5I 245.92 

Risk of explosion if 
heated under 
confinement. 

Incompatible with 
strong oxidizing agent 
Not compatible with 

aluminium 

May be harmful if 
inhaled. 

Irritant to eyes, 
respiratory system and 

skin. 

UN No 3163 
Hazard class 2.2 

Transport category 
3 

Good ventilation 
Safety glasses 

Impervious Clothing 

Irritating to eyes, 
respiratory system and 

skin. Risk of explosion if 
heated under confinement.   

Possible risk of 
irreversible effects 

Keep container tightly closed.  Do not breathe 
gas/fumes/vapour/spray.  Avoid contact with skin and eyes. 

In case of contact with eyes, rinse immediately with plenty of 
water and seek medical advice.  Wear suitable protective 

clothing and gloves. In case of insufficient ventilation wear 
suitable respiratory equipment.  Wear eye/face protection. In 

case of accident or if you feel unwell seek medical advice 
immediately 
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various gas mixtures is shown in Table 4.3. The different molecular weights of the gases 

account for the fact that CF3I can be roughly estimated as 4 times as heavy as CO2, hence, 

the pressure-pressure mixture ratios being almost 1:1 for a 20:80% CF3I-CO2 mixture. 

 

Table 4.3: Calculated pressure-pressure gas mixture ratios.  

Pressure Mixture Ratio 
CF3I : CO2 (%) CF3I (g) CO2 (g) 

10 : 90 1 2.021 
20 : 80 1.112 1 
30 : 70 1.908 1 
40 : 60 2.967 1 
50 : 50 4.451 1 
70 : 30 10.386 1 

 

The gas required for testing is shown in Table 4.4 and indicates the amount of gas needed 

to make all of these gas mixtures for each device. It also shows the amount of gas that 

would be needed if the gas was not re-used or if the gas was re-used. 

 
Table 4.4: Calculated quantity of gases required to fill the Fluokit and Ringmaster 

switch disconnectors. 

Pressure Mixture Ratio 
 CF3I : CO2 (%) 

CF3I (g) 
Fluokit  

CO2 (g) 
Fluokit  

CF3I (g) 
Ringmaster  

CO2 (g) 
Ringmaster  

10 : 90 14.75 29.83 57.54 116.33 
20 : 80 29.51 26.52 115.08 103.41 
30 : 70 44.26 23.2 172.62 90.48 
40 : 60 59.02 19.89 230.15 77.56 
50 : 50 73.77 16.57 287.69 64.63 
70 : 30 103.28 9.94 402.77 38.78 
100 : 0 147.54 0 575.38 0 
0 : 100 0 33.14 0 129.26 

Total for each device 472.12 159.09 1841.23 620.45 
Maximum Quantity 

Needed (if gas is re-used)   1841.23 620.45 

Maximum Quantity 
Needed (if gas is not re-

used) 
  2313.35 779.54 

 

 



 

 

87 

4.3.1.2 Gas required for experimental testing  

Extra pressure is needed in the storage cylinders to create the overpressure which is 

required to fill the switch disconnectors. This includes the gas pressure which is lost due 

to the extra volume of the hoses and gas handling equipment whilst gassing or de-gassing 

takes place. To increase the pressure of all storage cylinders, the amount of CF3I and CO2 

needed in each gas mixture is increased to raise the total pressure in each storage cylinder 

by 2 bar. 2 extra bar was required to accommodate for loss of 1 bar in the cylinder to 

return it to atmospheric pressure and 1 bar for loss of pressure in the gas handling 

equipment and hoses. The total in each 10 L storage cylinder will, therefore, be 8 bar (g), 

and the various gas mixtures have been re-calculated as in Table 4.5. It is important to 

note that, for pure CO2, the amount of gas required is not changed because the gas is 

cheap and can be released after each test. So, there is no requirement for a storage 

cylinder. A quotation for the cost of the gas required for experimentation can be calculated 

from Table 4.6. 

 
Table 4.5: Total gas needed to fill Ringmaster and Fluokit with added overpressure. 

