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ABSTRACT

As transmission line voltages continue to go up, the
need of better gaseous insulators has become more and more
imminent. This research investigates the dielectric strengths
of some improvgd gaseous insulating mixtures in small scale
simulations of practical systems. Concentric cylinder géo-
metries are used in this research to simulate underground
transmission pipe lines, Knowledge of fundamental low-energy
(mostly £ 10eV) electron-molecule interactions is being ap-
plied to the design of new improved gaseous dielectrics. It
has been found that the electron attachment and slowing-down
properties of dielectric gases/mixtures as a function of elec-
tron energy are very significant in designing gaseous insula-
tors, Several binary gaseous systems (2-C4F6/N2, c-C4F8/N2,
2-C4F8/N2) have been tested and found to be superior to the
breakdown strengths of SFg mixtures, The properties of these
practical systems such as the effects of surface roughness of
electrodes, particle contaminants and electrode materials are

also investigated.
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CHAPTER I
INTRODUCTION

In a gas under an electric field, the free electrons in
the gas have a distribution of energies extending over a wide
range. These free electrons are responsible for the forma-
tion of an avalanche, which may lead to a breakdown. By
controlling both the number and energies of these free elec-
trons in the gas, breakdown can be inhibited (1,2),

In this research, knowledge of fundamental electron-
molecule interactions has been applied to the design of good
gaseous dielectrics in DC practical systems, The first basic
idea is to attach the free electrons in a gas to the gas mél-
ecules to form negative ions which are too large and too slow
to initiate breakdown. Since the electron attaching and
slowing-down properties of a dielectric gas are functions of
electron energies, and since different gas molecules possess
different abilities to capture electrons, it is believed that
the best dielectrics should be multicomponent gas mixtures
which can provide larger attachment cross sections over a
wider energy range than any single gas does (1,2), However,
all attachment is limited to fairly low energies, The second
basic idea is then to use other molecules to guard the energy
range above which appreciable attachment occcurs. To achieve
this, an electron thermalizing gas is mixed with an electron

attaching gas so that electrons with energies above the at-

‘tachment range are returned to the lower energy range for
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efficient capture, Nevertheless, the attaching gas and the
thermalizing gas should be chosen as a team, i.,e, their cross
sections should cover different but closely adjacent energy
ranges.

In these experiments, four binary mixtures (SF6/N2, c~
C4F8/N2, 2-C4F8/N2, and 2-C4F¢/N,) have been analyzed, Basi-
cally, these binary mixtures contain one electron-attaching
gas and one electron-thermalizing gas. The electron-attaching
gases are SFg (sulfur hexafluoride), c-C4Fg (perfluorocyclo-
butane), 2-C4Fg (perfluorobutene-2), and 2-C4F¢ (hexafluoro-2-
butyne). The availability and cost of these electron-attaching
gases are listed in Appendix I, The electron-thermalizing gas
is N2. The attaching gases serve as an additive to N, from
0% to 100% at a total pressure of one atmosphere,

The breakdown results of fluorocarbon mixtures were com-
pared with SF6 mixtures and were found to be superior to SFg
in every aspect. This is due to the fact that SFg has a large
electron attachment cross section at low energies ( £ 0.4eV),
but is unable to attach any electrons appreciably beyond this
energy range, On the other hand, the fluorocarbons are able
to attach electrons over a much wider energy range (£ 1,2eV),
The effects of surface roughness, particle contaminants and
electrode materials were also studied., Thus, the breakdown
data and fundamental physicochemical properties of gases can
be correlated in the design of good gaseous dielectrics in

practical systems,




CHAPTER 1I
THEORETICAL ANALYSIS

In this chapter the electrical breakdown mechanisms of
gases and the control of gas breakdown by knowledge of funda-
mental electron-molecule interactions will be discussed, The
classical Townsend theory (3,4) of the growth of ionization
and the streamer theories proposed by Loeb and Meek (5) are
fundamental and essential to any discussion of electrical
breakdown mechanism of gases, The Townsend theory is generally
accepted for the formation of a spark in a uniform field under
quasistatic conditions, However, its application to a non-
uniferm field is very doubtful., It must be supplemented byi
the streamer theory in erder to describe many observed pheno-
mena which cannot be explained by the Townsend theory. The
breakdown criteria from these theories will be discussed later,
There are other spark breakdown criteria that deserve attention
too (6,7), but in this thesis only the Townsend and the streamer
criteria are discussed,

The most efficient way of inhibiting breakdown of a gas
is by controlling the number of free electrons (1,2), This
can be achieved by attaching the electrons to neutral molecules
to form negative ions which are too heavy and too slow to gain
enough energy from the electric field for ionization. Mean-
while, the electrons which have gained enough energy for ion-
ization are slowed down by the electron thermalizing gas to
the attachment enerqgy range of the electron attaching gas.

