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ABSTRACT

The feasibilities of two new separate techniques to control particle contamina-
tion in practical gas-insulated systems were tested in a small-scale concentric
cylinder geometry. In one technique an insulating coating was first formed on
the particles in a contaminated system by low-pressure discharges in appropriate
gases such as 1-C3F6 and c-c4F8. When SF6 was subsequently introduced into the
same system at practical pressure as the operating insulation, the considerable
harm ordinarily caused by particles was found to be eliminated. The nature of
the coating formed also on the electrodes in this process was studied, with the
conclusion that the observed benefits were primarily due to coating on particles,
not on electrodes. In the second technique the particles, moved randomly by
electrical stress, struck and adhered to the surface of a tacky insulating soliu
material; they were subsequently encapsulated in a melt-resolidify cycle without
electrical stress. This trapping technique was also found to eliminate the
harmful effects of particles in SF6 at practical pressure. A technique for
producing a trapping material with temperature characteristics appropriate for
practical apparatus was devised.

The effect of particle contamination on the dielectric strength of SF6/N2 mix-
tures was studied as a function of total pressure and percentage of each gas.
Optimum total pressure (̂-6 atm) and optimum percentages (60% SF6/40% N 2) were
observed in breakdown tests in particle-contaminated concentric cylinder
geometry.
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INTRODUCTION

In SF6-insulated equipment the dielectric strength is often lowered by factors
of 2 to 10 by unavoidable contaminating particles, especially those of long,
slender shape and conducting material. A common remedy is to allow the particles
to move under electrical stress until they happen to enter "particle traps".
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which are field-free regions where motion ceases (Trump, 1970). This approach is
not effective if even one particle is not so trapped, or if one particle escapes
the trap (e.g., during a transient disturbance). The new gases and gas mixtures
superior to SF6 remain so with particle contamination (Pace and colleagues, 1978,
1979), but their dielectric strengths are also lowered considerably by conducting
particles. Therefore, new means of alleviating"harmful effects of particles in
gas-insulated systems have been investigated in the applied studies area of the
Oak Ridge National Laboratory program on gaseous dielectrics.

Some feasibility tests of these new particle-control techniques have been reported
previously by Pace and colleagues (1982, 1983) and by Adcock and colleagues (1983).
They showed the feasibilities of these ideas: (1) the harm of conducting part-
icles can be alleviated by an insulating coating on them,- (2) such coatings can be
formed in gas-insulated apparatus in situ by appropriate gas discharges; and
(3) the harm of conducting particles also can be alleviated by trapping them on or
within appropriate insulating materials.

One new particle-control technique is to coat contaminating particles, in situ, by
an insulating film prior to introduction of the operating gaseous insulation,- this
is accomplished by a low-pressure discharge in an appropriate gas. (A potential
alternative is to use the coating gas as part of the operating insulating gas, to
both form and maintain the coating.)

Insulating coatings on electrodes in particle-contaminated gas-insulated systems
have been found scnewhat helpful by others. Gaenger (1977) found that coating the
outer electrode in coaxial geometry could increase particle levitation. voltages
significantly when stress was first applied and to a lesser extent in the long
term. Pace and colleagues (1983) observed a similar long-term behavior. Parekh
and colleagues (1979) found little increase in breakdown voltage from coating the
electrodes of a dc particle-contaminated system; in ac tests they observed a
pressure effect up to 3 atm of SF6, apparently because of particle charging via
gas at lower pressures and conduction through the electrode coating at higher
pressures. Srivastava and van Heeswijk (1982) also observed a pressure effect on
ac voltages for levitation of particles from a coated electrode.

Although the benefits and techniques of coating contaminating particles are rela-
tively new in gas-insulated apparatus, polymer coatings have been produced in
other conditions for other purposes by many workers. Fluorocarbon molecules,
especially those with a fluorine:carbon ratio of approximately 2:1, are well
suited for gas-discharge coating. Proper balance between current and pressure
should be achieved; excess current leads to coating damage or inhomogeniety, while
excess pressure produces a soft coating. Gas-discharge formation of polymer
coatings in general has been further surveyed by Pace and colleagues (1983).

Another new particle-control technique for gas-insulated apparatus is to move the
particles with electrical stress until they all happen to strike and adhere to the
surface of a tacky insulating material,- then (optionally) the material may be
melted and resolidified with no electrical stress, thus encapsulating the
particles before normal operation commences. The technique of adhesion has been
suggested by Sletten and Cookson (1974).