Pressure Mixture Ratio CF3I : CO2 
(%) 

CF3I 
Ringmaster + 

Fluokit + 
Overpressure (g) 

CO2 
Ringmaster + 

Fluokit + 
Overpressure (g) 

10 : 90 (10 L) 88.01375 177.9455 
20 : 80 (10 L) 176.0275 158.1738 
30 : 70 (40 L) 412.5113 216.227 
40 : 60 (10 L) 352.055 118.6303 
50 : 50 (10 L) 440.0688 98.86167 
70 : 30 (10 L) 616.0963 59.313 
100 : 0 (10 L) 880.1375 0 

   

0 : 100  0 162.4033 
   

Total 2964.91 991.5546 
   

Total for 10:90, 20:80,  
30:70 and 0:100 676.5525 714.7496 
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Table 4.6: Cost of gases from Apollo Scientific (AS - UK) [74], Synquest (S - USA) 

[75] and Sigma Aldrich (SA - UK) [76] (2012). 

 SF6 (AS) SF6 (SA) CF3I (AS) CF3I (S) CF3I (SA) 

25 g - - £ 172.00 £ 60.52 £ 153.00 

100 g - - £ 274.00 £ 124.22 £ 387.50 

250 g £ 185.00 £ 256.50 £ 425.00 - - 

500 g £ 370.00 * £ 513.00 * £ 675.00 £ 442.72 - 

1 kg £ 740.00 * £ 1026.00 * £ 900.00 - - 

2 kg £ 1480.00 * £ 2052.00 * £ 1400.00 - - 
 

* Estimated cost based on quotation for 250 g of gas. 

 

4.3.2 Gas handling equipment specifications 

The equipment decided upon for gassing and de-gassing switchgear with CF3I and CF3I-

CO2 gas mixtures was Dilo equipment. Dilo is a manufacturer that makes equipment 

specific for SF6 gas usage and is regularly used to gas and de-gas switchgear by Schneider 

Electric. It was decided to use this equipment because of its connections which are 

specifically designed with O-rings incorporated into each connection so that near zero gas 

is released. All equipment and storage cylinders designed by Dilo have a specific rating 

for the maximum pressure and the amount of gas that can be held [77].  

 
The Dilo Mini Series (Figure 4.8) is the smallest piece of equipment in the range which 

can handle the amount of gas to be used throughout testing. The Mini Series has been 

designed so that it can evacuate the air and moisture via its vacuum pump from switchgear 

such as the switch disconnectors chosen for testing. The Mini Series is capable of 

recovering and storing gas from switchgear and has a filter that can purify gas during 

recovery from switchgear (Figure 4.8). The Mini Series can achieve direct liquefaction 

of gas into an approved storage cylinder, which is very important considering the high 
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boiling point of CF3I gas. The Mini Series is also pressure-regulated for safe refilling of 

switchgear [78]. 

 
The exact specifications of the Dilo Z579R02 Mini Series components mounted on a 

cylinder cart for liquid storage are shown in Figure 4.8. 

 
It is important to note that the Dilo Mini Series was filled with SF6 gas for transport so 

that it could be kept at atmospheric pressure and so that no air would leak into the system 

causing problems when used. In order to evacuate this SF6, another Dilo Mini Series was 

used to safely remove the gas with the help of a technician from Schneider Electric, 

trained to handle SF6. This allowed the evacuated Mini Series to be used exclusively with 

CF3I-CO2 gas mixtures. 

 
Pressure gauges and various connections were acquired to carry out gas filling of the 

switchgear. However, it is noted that more accurate pressure gauges are available, at a 

higher cost, which would increase the accuracy of the following tests. These pressure 

gauges have an effect on the accuracy of the gas mixtures that could be mixed. Other 

influences such as temperature have a slight effect on the gas being used and its pressure 

within the gas chamber, therefore, affecting gas mixtures. 

 
The various connections, adapters, fixtures and fittings required to fill the Ringmaster and 

Fluokit switch disconnectors with mixtures of CF3I-CO2 are described in Appendix B. 

Appendix B also describes and outlines the vacuuming, gassing and de-gassing operations 

which can be achieved with the Dilo Mini Series. 
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Figure 4.8: Dilo mini series complete with vacuum pump, filter, compressor and 

vacuum compressor for vacuuming, gassing and de-gassing switchgear [78]. 

                                                

4.4 Lightning impulse generator test setup 

This section examines the test setup that was used to generate lightning impulses to be 

applied to the switch disconnectors. Various standards are set out to explain the 

procedures undertaken to apply lightning impulses to the switch disconnectors to test the 

gas mixtures withstand strength and 50% probability of breakdown occurring (U50).  

 

4.4.1 Haefely lightning impulse generator test setup 

The lightning impulse generator used for testing was manufactured by Haefely and can 

be used in several different configurations to provide  either a lightning (1.2/50) or a 

switching impulse which can be either positive or negative in polarity to any test object.  

