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ABSTRACT. Pulsative corona discharges from free spherical shaped conducting
particles are investigated experimentally using SF6 and its mixtures with nitro-
gen N2, perfluorocarbon C8F16O, triethylamine (C2H5)3N and freon C2Cl3F3
gases. Corona inception, particle lift-off and breakdown voltages as well as
charge-voltage (q-V) characteristics were determined in these mixtures. The
results show that corona characteristics are affected by particle diameter and
gas mixtures. Generally, small percentage of these additive gases results in re-
duced corona charge levels. The particle movement is also observed and re-
ported in this paper.

Introduction

SF6 insulated high voltage apparatus such as gas insulated substation (GIS) and gas
insulated transmission line (GITL) need a high degree of insulation reliability. The
insulation strength of such systems can be greatly reduced by the presence of
contamination in the form of conducting particles[1]. This behavior has lead to a
considerable research interest in the corona and breakdown characteristics of SF6 and
SF6 gas mixtures containing fixed and free conducting particles[2,3]. These mixtures are
reported to exhibit reduced sensitivity to microscopic field nonuniformities and higher
corona stabilized breakdown levels as compared to SF6 gas alone[4,5]. The presence of
N2 in SF6 tends to reduce the undesirable influence of particles or surface asperities[6,7].
Similarly, SF6 mixtures with C8F16O, (C2H5)3N and C2Cl3F3 show improved insulation
strength in nonuniform fields[8].
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In a previous report[3], the authors investigated the corona from wire shaped free con-
ducting particles of different parameters and discussed the q-V characteristics for SF6/
gas mixtures. In this paper, the investigations are extended by using spherical particles
and SF6 mixtures with N2, C8F16O, (C2H5)3N and C2Cl3F3 gases. Corona onset, parti-
cle lift-off and breakdown voltages as well as pulsative corona charge levels are meas-
ured under different experimental conditions. The particle motion is also observed. The
results show that the q-V characteristics are affected by gas composition. Generally, the
addition of a small percentage of nitrogen, perfluorocarbon, triethylamine and freon to
SF6 reduces the pulsative corona charge levels and increases the particle-initiated break-
down voltage level.

Experimental System

The measurements were carried out using a transparent, Plexiglass cylindrical pressure
vessel of 130mm internal diameter and 520mm height. Concave electrodes of 60mm
diameter with an interelectrode gap separation of 13.3mm were used. Sphere particles
having diameters φ of 3.2mm and 4.8mm were employed. This electrode configuration
is used to avoid the particle tendency to migrate out of the gap as a result of their
bouncing motion and to obtain a triggered breakdown voltage up to 100 kV.

The high voltage source was a 60 Hz, 100 kV test transformer. A current limiting wa-
ter resistor was connected in series with the high voltage supply. A partial discharge de-
tector consisting of a coupling capacitor, measuring impedance and a partial discharge
meter was used to measure the pulsative corona charge levels. Without the test geome-
try in the circuit, the system had a partial discharge level of < 5 pC for voltages of 100 kV.

The SF6 gas used was of commercial purity i.e. 99.8% pure. The total gas pressure
was kept constant at 0.3 MPa throughout the investigations to be in conformity with the
busbar pressure in practice. The percentage of the additive gas indicated is by volume
and was chosen arbitrarily. The experimental investigations are carried out at room tem-
perature of 23ºC.

Charge-voltage (q-V) characteristics were measured for electrodes in the absence of
particles. Then these measurements were repeated with particles until corona onset was
detected. Subsequently, corona charge levels were measured for different values of ap-
plied voltage. Particle motion was observed by using a telescope. In addition to q-V
characteristics, particle lift-off as well as breakdown voltages were also recorded.

Results

Pulsative corona charge levels associated with positive (+pC) and negative (–pC) half
cycles were measured for SF6 gas without any particles and with a single particle of
φ = 3.2mm. Figure 1 shows that without particles corona started at 40 kV with a charge
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level of 1.5 pC which increases with applied voltage V. With 3.2mm diameter particle
the corona initiated at 33 kV with considerably higher pulse charge level. As expected q
increases with V and positive corona charge levels (+ pC) are in an order of magnitude
higher than the negative corona charge levels (– pC). Moreover, positive corona charge
levels measured using particle of φ = 4.8mm is also shown in Figure 1. It shows that as
particle diameter is increased, the onset voltage increases. Furthermore for a given V,
the charge level associated with a bigger diameter particle is more than the correspond-
ing value for smaller particle. At the corona onset, the 3.2mm particle excited a circular
motion on the bottom electrode. At V = 45 kV, this particle started to bounce during its
circular motion. At 65 kV, the bounce height increased significantly. 4.8mm particle
started bouncing on the bottom electrode at the onset voltage of V ~ 35 kV with pulses
of 100 pC on the positive half cycle.

With SF6 / 2.5% N2 with mixture and 3.2mm diameter particle, corona starts with q = 9
pC on the positive half cycle at V = 25 kV as shown in Figure 2. In this mixture +pC
values are lower whereas – pC values are higher than the corresponding values in SF6
gas. Thus the addition of a small N2 percentage to SF6 modifies the positive as well as
negative corona pulses. For this mixture, particle started bouncing at 35 kV at the bot-
tom electrode. The bouncing height increased with voltage. However, for this mixture,

Figure 1. Corona characteristics for positive (+ pC) and negative (– pC)

half cycles for two spherical particles in SF6.
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the circular motion of particle on the bottom electrode which was noticed in SF6 gas
was not observed.