3
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The electron attaching and thermalizing gases must be chosen
to work well together because each gas possesses different
abilities to capture and slow down electrons, Also, these
properties are a function of electron energy and the distri-
bution functions of electrons are dependent on the gas itself
and the applied electric field., Therefore, the optimum gas
dielectric is considered to be a multicomponent gaseous system
which can provide the largest attachment cross section for
electrons over the widest electron energy range. The binary
mixtures used in this experiment are designed by this principle
with mainly one electron-attaching gas and one electron-slowing

down gas.
I, ELECTRICAL BREAKDOWN MECHANISMS OF GASES

In the study of gas discharges, a knowledge of the
processes leading to a spark breakdown is essential., Gener-
ally, gas discharges are divided into twvo types: self-
sustaining and ncn-self-sustaining discharges, The spark
breakdown mechanism of a gas is a transition from non-self-
sustaining discharge to self-sustaining discharge with explo-
sive suddenness (4), The free electrons and}their distribution
of energies in a gas play a very important role in any gas
breakdown mechanism, These free electrons under an applied
electric field gain enough energy to ionize the neutral gas
molecules by collision, Thus, new electron ion pairs are
produced by this cumulative process.' As this process goes on,

the number of ions and electrons grows very rapidly and electron




avalanches are formed. When the applied electric field in-
creases up to a certain critical value, the number of ions and
electrons increases to a point where a self-sustaining discharge
is established and results in a spark breakdown.

Two types of breakdown mechanisms will be discussed in
this thesis: the Townsend theory states that a succession of
electron avalanches, initiated at the cathode, is essential
for the build-up of a breakdown and the streamer theory states

that only one single electron avalanche can lead to a breakdown,

The Townsend Theory

In the early 1900's J, S. Toﬁnsend proposed his now clas-
sical theory of the mechanism of spark discharge in gases,
His theory was based upon the field-intensified ionization of
the neutral molecules of a gas by electrons vwhich started a
succession of electron avalanches and eventually lead to a
breakdown. A gas is normally a very good insulator, but some
electrons and ions are always present due to the natural back-
ground of cosmic radiation, Under an electric field, these
ions and electrons will be accelerated, The electrons, which
have a much smaller mass than the ions, will be accelerated
very rapidly and gain enough energy for ionization by collisions
with the neutral molecules, This process is cumulative and
occurs extremely rapidly.

The above process is known as the primary ionization
process, There are other secondary processes which contribute

to the breakdown mechanism, The most important secondary
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process of ionization is caused by the positive ions, These
positive ions gain considerably less energy than the electrons
because of their much larger mass and thus it is very unlikely
that they can ionize the neutral molecules, However, they
can produce new electrons by bombardment of the surface of
the negative electrode, Also, new electrons can be produced
by photoionization in the gas caused by photons originated
from excited atoms or from recombination processes of ions
and electrons,

The current density at the anode in a nonuniform field,
due to primary and secondary processes of ionization, can be

expressed as (8):

|+ o mp {5 x=1 dx}  dx
L= fS exp{f] -0 dx} = dx

J=17

’ (2-1)
where J is the current density, J,is the initial current
density due to external ionizing sources, d is the gap length,
& is the number of ionizing collisions for an electron for
unit length of path in the direction of the field and is
called Townsend's first ionization coefficient, ¥ is the
number of new electrons to be emitted from the cathode for
each of the bombarding positive ions and is called the second
Townsend ionization coefficient, and Y is the electron
attachment coefficient defined as the number of attachments
per electron per unit length of path in the direction of

the field,



This equation can determine the voltage level at which
a nonuniform field gap breaks down according to the Townsend

theory, because breakdown must occur when the current becomes

infinite, This happens when the denominator becomes zero:

3’51 MP{ jZ(x‘VDdx}o( dx = |

(2-2)
Equation (2-2) is the criterion for the Townsend mechan-~

ism of spark breakdown in an electron-attaching gas in a
nonuniform field, For a uniform field X, ¥ and Y[ are con-

stants., Thus, equation (2-2) becomes:

2o [ {x-pdy -] = |

(2-3)

Equation (2-3) is the criterion for the Townsend mechan-
ism of spark breakdown in a uniform field,

Although the Townsend theory can predict the voltage
level at vwhich a uniform field gap breaks down, it does not
give any information about the actual breakdown process and
its application of the Townsend theory is restricted to quasi-

static conditions,

The Streamer Theory

A nev theory of spark breakdown mechanism was proposed
in 1940 by Meek (9) and is generally referred to as the

streamer theory. This theory is based on considerations of
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a'single electron avalanche, the transition from an avalanche
into a streamer, and the mechanism of advance of streamers
across the spark gap. According to this theory the space
charge field from the electrons and ions in the head of an
avalanche may cause an instability in the development of the
avalanche, resulting in the formation of fast moving anode and
cathode directed filamentary streamers from the avalanche head
(3,5). The streamers form a highly conducting plasma channel
across the gap leading to the ultimate collapse of the voltage.
The basic mechanism behind the formation of streamers is
thought to be photoionization in the gas.