 
A capacitive impulse divider with a response time of 49 ns at a ratio of 27931 to 1 is used 

throughout testing (Figure 4.9). A digital storage oscilloscope (Lecroy Wave Jet 100 

MHz) was used to store and examine the impulse shape. 
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4.5 Preliminary tests 

This section examines the preliminary tests that were required for establishing a reliable 

and repeatable testing setup for the results obtained in Chapter 5. Figure 4.11 indicates 

the main connection points for all the main components required for testing the gas filled 

switch disconnectors with a standard lightning impulse. The Dilo equipment is required 

to fill the switch disconnectors with different mixtures of gas and is detached when actual 

lightning impulses are applied to the units once the gas is at the required pressure for each 

test. The control system is required to communicate with the impulse generator and 

charging rectifier to apply all safety systems fitted and allow for adjustment of peak test 

voltage values whilst testing is being undertaken.  

 
Figure 4.11: Connection diagram for main components of lightning impulse test setup. 
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4.5.1 Standard lightning impulse test peak voltage value 

The test voltage value is the peak voltage of a measured waveform which is then 

compared to the peak voltage that was intended to be generated from the lightning 

impulse generator. The measured voltage must be ± 3 % of the intended applied voltage 

to fit within the parameters set out in BS60060-1 [62]. 

 
Figure 4.12 shows results for three standard 125 kV lightning impulses applied between 

the busbar connection for phase 3 of the Fluokit M24+ (F1) switch disconnector and 

ground. The switch disconnector was filled with 100% SF6 at a pressure of 0.45 bar G. 

 
As can be seen in Figure 4.12, all three measured lightning impulses are ± 1.2 % of the 

intended applied peak voltage and all tests carried out were within the ± 3 % variation 

allowed for the test voltage value. The generator impulse shape has a front time of 1.18 

µs and a time to half peak of 43 µs which are within the tolerances of the standards. 

 
Figure 4.12: Standard 125 kV lightning impulse Fluokit M24+ (F1),  

Main switch Phase 3, 100% SF6, 0.45 bar G. 
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lower main switch cable bushing contacts. The sharpest point at the bottom main switch 

cable bushing contact is the screw to which the cable connection attaches (Figure 4.22). 

From this screw, the lightning impulse earths from phase 1 and 2 to the nearest phase 

(Figure 4.19 and 4.20), similar to the 12.5 cm path shown in Figure 4.22.  

     
Figure 4.19: Fluokit M24+ switch disconnector lightning impulse (LI) applied to Phase 

1 on a closed switch Phase-Phase gas insulation strength tests.  
 

     
Figure 4.20: Fluokit M24+ switch disconnector lightning impulse (LI)  

closed switch Phase-Phase gas insulation strength tests when LI is applied to Phase 2. 

 
Figure 4.21 shows a LI breakdown occurring from Phase 3 to the earthed metal casing of 

the switch through air at the lower main switch cable bushing contacts. For phase 3, 

without an earthing point directly in front of the cable connecting screw, the impulse 

earths on the metal casing (Figure 4.21) along a path similar to the 15 cm shown in Figure 

4.22. As this path (15 cm) is slightly longer than between phases (12.5 cm), the 

breakdown results are higher for phase 3 (Table 4.7).  
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Figure 4.21: Fluokit M24+ switch disconnector lightning impulse (LI) closed switch 

Phase-Phase gas insulation strength tests when LI is applied to Phase 3. 

 

     
Figure 4.22: Fluokit M24+ switch disconnector lightning impulse (LI) arc path length in 

a closed switch Phase-Phase gas insulation strength tests when LI is applied to Phase 1 

or 2 (Left) or Phase 3 (Right). 

 
The breakdown voltage shown in Table 4.7 and the arc path shown in Figures 4.19, 4.20 

and 4.21 is the same no matter which gas the switch was filled with i.e. either SF6 or any 

gas mixture of CF3I-CO2. This is because the breakdown occurs through the air on the 

outside of the gas chamber not through the insulating gas.  