It has been suggested by others (e.g., Cookson and Farish, 1973; Cookson and
colleagues, 1976) that increase of pressure in SF6 and SF6/N2 mixtures can increase
the dielectric strength of particle-contaminated systems until an optimum pressure
(of several atmospheres) is reached. Because SF6/N2 is a mixture of practical
interest, its dielectric strength was systematically studied, with particle con-
tamination, as a function of both total pressure and percentages of the constitu-
ent gases by partial pressures.



The relative maximum in breakdown voltage with SF6 pressure in particle-
contaminated systems was observed by Cookson end Farish (1973) (in large coaxial
ac-stressed gaps). The experimentally observed effects of varying particle length
are given by Dale and Hopkins (1982) as well as by Cookson and Farish (1973). The
model of Anis and Srivastava (1981) helps explain the effect of particle length
quantitatively. No quantitative physical arguments seem available to explain.the
following observations for particle-contaminated systems: (1) the reduction of
breakdown voltages at higher pressures (5 to 10 atm) and (2) the suggestion in
this paper of an optimum mixture of SF6/N2.

In this paper the two new methods of dealing with particle contamination are
extended in several ways: (1) the coating technique is further tested at higher
pressure and with aluminum particles as well as with copper particles; (2) a
method is presented to tailor the temperature characteristics of the particle-
trapping material to those of operating gas-insulated apparatus,- and (3) the
existence of an optimum SF6/N2 mixture is suggested for use in the presence of
particles.

APPARATUS

The feasibilities of the two new particle-control methods were investigated by dc
breakdown tests in SF6, both with and without particle contamination, in a concen-
tric cylinder geometry, following either the coating or trapping treatment of
particles in the same system. The test electrodes were enclosed in a stainless
steel chamber, which was 0.25 m in diameter and 0.7 m long.

The test geometry had an outer electrode of 2 cm inner radius and an inner elec-
trode of 0.75 cm outer radius. The outer electrode had central cylinder length of
10 cm, with 11 cm of additional length for the flared ends; the inner cylinder was
27 cm long. For tests of particle trapping only, two grooves (0.2 cm deep by
2.5 cm wide) were introduced in the outer cylinder's inner surface to contain
melted trapping material.

Negative dc high voltage was applied to the inner electrode through a 300 kV
programmable power supply with 200 ps response time. External control systems
allowed power supply operation in three modes: (1) manual voltage setting,
(2) manual constant current setting maintained by feedback control of voltage, and
(3) automatic voltage ramp with decrease upon breakdown. [For further details,
see Pace and colleagues (1979, 1982)]. Coatings were formed in mode 2, while
breakdown measurements were made in mode 3. To enter mode 2 without driving the
control system into instability, it was sometimes necessary to commence mode 2
operation at lower gas pressure (~7 x 10~3 kPa) and then, with a controlled dis-
charge, to gradually increase the pressure to that for forming coatings (̂ G.13 kPa).

Contaminating particles were five copper cylinders 0.3175 cm long x 0.0381 cm
diameter. Since longer particles were known to be more harmful (Cookson and
Farish, 1973,- Dale and Hopkins, 1982), the length was chosen to be relatively
large without being comparable to the gap. Where specified, aluminum particles of
the same dimensions were substituted for the copper particles.

FEASIBILITY TESTS OF NEW PARTICLE-CONTROL TECHNIQUES

Results with Insulating Coatings

Earlier feasibility studies are cited in the Introduction. Table 1 presents a
summary of the latest typical results. Except in one case (aluminum rods), the



particle contamination consisted of five copper rods, as described in Apparatus.
Parameters for the coating process were not critical but were typically as follows.-
discharge time, 50-150 h; pressure, 0.13 kPa; discharge current, 0.2 mA; and '
polarity, negative dc on the inner electrode relative to the grounded outer elec-
trode. Each breakdown voltage in Table 1 is the mean of 5 to 10 breakdowns, with
the standard deviation of each set being less than 8% of the mean. In one test
(footnote b in Table 1) the first spark directly struck a particle, dislodging it;
by the bouncing of this free particle and associated restrikes, all particles were
moved and escaped the electrode system at its ends. In all other cases in Table 1,
the sparks did not strike particles. The one test result with aluminum particles
did not differ significantly from that with copper particles. It thus seemed that
this mode of coating could alleviate the harmful effects of conducting particle
contamination, restoring the dielectric strength of the system to its value without
particles.