Figure 3 shows the q-V characteristics for SF6 mixture containing 2.5% and 1.5% of
perfluorocarbon vapour for a single spherical particle of 3.2mm diameter. With these
mixtures corona pulses were detected at 30 kV (1.5% C8F16O) and 25 kV (2.5%
C8F16O) with positive corona charge levels of 1.5 and 11 pC respectively. Generally
+pC values for these mixtures are lower and – pC values are higher than the correspond-
ing values in SF6 gas. Furthermore, the corona levels for the mixture containing 2.5%
C8F16O are higher than the corresponding values for 1.5% C8F16O-SF6 mixture. In the
SF6/2.5% C8F16O mixtures, the particle exhibited irregular movement at the bottom
electrode at a threshold voltage of 30 kV. The particle motion increased and had a
bouncing pattern appears at a higher voltage. In SF6/1.5% C8F16O mixture, the particle
motion was a noticed at a higher threshold voltage of 50 kV.

Figure 4 shows the q-V characteristics with a single 3.2mm diameter particle present in
SF6 mixtures with triethylamine (C2H5)3N and freon C2Cl3F3 additives. Each of these ad-
ditives had 2.5% content in the mixture. With triethylamine additive, the corona charge at

Figure 2. Corona characteristics for positive (+ pC) and negative (– pC)
half cycles for one spherical particle in SF6/2.5%N2 mixtures.
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the inception voltage of 25 kV was as low as 3 pC during the positive half cycle. Similar
corona charge value is observed for the C2Cl3F3 additive but at a higher onset voltage of
30 kV. For both of these mixtures, corona charge increases rapidly with voltage. Also the
difference between – pC and + pC values are significantly smaller in these mixtures as
compared to SF6 gas. In SF6/(C2H5)3N mixture, the particle exhibited circular motion at
the bottom electrode starting around 30 kV which later on lead to bouncing motion at a
higher voltage. In SF6-freon mixture only the bouncing motion was noticed.

Discussion

When a conducting particle is in contact with one of the electrodes, it gets charge un-
der applied stress. The particle motion is controlled by electrostatic and gravitational
forces. In addition, if corona discharges occur at the particle surface, corona wind be-
comes an additional force. Generally, under ac stress, the particle lifts off the bottom
electrode and assumes a bouncing motion, reaching a height determined by the applied
voltage, particle parameters and gas composition. As the applied voltage is increased,
the bouncing height as well as corona charge levels increase till a breakdown is trig-

Figure 3. Corona characteristics for positive (+ pC) and negative (– pC)
half cycles for one spherical particle in SF6/2.5% C8F16) mix-
tures.
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Figure 4. Corona characteristics for positive (+ pC) and negative (– pC)
half cycles for one spherical particle in SF6/2.5% (C2H5)3N
and SF6/2.5% C2Cl3F3 - mixtures.

gered when the particle approaches the opposite polarity electrode[9]. Small spark dis-
charges also occur at the instant of a particle-electrode impact[10].

The modes of particle motion as well as required stresses are different in different
gases[1]. These results indicate that even a small percentage of an additive can make sig-
nificant differences in particle motion as well as corona charge characteristics. General-
ly, the pulsative charge in positive half cycle is higher than its negative half cycle coun-
terpart. In SF6 gas, this difference in the q values between the two half cycles is very
large with +pC values in an order of magnitude higher than the – pC values.  Generally,
breakdown takes place in positive half cycle in SF6 gas. Therefore, this large difference
in q values may explain the sensitivity of SF6 to contamination at high gas pressures[1,9].
For the SF6/gas mixtures investigated in this work, the differences between + pC and
–pC values are relatively small. All such mixtures suppress the positive corona pulse
levels while increase the negative corona pulse levels. The high electronegative addi-
tives whose attachment cross section extends to higher energies than that of SF6 can
cause substantial increase in the negative corona stabilization and lowers the positive
corona stabilization[11]. Consequently, these additives reduce the sensitivity of SF6 gas
to microscopic field nonuniformities and increase the corona stabilized breakdown volt-
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age levels. More recent works by the author have studied and discussed the physical
properties of such mixtures in a highly non-uniform field[5,12,13]. For the mixtures in-
vestigated, particle-initiated breakdown voltages are shown in Table 1. This table fur-
ther shows the maximum corona charge levels and the applied voltage levels when the
particle started motion (mobility mode) and when the particle started lift-off and bounc-
ing motion (bouncing mode). In SF6 mixtures, the mobility mode starts with a low q
value at a lower threshold voltage as compared to SF6 gas. A similar feature is noticed
in the bouncing mode. The higher breakdown voltage of SF6/gas mixtures shows the
improvement of corona stabilization processes. Hence, the additives investigated here
exhibit improved particle-initiated breakdown voltages and are good candidates for
large scale testing and possible industrial uses[4,6].

TABLE  1. Particle-initiated breakdown voltage and motion modes.

Mobility Bouncing Breakdown
mode mode

kV pC kV pC kV

SF6 33 30 45 45 75

SF6 / 2.5%N2 25 9 35 25 92

SF6 / 2.5% C8F16O 30 18 40 32 89

SF6 / 2.5% (C2H5)3N 30 9 40 25 75

SF6 / 2.5% C2Cl3F3 30 4 45   12.5 83

Conclusions

Small percentages of N2, C8F16O, (C2H5)3N and C2Cl3F3 additives  to SF6 modify
the pulsative corona from free conducting spherical particles. Generally, these additives
reduces the corona charge levels, and increases the particle-initiated breakdown voltag-
es, thereby making such mixtures less sensitive than SF6 to the effects of microscopic
field nonuniformities. These mixtures also show different particle motion characteris-
tics. Extensive research effort is required to fully understand the dielectric behavior of
these mixtures.
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