A satisfactory quantitative physical theory for streamer
formation has not yet been formulated, Meek made the assumé-
tion that cathode and anode directed streamers would develop
vhen the radial space charge field from the ions in the ava-
lanche head become comparable with the externally applied
field, This leads to Meek's equation for the breakdown of a

nonuniform gap in non-attaching gas (3,5),

Xy “’XP{J: de} = KEK{X/E’}%-

(2-4)
where x denotes the critical avalanche length, i.e. the length
of the initial electron avalanche at the moment when it becomes
unstable and streamers are formed. In nonuniform fields x
may be much shorter than the gap length, o(x is the first
Townsend ionization coefficient at the avalanche head, Q is

the gas density, and K is a constant,
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This equation was later modified by Pedersen to include

electron attachment (8):

<y ur{lf:(d—)’[)dx} = Fox, Q)

(2-5)
vhere q_is the electron attachment coefficient of the gas,
and the function F(x,P) is an empirical function which can be
determined from measured breakdown data in uniform fields,

Equation (2-5) can be simplified by writing in logari-

thmic forms

hn{a} + [Le-dx=s e, p

(2-6)

It has been shown that in SF; £(x,P) (10) varies little

with x and @, and that the contribution of the logarithmic
term in (2-6) (11) to the value of f£(x,P) is almost constant,

Equation (2-6) may simply be written as:

X
So(c(- Y[)dx = K
(2-7)
where K is a constant. K is dependent on the gas and is equal
to 10,5 for SF6 and about 20 for air at atmospheric pressure,
Equation (2-7) is known as the streamer breakdown criterion
for SFG. It can be interpreted as meaning that breakdown occurs

when the total number of electrons in an avalanche reaches a

certain value (about 108) (10).
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II. PREVENTION OF BREAKDOWN OF GASES BY

ELECTRON-~-MOLECULE INTERACTIONS

As discussed above, the free electrons in a gas are
responsible for the formation of electron avalanches leading
to a Townsend o; streamer-type breakdown. Therefore, no
matter what theory is followed, one effective way to preveﬁt
breakdown is the removal of these electron before they attain
enough energy for ionization. An effective way to remove
these electrons is to attach them to molecules forming nega-
tive ions which are too heavy to accelerate appreciably under
an electric field and thus cannot attain enough kinetic energy
to cause ionization, At the same time, the electrons which
have escaped attachment and have gained energy high enough for
ionization must be slowed down, The above statements can be

formulated as (1):

-]
Sov;_ (e) f( E)E/P) dg — maximum
(2-8)

00
SIU—": (€) JCCE-)E/P>di ———> minimum
(2-9)

where U, and OU; are the electron-attachment and electron-
impact ionization cross sections respectively, and £(€,E/p)
is the electron energy distribution function as a function of
electron energy and pressure reduced electric field, and I is ‘
the ionization threshold energy. }

To maximize (2-8), TUp(f)should be as large as possible

over as wide an energy range as possible and £(£,E/p) must be
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shifted to as low energies as possible because all attachment
is limited to lower energies. To minimize (2-9), i(€) should
be as small as possible, I should be as high as possible, and
f(&,%@) must be shifted to as low energies as possible. Thus,
the reduction of electron energies in a gas is very important
because a lower f(E,ﬁﬁ) can optimize both (2-8) and (2-9).
However, the electron attachment cross section Ta(€) plays a
dominant role in the dielectric strengths of gases. As a re-
sult, the electron impact ionization cross section (€£) is not
so important in designing good gaseous dielectrics (12,13,16,
18,19). The electron energies can be reduced by elastic and
inelastic electron scattering, especially in the subexcitation
energy range. One efficient way of slowing down subexcitation
electrons is via negative ion resonance (NIR)., The figure on
page 15 shows the vibrational excitation cross sections via
NIRs for CO, N2, and Hz. NIR states can be vositioned over
the entire subexcitation energy range through a proper com-
bination of gases so that electrons in this energy range can
be slowed down.,

Therefore, the optimum gaseous dielectric is considered
to be a combination of gases which are chosen to provide the
best electron-attaching and electron slowing-down properties
to optimize (2-8) and (2-9) (1). This can be achieved by a
knowledge of physicochemical properties of the gases and

fundamental electron-molecule interactions.
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Electron Attachment of Dielectric Gases/Mixtures as

Functions of Electron Energy

Figure 1 (12) shows the electron attachment cross section
versus electron energy for four electronegative gases: SFG’
c-C4F6, 2-C4F8, and 2-C4F6. The electron attachment cross
section U of a gas, together with its number density N, gives
the probability that a fundamental electron-molecule inter-
action (attachment) will occur. Therefore, the larger the
attachment cross section, the higher is the probability of
electron attachment, The size of the electron attachment cross
section is not the only way to predict the dielectric strength
of a gas, The electron energy range over which effective
attachment is possible is also a very important factor, As
can be seen in Figure 1, the electron attachment cross section
is a function of electron energy.

In Figure 1, SF6 has a large attachment cross section at
4 0.4 eV, Electrons beyond this energy range will escape
attachment and accelerate under the electric field and even-
tually cause ionization. The fluorocarbons have a much wider
energy range for electron attachment, with 2—C4F6 at £ 1,2ev
and both 2--c4F8 and c-C4Fg at < 1,0ev, Therefore, the fluoro-
carbons are expected to have higher dielectric strength than

SF. as will be proved in the experimental analysis chapter,

6
The dielectric strengths of these four gases decrease in the

order 2-C4F6, 2-C4F8, c-C4F8, and SF6.
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Electron Slowing-Down Properties of Dielectric Gases/Mixtures

as_Functions of Electron Energy

Figure 2 (13,14) shows the vibrational excitation cross
sections of CO , Nz, and Hz via negative ion resonances, These
are electron thermalizing gases., In this thesis only N, is
used as an electron slowing-down gas. Like the attachment
cross sections, the vibrational excitation cross sections are
also functions of electron energy. N, is a fairly good elec-
tron slowing-down gas because it has a large vibrational
excitation cross section from ~ 1,8eV to ~ 3,4eV. This means
that Nz is capable of slowing down electrons within this energy
range,