TABLE 1 DC Breakdown Voltages (kV) in Clean, Copper
Particlu-Contaminated, and Conditioned
Coaxial Geometry of Radii 0.75 cm and 2.0 cm

Conditions

Clean
Particle-contaminated and

coated with 1-C3F6
discharge

Particle-contaminated and
coated with c-C4F8

discharge
Contaminated, no coating

1 atm SF6

58.1

60.9

64.513

24.2

Gas

2 atm

105.

106.

105.
43.

SF6

9

8

3
9

58.7 kV with aluminum particles.
Result of only one breakdown; see text.

In these tests the coating thickness on the inner electrode varied from 10 to
100 (j. The total mass of this coating material covered an area of approximately
50 cm2 on the inner electrode and weighed 0.05 to 0.10 g (after removal with a
blade). The resistance between the coated inner electrode and a contact on the
coating was greater than 10 l x Q at 500 V stress, 8 to 200 kft at 1 kV stress, and
near 0 fi at 2.5 kV stress. If one assumes that the coating "became conductive"
with approximately 1 kV across a 10-100 u layer, it follows that a field on the
order of 10 to 100 kV/mm caused this incipient conduction.

Methods and Results for Trapping Materials

Earlier feasibility studies of wax-based particle control (cited in the
Introduction) demonstrated that Kel-F wax 210 (Analabs SGP-291) and Halocarbon
waxes 12-00 and 15-00 (Halocarbon Products Corporation) were effective surface-
active adhesives for (conducting) particles in gas-insulated devices in the 25 to
50°C range. Furthermore, the adhering particles could be permanently encapsulated
within the wax matrix by a melt-solidification cycle between 60 and 70°C, thus
also renewing the adhesive surface. The 60 to 70°C melting range of these commer-
cially available waxes was too low to allow use in many gas-insulated systems.



Initial searches for media suitable for higher temperatures centered on the
Halocarbon Grease 25-20M. At 80°C, short-term tests were successful, but over
several days the grease separated into liquid and solid phases and a light oil
condensed on cooler surfaces within the heated chamber. Similar behavior was
observed with a blend of the commercial Halocarbon 12-00 wax with the commercial
Kel-F plastic although little oil condensation occurred.

A material suitable for longer term, higher temperature performance was developed
using a blend of two fractions extracted from vacuum pyrolysed Kel-F plastic
resin. Vacuum pyrolysis at 225-250°C of this solid, colorless commercial plastic
produced a nondistilling yellow oil and a volatile colorless liquid fraction,
which was distilled off. The pyrolysis was discontinued when all solids had been
liquefied. The oil, which solidified near 100°C, was extracted (with acetone in a
soxhlet extractor over several days), and was separated into a solid off-white
precipitate (mp -vl60oC) and a milky white dispersion by slow addition of water to
the acetone solution. The solvents were evaporated from the dispersion (decanted
from the precipitate), leaving a very tacky solid (mp ~90°C). Both fractions were
washed with water and dried at 100°C. A 70%/30% blend of high melting/low melting
fractions produced a solid which was tacky in the B̂0 to 110°C operating range,
which could be melted by rapid heating to 160°C, and did not separate into solid/
liquid phases on long-term heating up to 120°C.

In subsequent tests, five particles were placed in the test system (see Apparatus)
which was evacuated and filled with 1 atm SF6 at 25°C. The entire chamber was
then heated to the desired operating temperature. A sufficient voltage was applied
to levitate the particles onto the wax surface, where they adhered (see Table 2
for test results). Rapid heating to 160°C submerged the adhering particles,
giving improved reliability (Table 2).

TABLE 2 Breakdown Voltages (kV) for Trapped-Particle System

System Breakdown Voltage (kV)

Clean 59.68

Contaminated by 5 particles 33.12
Particles adhered to surface only 52.99a'
Particles submerged in wax blend 62.88

aLong-term tests began immediately after resolidification;
no breakdowns over 24 h at 45 kV; 4 breakdowns in 2 h at
50 kV.

Long-term tests began after 3 days after resolidification,
having been at 100°C without electrical stress: no
breakdowns in 24 h at 50 kV.

No breakdowns in 24 h at 55 kV; 14 breakdowns at 60 kV in
1 h.

INSULATING PROPERTIES OF SF6/N2 MIXTURES WITH PARTICLE CONTAMINATION

Although SF6/N2 mixtures have been studied by innumerable workers and appear to be
favored mixtures to replace SF6 in applications, a systematic study of the vari-
ation of dielectric strength for different pressures and proportions did not seem



to exist with particle contamination. We therefore undertook the measurements in
Table 3. The coaxial cylinder electrodes and copper test particles were used as
explained under Apparatus.