 
SF6 has an insulation strength of 3.34 times that of air at atmospheric pressure [11], and 

so, the breakdown strength of the gas is likely to be significantly higher than the results 

obtained within the gas chamber. The Fluokit switch disconnector also has a solid 

dielectric barrier inside the gas chamber that is used as extra protection against phase-

phase breakdown within the unit (Figure 4.23). This will increase the level at which the 

unit will breakdown in this manner between phases. 
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Given that the rated lightning impulse withstand voltage (Up) for the Fluokit switch 

disconnector is 125 kV, it was decided to discontinue this test. This was due to the fact 

that the insulating gases are likely to breakdown well above 125 kV. Also, it would be 

very difficult to get the breakdown to occur through the insulating gas rather than the air 

between any exposed metal point of the phase, through which the impulse is applied, and 

the earthed metal casing of the switch as shown in the results of Chapter 5.  

 

 
Figure 4.23: Fluokit side view with phase-phase dielectric barrier [81]. 

 
 
4.5.3.2 Closed switch phase-phase gas insulation Ringmaster SE6 results 

The results of the lightning impulse tests on the unit R1 (SF6 - 100%) and unit R2 (20:80% 

CF3I-CO2) are shown in Table 4.8. As can be seen from Table 4.8, all test results are 

below the rated lightning impulse withstand voltage (Up) for the Ringmaster switch 

disconnector which is 95 kV. The results show the average breakdown occurs at 67 kV 

across all 3 phases for SF6 and 70 kV for 20:80% CF3I:CO2. 
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The level at which the breakdown occurs on each phase and the position at which the arc 

path follows (Figure 4.24, 4.25 and 4.26) is the same no matter which gas is in the gas 

chamber of the switch. 

 
From the results, with the Fluokit unit, it has been shown (Figures 4.19 and 4.20) that the 

flashover would next occur between phases in air rather than to the metal casing. This 

flashover would occur in air on the outside of unit before it would through the gas in the 

pressurised chamber because the insulation strength of air is a lot less than SF6 or the 

CF3I-CO2 mixture being tested. Within the gas chamber of the Ringmaster switch 

disconnector, there are solid dielectric barriers (Figure 4.28), in between the phases, 

which increase the phase-phase breakdown level. These dielectric barriers also make it 

very difficult to achieve a breakdown across the phases in the gas chamber. 

 
Figure 4.28: Ringmaster side view with phase-phase dielectric barrier [82]. 

 
It is clear that the phase-phase breakdown level of SF6 or 20:80% CF3I-CO2 is far higher 

than the lightning impulse withstand voltage (Up) for the Ringmaster (95 kV). It is known 

that the gas gap between open contacts in the gas chamber is smaller than that between 

phases outside the unit in air. Therefore, there is a smaller arc path to an earthing point 

between the open switch contacts in the gas chamber. This meant that the weakest point 

of the gas insulation in the gas chamber was between the contacts of the open switch. 
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Therefore, it was decided to test the insulation strength of the CF3I-CO2 gas mixture 

across the open contacts of the load switch rather than across phases. 

 
From the results of the closed switch phase-phase gas insulation tests, it is clear that 

breakdown through air around the outside of the unit would prove a problem throughout 

testing. This is because the insulation strength of the gas mixtures have a much higher 

dielectric strength than air. It is worth noting that this round of testing was only meant as 

initial testing of CF3I-CO2 gas mixtures and, up until these tests, there was no way of 

knowing whether CF3I-CO2 was going to be able to insulate the equipment at all. If the 

switchgear had been used with heat shrinks and dielectric barriers around its bushing 

contacts, the withstand strength would have been increased but the same problem would 

still have occurred above the rated lightning impulse withstand voltage level. 

 

4.6 Conclusion 

This chapter describes the selection process and acquisition of MV switchgear units and 

identifies the Ringmaster and the Fluokit switch disconnectors as the units chosen for 

experimentation with an alternative insulation medium to SF6. Four MV switchgear units 

were obtained for testing, two units were permanently filled with SF6 and two units were 

empty to be filled with mixtures of CF3I-CO2.  

 
Dilo gas handling equipment was obtained and commissioned to safely carry out 

operations to vacuum, gas and de-gas the switchgear throughout testing. Ideal gas mixture 

calculations were performed to evaluate how much gas was needed to fill the Ringmaster 

and Fluokit switch disconnectors with various CF3I-CO2 gas mixtures. These gas mixture 

calculations took into account the volumes of each gas chamber, the required filling 

pressure and how much gas was needed if the gas mixtures were recycled for each piece 

of switchgear. 
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A test rig was developed to prove the insulation capabilities of CF3I-CO2 gas mixtures in 

the switch disconnectors connected to a Heafley lightning impulse generator. In this 

chapter, insulation tests are described, referring to BS EN 60060-1 [62] and BS EN 