In Figure 1 2--C4F8 and c~C4Fg have about the same electron
energy range for attachment and generally c-c4F8 has larger
attachment cross sections than Z-C4F8, but 2-C4F8 has a higher
dielectric strength., This is due to the presence of the double
bond in 2-C4F8 (15,16) which is very effective in inelastic
scattering and contributes significantly in slowing-down
electrons,

In this research, the dielectric strengths of four binary
mixtures which contain one electron attaching gas and one
electron slowing-down gas, have been studied in practical
systems, The experimental analysis and results will be pre-

sented in the next chapter.
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CHAPTER 111
EXPERIMENTAL ANALYSIS

In this chapter the breakdown strengths of the attaching
gases/N2 mixtures are evaluated in practical systems, Figure 3
and Figure 4 show the facility used for breakdown strength
measurements, The equipment is divided into two major parts,
One is the high voltage part of the equipment which is inside
a wire mesh shielding cage. The other is the controlling
part which is outside the shielding cage. The purpose of this
arrangement is to shield the r.f. noise generated by the spark
breakdown of the gases so that the excessive noise effects on
the instrumentation can be eliminated,

Three sets of concentric cylinder electrodes of different
inner sizes have been built and used in breakdown tests, These
electrodes are mounted horizontally in a high vacuum chamber
filled with the gas. Breakdown strength measurements have
also been made on concentric cylinder electrodes with two de-
grees of roughness and three different electrode materials,
Finally, particles are introduced into the systems to study
their behavior under nonuniform electric field and their effects
on the dielectric strengths of gases. The apparatus and ex-
perimental procedure will be described in more detail in the

following sections,
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Figure 3,

Interior of shielding cage of cylindrical
electrode facility,
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Figure 4,

Exterior view of the shielding cage of
cylindrical electrode facility.,
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I. EXPERIMENTAL APPARATUS

Three major pieces of apparatus are essential to the
experiments, namely the chamber, the electrodes, and the
electrical system of the apparatus. With these apparatuses,
gases/mixtures are tested under conditions simulating those
in power applications., The results are correlated with basic
physicochemical properties of the gases/mixtures for the

future engineering design of practical povwer apparatus.

Chamber

The chamber is a 2.5'x1'x1' rectangular box and has a
volume of approximately 60 litres, It is designed to operate
at low pressure (approximately one to two atmospheres). In
order to save the expensive gases/mixtures, roughly 20 litres
are occupied by sealed glassware, The chamber has several
gas, optical and electric ports on each side, There is a
2-inch-diameter quartz window facing the rear cage wall and
a 7"x4" rectangular plexiglas window on the top cover, Ultra-
violet light from a 60-watt deuterium lamp can be directed
onto the inner cylinder through the quartz window via a par-
tially reflecting, partially transmitting mirror made by
vacuum deposition of aluminum such that full view is made
possible through the window, This is very vital to the particle
contaminant studies because the characteristic motions of
particles can be observed directly through this window., The
chamber is also fitted with a mechanical forepump, a diffusion

pump, a liquid nitrogen trap and appropriate valves and gauges.
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It receives high voltage via a cable feedthrough of the type

used at the output of Delta Ray Corporation power supplies,

Electrodes

The concentric cylinder electrodes are shown in Figures
5 and 6, The outer cylinder was machined with smoothly ta-
pered ends from a solid brass block to effect a cylinder of
2-cm inner radius and a 10-cm length of central cylinder, plus
l1l-cm length of tapered ends. Seven inner cylinders of 27-cm
length and radii 0.4, 0.75, and 1.4 cm have been made (see
Figure 7). The l.,4-cm radius cylinders are made of three
materials (stainless steel, copper, and aluminum). The 0,75-cm
radius cylinders have three degrees of roughness (smooth,
0.004" spiralling grooves and 0,02" spiralling grooves)., The
inner electrode is held at the ends and is centered within
the outer electrode by plexiglas bushings. The inner electrode
is connected to the high voltage power supply by a rod screwved
into it, The outer electrode is connected to a one megohm
resistor string, and to a 50-KV bushing in the chamber wall
with electrical connection to ground made outside the chamber
through small current-sensing resistors,

The electric field at the surface of the inner cylinder

between two infinitely long concentric cylinders is given by:

\
Tn ln (Y;/,r,>




Figure 5,

Outer electrode assembly for concentric
cylinder electrode geometry.
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Figure 6, Mounted concentric cylinder electrodes.
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Figure 7, Inner electrodes for concentric cylinder
geometry.
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where V is the voltage applied between the cylinders, ry and
r, are the radii of the inner and outer cylinders respectively.
By taking the partial derivative of E with respect to r, for

a constant r, and setting (3e/37)) = 0, The minimum E field
can be found when rz/r1 = e (the basis of natural logarithms).
The radii of the electrodes are designed according to the.
following ratio approximately: 0.,5e, e, and 2e, Since the