TABLE 3 Breakdown Voltages of SF6/N2 Mixtures in Particle-Contaminated
Concentric Cylinder Geometry Under DC Stress

Percentage

SF6

100
80
60
40
20

N2

0
20
40
60
80

303.9

59.6
45.7
50.7
24.3
26.3

Breakdown Voltage (kV)

405.2

62.1
49.0
54.1
39.5
38.5

607.8

70.0
59.6
66.0
55.7
37.2

810.4

67.5
58.6
62.4
50.9
41.9

1013 kPa

60.0
50.1
61.2
43.5
33.4

DISCUSSION

From the results it can be inferred that the observed significant benefit of an
insulating coating was in coating particles, rather than in coating the electrodes.
Breakdowns observed in coated systems almost always occurred between electrodes at
positions distant from particles. Coated systems had slightly higher breakdown
voltages than clean systems (Table 1); although these differences are within the
standard deviations and not necessarily significant, they can be anticipated from
the observed nature of the inner electrode coatings. The calculations in the
Appendix show that the voltage across the coating was on the order of 1% of that
across the gas gap, which would explain the slightly higher breakdown strengths of
coated systems. This voltage across the coating is also (unfortunately) on the
order of that observed (in megohmmeter tests) to be sufficient to cause incipient
conduction through the coating, so in these test conditions the coating of smooth
electrodes should not be expected to be greatly beneficial. (No conclusions are
drawn about coating of rough electrodes to reduce the field strength at protrusions.)

The different observations of coating area, coating thickness, and coeting weight
are not inconsistent. For example, if one assumes a 10 u thick coating over
50 cm2 that weighs 0.1 g, a coating density of 2 g/cm3 is indicated; this crude
estimate of density is reasonable.

Through a set of breakdown measurements of SF6/N2 mixtures of different propor-
tions and pressures, there appeared to be optimum proportions of SF6 and N 2 (60%
and 40%, respectively). As others have- observed, there also exists an optimum
total pressure (which may vary somewhat with conditions).

CONCLUSIONS

An insulating coating can be formed by low-pressure discharges in appropriate
gases in a particle-contaminated, gas-insulated system. The result of coating the
particles in situ (not electrodes) can be to eliminate the otherwise considerable
harm caused by particles.

The harm of particles in a gas-insulated system can also be eliminated by encapsu-
lating them in an appropriate insulating tacky, solid material. The temperature



characteristics o£ this material can be tailored to allow the required melt-
resolidify cycle to be made in situ in practical apparatus.

It was confirmed that SFg/^ mixtures have an optimum total pressure in particle-
contaminated systems <~608 kPa here); also there seemed to exist an optimum
percentage for each gas by partial pressure (60% SF6/40% N 2 ) . No explanations
appear to be currently available for the existences of optimum total pressure and
optimum percentages of mixture constituents in particle-contaminated systems..

It is suggested that these observations should prove useful in designing future
gas-insulated apparatus. ,
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APPENDIX: EFFECT OF ELECTRODE COATING ON OBSERVED BREAKDOWN VOLTAGES

The radial field at radius r outside a cylindrical electrode with uniform charge
of q(C/m) is

E = —3- (1)
2ner

Integrating Eq. (1) shows the voltage between any two radii r , r.is given by

V . = r3- to — . (2)
a,b 2rt£ r

3

Therefore, if V12 is the applied voltage between concentric cylinder surfaces at
radii rt and r2 with a dielectric solid coating (with dielectric constant e )
between radii rs and r1 + 6r, then if e « e0,

Since 6r « ra generally, we can approximate Eq. (3) by

(4)

The two terms on the right side of Eq. (4) are the voltages across the gas gap and
coating, respectively, and their ratio is thus

'v e.
gas gap d

If it is assumed that eo/
e
d **

 x/3> 6^/r1 « 75 x io~
6 m/0.75 x io~2 m and

£n r2/rx s= 1, then Eq. (5) reduces to

gas gap

Therefore, the coating relieves the gas gap of only a voltage stress on the order
of 1%, so the breakdown strength of the coated particle-contaminated system with
harmless particles should exceed that of the uncontaminated, uncoated system by
only the order of 1%. With approximately 100 kV on the gas gap, the voltage
across, the coating would then be on the order (̂ 500 V) of the voltage observed (in
megohmmeter tests) to induce incipient conduction in the coating.

The effect of coating on the outer electrode is not included in this calculation
because (1) only the order of magnitude is desired and (2) the amount of coating
on the positive (outer) electrode should not exceed that on the negative (inner)
electrode.