62271-1 [1], to identify experiments that can verify the capabilities of CF3I-CO2 as an 

alternative insulation medium. The experiments identified are the basic lightning impulse 

U50 gas insulation test and the basic lightning impulse withstand test. Further preliminary 

tests showed that the best place to test the insulation strength of CF3I-CO2 gas mixtures 

was between the open contacts of the load switch and not across phases. The preliminary 

tests conducted show that, across phases, the CF3I-CO2 gas mixture can insulate the 

switchgear as well as SF6, at the voltage levels tested. 
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CHAPTER 5 

 
 
 

COMPARATIVE LIGHTNING IMPULSE 
WITHSTAND PERFORMANCE OF SF6 AND 

CF3I-CO2 GAS FILLED SWITCH 
DISCONNECTORS 

 

 
 
 

5.1 Introduction 

This chapter examines the positive standard lightning impulse tests that were conducted 

on the Ringmaster and Fluokit switch disconnectors in order to examine the insulation 

strength of the gas mixtures that were placed within their gas chambers. The test results 

obtained for various gas mixtures (10:90%, 20:80% and 30:70% CF3I-CO2) are compared 

with those obtained with equivalent switch disconnectors filled with pure SF6. 

 
These tests were undertaken utilizing four different switch disconnectors, two of which 

remained constantly filled with SF6 (R1 and F1) and two of which were filled with 

different gas mixtures (R2 and F2). Two different switch disconnectors were used 

throughout testing, namely the Ringmaster SE6 and the Fluokit M24+ unit, more details 

of this can be found in Chapter 4, section 4.2. 
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The rated lightning impulse withstand voltage (Up) for the Fluokit switch disconnector is 

125 kV. However, the results show a 50% probability of a breakdown occurring on the 

unit at an average peak impulse of up to 152 kV. From the results (Figure 5.3 and 5.4), it 

is apparent that some of these failures are not all breakdowns across the gas insulation 

and that the actual breakdown strength of the gas between the contacts of the load break 

switch is higher than recorded. After capturing these occurrences with a high speed 

camera, to be able to track the point where the lightning impulse is breaking down, it is 

apparent that some of the breakdowns are occurring in air outside the gas chamber. The 

breakdown occurs either across phases in air on the top main switch busbar contact to the 

next phase or to the earthed metal casing of the switch disconnector. These occurrences 

are recorded as equipment failures - air breakdowns (Tables 5.1 and 5.2). From the high 

speed video recordings, it is also clear that sometimes the breakdown actually occurs 

across the inside surface of the epoxy resin of the pressurised gas chamber, referred to as 

epoxy resin failure. The effects seen on the Fluokit with a CF3I-CO2 gas mixture, i.e. the 

epoxy resin orange heat trace around the inside of the gas chamber (Figure 5.8), is likely 

to have occurred due to a build-up of positive charge around the inside of the epoxy resin 

gas chamber. It is speculated that this charge is a result of the number of lightning 

impulses being supplied to the unit in one polarity [50]. This charge is very difficult to 

neutralise. Sometimes applying several impulses in the opposite polarity can clear this 

effect but often it cannot be cleared so easily. It is worth noting that this is the result of 

the number of impulses being applied to the unit in one direction (positive), and this 

occurrence is highly unlikely upon the distribution network. 

 
In phases 1, 2 and 3, when the switch disconnector is filled with SF6 and all other gas 

mixtures, flashovers can occur between the top main switch busbar contact and the 

earthed metal casing above the phase connection through the air that surrounds the unit 
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(Figure 5.5 a, b and c). The flashover can also occur between the phase to which the 

impulse is applied and the nearest phase where the top main switch busbar contact is 

earthed (Figure 5.5 d and e), at around 150 kV. 

 
Figure 5.5: Fluokit Air breakdown between the top main switch busbar contact and the 

earthed metal casing above the phase connection or the closest earthed phase. 

 
From the highlighted separation distances shown in Figure 5.6 of the Fluokit M24+ switch 

disconnector, it can be seen that the distance between phases of the busbar contact on top 

of the main switch is 16 cm. This 16cm gap between phases has an average breakdown 

of 158 kV for SF6 and occurs most often in phase 2. The distance from the busbar contact 

to the earthed metal casing above is 14 cm and has an average breakdown of 151 kV from 

the 100% SF6 results. These results are similar for other CF3I-CO2 gas mixtures for the 

Fluokit M24+ that withstand up until this level and then breakdown through the air instead 

of the gas between the contacts in the gas chamber.  
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Figure 5.6: Fluokit Air gap length between the phase top main switch busbar contacts 

and the earthed metal casing or the nearest phase connection. 