E field at r., is minimum when the ratio of outer and inner

1
radii is e, the 0.,75-cm radium cylinder is expected to have
the highest breakdown voltages, Also, the field fringing
effects at the open ends of the electrodes weaken the electric
field at the central region. As a result, the 0.4-cm elec-
trode which has the largest fringing effects, has slightly |

higher breakdown voltages than expected relative to the others,

These effects will be verified later,

Electrical System of Apparatus

The power supply provides zero to +150-KV DC with ripple
less than 0.1%, It consists of an oil tank in which high
voltage components are submerged and a rack on which the low
voltage controls are mounted outside the cage.. Positive or
negative polarity can be selected by a switch submerged in the
oil tank, Two high voltage vacuum diodes in the oil tank
form a voltage-doubler circuit, charging two 0.006-A4F capa-
citors in series, It also provides a 300-Mn resistor string
in series with a 300-MA resistor string to form a voltage

divider, A digital voltmeter (Hewlett-Packard 3480D) is
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connected in parallel with the 300-KA resistor to sample the
high voltage output. A Spelman power supply is used to cali-
brate this voltmeter,

The controller circuit generates a rising ramp waveform
at a slow, controlled rate beginning from some selected "base"
vol%age below breakdown. A feedback circuit compares the
voltage divider output with the ramp signal and operates a
motor-driven variable transformer according to the error sig-
nal, making the high voltage follow the ramp waveform., Break-
down is sensed by ground electrode current, The digital
voltmeter is used to acquire the breakdown voltages, This
voltmeter samples the output of the 1000:1 divider at a rate of
approximately twenty times per second, When a breakdown is
detected, the controller circuit commands the digital voltmeter
to hold the last voltage reading just before the breakdown,
while the high voltage is rapidly returned to the lower "base"
value, A timer in the controller holds the breakdown voltage
for a preset time for recording and recycles the measurement
process,

A diverter gap is connected across the HV line between
the power supply output and the test gap, The diverter con-
sists of a pair of 6-inch-diameter stainless steel hemispheres,
one at high voltage and backed by a corona shield and one at
ground potential and fitted with the trigger electrode. This
trigger electrode consists of 1/8-inch-diameter tungsten rod
inside a 5/16-inch-diameter quartz rod, The diverter-ground

electrode is suspended from the cage ceiling by a chain driven
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by a linear actuator motor/gear set so that the gap can be

|

|
ad justed from outside, The trigger is activated by a 50-KV
pulse from a high performance auto-ignition system mounted
at the ceiling adjacent to the gap-adjustment motor. Within
microseconds after a breakdown, the diverter spark gap is
triggered to reduce the energy of the breakdown arc across
the test gap so that the possibility of pitting the test
electrodes is minimized,

A copper mesh shielding cage is used to surround the
chamber, diverter and the high voltage parts of the power
supply to protect the instrumentation from the RF radiation

of spark breakdown. All electrical connections for power and
| instrumentation inside the cage are made via capacitive feed-
| through filters mounted through the cage wall, Water and gas
: exhaust connections are also carried through the cage walls

by wave guides, They are all visible over the chamber as

| shown in Figures 3 and 4 ( see pages 17 and 18),
I1. EXPERIMENTAL PROCEDURE AND TECHNIQUES

To begin the experiment, the chamber is first pumped out

6 torr) by the mechanical

to a high vacuum (approximately 10~
forepump and an oil diffusion pump with liquid nitrogen trap.
An ion gauge and a thermocouple gauge are used to monitor the
vacuum pressures, When a desired low pressure is reached,

the valves to the diffusion pump and mechanical forepump are

closed. Test gases/mixtures are then introduced into the

chamber according to the measured partial pressures of the
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components, The chamber pressure is monitored by a Wallace
and Tiernan FA-145 pressure gauge.

High voltage is applied between the electrodes by follow-
ing the ramp signal generated by the electronic controller at
a slow controlled rate, beginning from some selected "base"
voltage below breakdown, At the same time, the gap is illu-
minated by ultra violet light to produce free electrons which
are essential to initiate breakdown conditions. When break-
down occurs, a surge of current is produced in the ground
electrode lead. This current is sensed by a detector which
sends a signal to the electronic controller. The controller
then commands the digital voltmeter to hold the last voltage
reading just before the breakdown and rapidly returns the high
voltage to the "base" value., The breakdown voltage is recorded
and the measurement process recycles again, At least ten
breakdown measurements are made for each breakdown voltage,
The mean of these breakdown measurements is generally within
a random scatter (standard deviation + mean x 100) of less
than 3%, However, with particles between the electrodes, the
scatter is between 5% to 10%,

When breakdown measurements of a certain gas/mixture are
finished, the electrodes are taken from the chamber to be
checked for deposits and to be cleaned. Acetone is first used
to clean the deposits and then methanol is used to remove the
trace left by acetone, The electrodes are reinstalled for

another gas/mixture and the same measurement process is

repeated.
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Some modifications to the practical system have to be
made in studying the particle contaminant effects, Particles
tend to bounce to a low field region under an electric field,
Therefore, they bounce to the open ends of the ground electrode
and escape from the system, Two hollow Lexan discs have been
installed at the open ends of the ground electrode to stop
the particles from bouncing out of the system, Unfortunately,
the particles sometimes get stuck to the Lexan discs and cause
a breakdown, burning a track along the discs. As a result,
the inner and outer cylinders become short-circuited., Direct
observation of particle activities eliminates the possibilities
of tracking the Lexan discs. When particles are stuck, high
voltage is immediately lowered and then raised very rapidlyl
Eventually, the sudden increase of electric field will "shake"
the particles loose., This method of getting the particles

free has been very satisfactory.
III. BREAKDOWN RESULTS

The breakdown voltages of SE‘G/N2 mixtures and three
fluorocarbon g;ses/N2 mixtures measured in DC practical sys-
tems are presented in the following sections. One very signi-
ficant result is that all three fluorocarbons are proved to
be better dielectrics than SFg just as predicted in chapter
two, especially 2-C,F. which possesses the highest dielectric

46

strength among all other gases. Also, 2-C4F6 is extremely

effective as an additive to N2. It should be noted that SF6

works particularly well with N, and exhibits a synergistic
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effect in NZ’ This phenomenon will be explained later in terms
of electron-molecule interactions, Finally, the results of
these experiments are correlated with the electron attachment
cross sections and electron slowing-down properties of these
gases as a function of electron energy in the design of gas-

eous dielectrics.

The Breakdown of Gases/Mixtures Between Smooth Electrodes

The breakdown voltages for mixtures of SFG/NZ’ c-C4F8/N2,
2-C4F8/N2, and 2-C4F6/N2 between three different sets of
smooth concentric cylinder electrodes (with stainless steel

inner cylindrical electrodes of 1.4, 0.75, and 0.4 cm radii)
for both inner-cylinder polarities are presented in Figures 8,
9, 10, and 11 respectively (17). The breakdown data of uni-
form field obtained from other experiments performed at Oak
Ridge National Laboratory (12,13,16,18,19) are also given,
The uniform breakdown curve has been normalized to each point
for pure N2 with negative polarity so that comparison can be
made of the shapes of the breakdown curves in uniform and
nonuniform fields. The error bars in Figure 8 to Figure 11
show combined estimated systematic and observed random errors,
The observed random error is defined as standard deviation <
mean of at least ten observations and is less than 3% for
each plotted data point.

In Figure 8 the breakdown voltage data of SF6/N2 are
characterised by its saturation effect due to the fact that SFg
has a large attachment cross section only at electron energy

below 0.4evV (see Figure 1 on page 13). Any electrons with
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energy higher than 0.4eV cannot be captured by SF6 efficiently,
and as a result, the addition of more SF6 does not help much
in attaching these electrons above 0,4eV, Electrons can be
slowed down by inelastic scattering via negative ion resonances
(NIR). Vibrational excitation cross sections for N, due to
NIRs were shown in Figure 2 on page 15, Electrons with energies

just above those where SF. attaches are slowed down substan-

6
tially by the nitrogen molecules via NIRs so that efficient
capture of these electrons is possible by SF6.

The breakdown results of fluorocarbon/N2 mixtures are
shown in Figure 9 through Figure 11, As predicted in Chapter II,
the breakdown strengths of all fluorocarbon gases are higher

than SF,. and their breakdown voltage curves are always nearly

6
a straight line, These indicate that fluorocarbons do not
work so well as SF6 when mixed with N2 even though they possess
better dielectric strengths. The breakdown strengths of the

gases decrease in the order 2~C4F 2-C4F and c-C,Fg, and

6’ 8’
SFg . This can be explained by looking at Figure 1 on page 13
where 2-C4F6 has the widest energy range for electron attach-
ment (< 1.2eV) while SF¢ has the smallest energy range.
2-C4F8‘has only a slight margin of electron energy range

(£ 1.0ev) over c-C4F8 for electron attachment, but the double
bonding in its chemical structure makes it very effective for
inelastic scattering and thus slows down the electrons for
attachment. In other words, the higher dielectric strength
of 2-C4F8 is attributed to its superior electron slowing-down

properties as compared with c-C, g
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Comparison of the breakdown curves indicates that SF6 is
more sensitive to the degree of field non-uniformity than the
other gases as the cylinder field goes gradually non-uniform
from 1,4 to 0.4 cm inner cylinder radius., Also, it can be
seen that the breakdown voltages on the 0,75-cm radius elec-
trode are higher than the other electrodes, This is because
this electrode provides the minimum electric field at the inner
electrode surface. The 0,4-cm radius electrode has breakdown
voltages almost as high as the 0,75-cm radius because of more
field fringing at the open ends of the smaller inner electrodes.
Finally, the breakdown curves show that almost all positive
breakdown voltages are higher than negative breakdown voltages.

This is attributed to the fact that an electron avalanche

generally begins at the cathode,.