 
When the switch disconnector (F2) is filled with a CF3I-CO2 gas mixture, flashovers 

occur at 152 kV through air, the same impulse level as SF6. However, for tests on phase 

1, the impulse appears to travel around the inside of the epoxy resin gas chamber mould. 

This is attributed to residual charge on the inside of the epoxy resin gas chamber, until it 

reaches the point where it meets the metal gas filling point (Figure 5.7). The impulse then 

travels down this connection to flashover across the air between the metal filling point on 

the outside of the gas chamber and the earthed metal casing (right side of the switch) as 

shown in Figure 5.7. These flashovers are likely to have been caused by the introduction 

of an adapter (Appendix B, Figure B2 - k) to the gas valve which is very close to touching 

the earthed metal casing of the unit. For any of the gas mixtures used, the impulse was 

observed to travel around the open switch along the inside of the epoxy resin mould that 

makes up the gas chamber (Figure 5.8). The breakdown occurs to any metal earthed point, 

as previously being described as caused by residual charge on the inside of the epoxy 

resin gas chamber, as shown in Figure 5.8. 
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Figure 5.7: Fluokit Phase 1 epoxy resin breakdown / metal gas filling point adapter to 

earthed metal casing breakdown. 

 

 
Figure 5.8: Fluokit Phase 2 epoxy resin failure possible caused by residual charge on the 

inside of the epoxy resin gas chamber. 

 
 

5.2.2 Open switch phase-earth gas insulation (U50) Ringmaster SE6 results  

The results for the phase-earth gas insulation tests, in the Ringmaster switch disconnector, 

when filled with various gas mixtures up to the rated pressure (0.35 bar G) are shown in 

Table 5.5. 
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Epoxy resin failures and a build-up of charge may be occurring on the inside of the gas 

chamber of the Ringmaster unit as in the Fluokit. However, epoxy resin failures cannot 

be photographed, as with the Fluokit, because the gas chamber is completely enclosed 

within the metal casing of the Ringmaster unit. It was also noted that the Ringmaster has 

an earthed coating on the outside of the gas chamber, so this is a potential earthing point 

for the applied lightning impulse. 

 
Figure 5.10: Percentage of gas and equipment breakdowns during Ringmaster lightning 

impulse open switch Phase-Earth gas insulation tests at 0.35 bar G. 

 
From the results of the Ringmaster unit, it is clear that, at the rated pressure of the unit 

(0.35 bar G), all gas mixtures, except for air, have a U50 breakdown voltage above the 

equipment withstand voltage of 95 kV (Table 5.5). When the gas pressure is lowered to 

0 bar G, all CF3I-CO2 gas mixtures have a U50 breakdown voltage above the units 

lightning impulse withstand voltage. However, air and CO2 do not (Table 5.6). It is also 

apparent that at atmospheric pressure (0 bar G), the 50% probability of a breakdown 

voltage being achieved is only slightly increased when 10% or 20% CF3I is added to the 



 

 

122 

CF3I-CO2 gas mixture. This means that the results of 30%:70%, 20%:80% and 10%:90% 

CF3I-CO2 gas mixture tests are only slightly different, at 0 bar G (Table 5.6). 

 
Figure 5.11: Percentage of gas and equipment breakdowns during Ringmaster lightning 

impulse open switch Phase-Earth gas insulation tests at 0 bar G. 

 
From the number of gas failures recorded, for this test in the Ringmaster, it is possible to 

show that only pure SF6 and 30%:70% CF3I:CO2 gas mixtures, at 0.35 bar G, insulate the 

equipment without breakdown occurring across the contacts in the gas chamber (Table 

5.7 and Figure 5.10). All other gas mixtures tested have recorded a significant number of 

gas failures across the contacts in the Ringmasters gas chamber (Tables 5.7 and 5.8) 

(Figures 5.10 and 5.11). With this considered, it means that the results are a fair 

representation of the gas mixtures insulation strength instead of a representation of air 

breakdown outside the equipment. 

 

5.3 Open switch phase-earth gas withstand test results 

The withstand test is a series of impulses applied one after the other to the open switch 

disconnector at its rated withstand level, 125 kV for the Fluokit and 95 kV for the 




































































































































