The Effects of Surface Roughness

Three 0,75-cm radius electrodes are employed to study
the effects of surface roughness. Each electrode has a dif-
ferent degree of surface roughness;

1. Smooth all over,

2, Smooth but with a 0,004-inch deep groove spiralled
around a 2-inch length in the central electrode region,

3. Same as number two except that the grooves are 0.02-inch
deep.

The breakdown curves of Figures 12 to 15 (17,18,19) show
the same general characteristic as the smooth electrode except

the breakdown voltages are somewhat lower, depending on the
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degree of surface roughness., The saturation effect of SF6 is
still very obvious and the breakdown curves of fluorocarbons i
are still always in a straight line. In order to compare the
breakdown voltages of surface roughness to those with smooth-
ness, the ratios of these voltages are plotted in Figures 16

to 23, In these figures, Ve is the breakdown voltage with
surface roughness and VSM is the breakdown voltage of the
smooth electrode, The degrees of roughness do affect the
breakdown voltages; as can be seen that the electrode with
deeper grooves lowers the breakdown voltages more than the
electrode with less roughness. The results indicate that all
fluorocarbons are still superior to SFg under different degrees
of surface roughness. At low concentration of electron at-
taching gas (~10%), the breakdown strengths of the mixtures
can be optimized by maintaining the suitable amount of attaching
gases in NZ' One very surprising result is that 2-C4F6, vhich
possesses the highest dielectric strength among the other

three gases, suffers the most loss from surface roughness,
Figure 23 indicates that the ratio VR/VSM of 2-C4F6 drops below
0.7 at 40% concentration and at a groove depth of 0,02-inch.
(The breakdown voltage measurements went to 40% only because

of the limitation of the high voltage power supply which has

a range from O to 150-KV and the breakdown voltages of 2-C4F6
at higher concentration exceed this limit). Although SF¢ has
the lowest dielectric strength as compared with other fluoro-
carbons, its mixture with N, has the highest breakdown voltages

at low concentration ( £ 10%). This effect is shown in Figure 12
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to Figure 15, Especially with higher degree of roughness,
this superiority of SF6 can be seen more clearly. For example,
in Figure 15 the breakdown voltage of SF, is the highest even
at 20%. This result proves that SF6 has better abilities to
handle surface roughness than the fluorocarbons at lower

concentration in N2.

The Effects of Electrode Materials

Three 1.,4-cm radius electrodes of different materials
have been made to study the effects of electrode materials on
the dielectric strengths of gases. The materials are stain-
less steel, aluminum, and copper, The results are summarized
in Table 1., This table shows the percent variation of break-
dbwn voltages of other materials as compared with stainless
steel, The positive signs indicate higher breakdown Qoltages,
and the negative signs indicate lower breakdown voltages than
with stainless steel, The absolute breakdown voltages of
aluminum and copper can be found from the results already
presented in Figures 8 to 11 and together with this table,
Again the fluorocarbon/N2 mixtures have higher breakdown volt-
ages as compared to the corresponding SF6/'N2 mixtures, However,
the materials have no significant effects on the breakdown
strengths of SFG/N2 mixtures. But the fluorocarbon/N2 mixtures
show higher percent variations of breakdown voltages with
different materials, The average percent variation of each
material is shown in Table 2 (sum of percent variation of

each material - number of percent variations). It can be
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Table 2

AVERAGE 9% VARIATION OF BREAKDOWN VOLTAGES

FROM STAINLESS STEEL
ELECTRODE -VE INNER +VE INNER
MATERIALS ELECTRODE ELECTRODE
Stainless steel 0 0
SF6/N2 Aluminum -5.2 -4,2
Copper -5.1 -4,1
Stainless Steel 0 0
c-C4F8/N2 Aluminum 3.8 5.4
copper 8.5 9,2
Stainless Steel 0 0
2-C4F8/N2 Aluminum 8.3 8,7
Copper 5.5 4,9
Stainless Steel 0 0
2-C4F6/N2 Aluminum 8.6 5.7
Copper 7.2 3.2
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seen from Table 2 that the average percent variations of
SFG/N2 mixtures is about 5% while the average percent varia-
tions of fluorocarbon/N2 mixtures can swing up to about 9%,
These variations could be due to the effects of coating of
oxide films on the electrodes after spark breakdowns, The

exact cause of these deviations has yet to be found,

The Effects of Particle Contaminants

It has been realized that conducting particles can seri-
ously reduce the dielectric strength of gaseous insulating
system (20,21), Therefore, it is worthwhile to investigate
the effects and behavior of conducting particles in practical
systems, To study these effects, five copper wire particles
of dimensions 1/8-inch long by 0.015-inch diameter are intro-
duced into the central inter-electrode region, Two Lexan
disc barriers with a central hole of 0,75-cm radius are in-
serted into the open ends of the outer cylinder electrode to
block the particles from escaping the central inter-electrode
region., The breakdown results of each mixture can be compared
to the results of the corresponding mixture without particles,
The breakdown strengths of all insulating mixtures have been
found reduced by a factor of approximately 3. Figures 24 and
25 present the breakdown voltages for the mixtures in the
presence of particles (17).

The breakdown curves of SF6/N2 mixtures with these par-
ticles still show their characteristic saturation effects
while the fluorocarbon/N2 mixtures are always in a straight

line except that their breakdown voltages are very much lowered,
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Direct observations of particle behavior between the concentric
cylinders indicate that the particles adopt two ma jor charac-
teristic motions. As the voltage increases to a characteristic
value independent of the gas, the particles are suddenly ele-
vated by the electric field and start bouncing between the
electrodes, As the voltage increases further, and if no break-
down occurs first, the particles hover perpendicularly at the
negative electrode with visible light emitting from the ends
close to the negative electrode and this isknown as the "fire-
fly" motion. It is observed that each breakdown is caused by
a single free particle, The particles are lifted at approxi-
mately a constant voltage and stop moving at a voltage much
lower than the liftoff voltage independent of the gas mixture,
The liftoff voltage is at 17.0 +1,5-KV and the stopping voltage

is at 7.0 :_l'_l.S—KV-



CHAPTER IV
CONCLUSION

The fundamental Knowledge of electron-molecule inter-
actions has been applied to the design of good gaseous dielec-
trics, In this research four types of binary gaseous dielectric
mixtures (SFG/NZ’ c-C4F8/N2, 2-C4F8/N2, and 2-C4F6/N2) of
various proportions with conditions corresponding to practical
systems have been studied., These binary gaseous mixtures are
chosen so that they consist basically of one electron-attaching
gas and one electron-thermalizing gas. The dielectric gases
attach electrons only at some low energy range, SF6, which is
the weakest dielectric, attaches electrons up to ~ 0.4eV vwhile
the strongest dielectric, 2-C4F6, attaches electrons up to
~ 1l,4eV (see Figures 1 and 2 on pages 13 and 15). Electrons
with energy exceeding this energy range will accelerate under
the electric field and gain more and more energy for ionization
of the neutral gas molecules, resulting in a Townsend or streamer
type breakdown. Therefore, a thermalizing gas is added to the
dielectric gas for slowing down these electrons and returning
them to the attachment energy range for effective capture,

In this research nitrogen, which has negative ion resonances
(see Figure 2 on page 15) from about 2 to 3eV, was used as the
electron thermalizing gas.

The dielectric strengths of these binary mixtures have
been tested in three different sets of concentric cylinders,
All these tests were performed at a total gas pressure of one
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atmosphere and at room temperature ( ~ 21°c). It was con-
cluded in Chapter II that a good dielectric should have a

large attachment cross section extending over a wide electron
attachment energy range. SFG’ which has the narrowest attach-
ment energy range .( ~ 0,4eV), has turned out to be the weakest
dielectric just as predicted. SF6/N2 mixtures have lower
breakdown voltages than the other three fluorocarbon/N2 mixtures
and exhibit a saturation effect. The breakdown curves of the
fluorocarbon/N2 mixtures are always in a straight line with
breakdown strengths in the decreasing order 2-C4F6/N2, 2-C4F8/N2,

and c-C,F The relative breakdown strengths of fluorocarbon/

4°8°
N, mixtures with respect to SF6/N2 mixtures in different cy-
lindrical geometries are given in Table 3,

The effects of surface roughness have been studied with
inner electrodes with spiralling grooves. The breakdown
strengths of the fluorocarbon/N2 mixtur;s are still better
than the SF6/N2 mixtures except at very low proportions of
fluorocarbons with N2' At about or below 10% attaching gas,
SF6/'N2 mixtures have higher breakdown voltages with roughness.
Also, results indicate that all four binary mixtures are least
sensitive to surface roughness at approximately 5% attaching
gas plus 95% nitrogen, Thus, the dielectric strengths of the
mixtures can be optimized by controlling the appropriate
proportions of attaching gases in nitrogen.,

Three inner electrodes made of different materials have

been used to study the effects of electrode materials on di-

electric strengths of gases., The materials are stainless
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steel, aluminum, and copper. No significant material effects
have been found in SF6/N2 mixtures, The breakdown voltages of -
each material are very close with only a few percent variation
from stainless steel, and these deviations are within experi-
mental errors, But the breakdown voltages of fluorocarbon/N2
mixtures have a larger random scatter up to about 9%,

Copper particles have been introduced into the systems
to study their behavior and effects on the dielectric strengths
of gases. The presence of particles reduces the dielectric
strength of each binary mixture by a factor of approximately
3. Again the fluorocarbon/N2 mixtures are superior to SF6/N2
mixtures, The particles are lifted off and start bouncing
between the electrodes at a constant voltage independent of
the gas. They change to "firefly"” motion at higher voltages.
Once they are lifted off, they stop bouncing at a lower con-
stant voltage independent of the gas,

The most efficient way to inhibit breakdown is to reduce
the number of free electrons and the energy of the electrons
remaining free in the gas. Thus, a combination of an electron-
attaching gas and an electron slowing-down gas is most likely
the optimum gaseous dielectric. However, the attaching gas
and thermalizing gas must be chosen so that their cross sections
should cover different but closely adjacent energy ranges.

The impact ionization cross section has a relatively less
important role than the attachment cross section, Therefore,
only the attchment cross sections are used in designing good

dielectrics., This research has investigated four such binary
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mixtures in practical systems with impressive results, 1In
practical engineering applications, the pressure and temper-
ature effects are also very important, but they are beyond the
scope of this thesis. Further study is needed to develop

engineering desigh rules and application to power apparatus,
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APPENDIX I

Below is a list of the costs and manufacturers of the

dielectric gases used in this research:

1.

Hexafluoro-2-butyne (2-C4F6), manufactured by Columbia
Organic Chemicals Company, Inc. Columbia, S. C. The cost
is $600/Kg.

Perfluorobutene-2 (2-C4F8), manufactured by the same com-
pany as above; and the cost is $300/Kg.
Perfiuorocyclobutane (c-C4F8), also manufactured by the
company same as above; and the cost is $300/Kg.

Sulfur Hexafluoride (SF6), manufactured by Allied Chemicals

and Air Products; and the cost is $310.,42/Kg,
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