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ABSTRACT

Theoretical and experimental studies are carried out to
investigate the problem of contamination flashover of trans-
mission line insulators. To facilitate constructing mathe-
matical models, experiments are categorized on one-dimensional,
two-dimensional and real insulator cases.

For the one-dimensional model, instead of taking the con-
ventional static approach, a comprehensive dynamic model is
introduced where time is added as an explicit variable. To
complete the physical picture, an arc growth equation, based
on the power being fed in at the arc tip via either cathode
or anode falls, is derived and proposed. The model's dynamic
predictions are verified experimentally, thus establishing for
the first time the important role played by electrode falls,
especially the cathode, in contamination flashovers. The
cathode fall is hence further studied theoretically and a
mathematical model is completed, based partially on the prin-.
ciples of glow discharge. The model is capable of predicting
quite accurately the cathode drops for different metallic sur-
faces and water.

For the two-dimensional model, experiments are done on
the flat-plate with a variety of surface coatings under fog-
ging conditions. A mathematical model, which is an improved
version of previous theories, is constructed and correlated
with experimental findings.

The effects of surface conditions on flashovers are also
studied. Experiments are performed in uniform-field and flat-
plate geometries. Extensive tests on times to flashover are
carried out and results indicate that two operating regimes,
the EHD regime and the Townsend breakdown regime, can be
distinctly detected. Both regimes of operation are further
studied theoretically. The threshold voltage is determined,
and the effect of E-field on contact angle is investigated,
culminating in a proposed elongation mechanism via contact
angle hysteresis. The times to flashover are estimated
theoretically and compared with experiments.



Throughout the above studies, high-speed motion pictures
are utilized so that many physical phenomenon can be viewed
in slow motion.

The conclusions of these studies establish very definite-
ly the importance of the arc tip region and surface condition
in causing contamination flashovers. They form the basis of
suggestions for improving the insulator performance.
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CHAPTER I
INTRODUCTION

1.1 Nature of the Problem

During the past decade, demand for electric power has
been growing steadily. In order to meet such increasing
demands, utilities must construct transmission lines of high-
er and higher delivering capacities and at higher levels of
reliability. For a number of reasons, raising the transmitt-
ing voltage seems to be the most feasible method. Thus lines
of 765 kV are already in operation in the U.S. Even higher
voltages are being contemplated. But, overhead lines of high
voltages are subject to two basic abnormal conditions which
cause the most frequent flashovers and outages. They are:

1) overvoltages caused by switching surges and

2) abnormal electrical stresses in the insulating

system caused by contamination of insulator

surfaces.
In addition, lightning strokes may cause overvoltages; their
harmful effects, however, have been reduced by the use of
lightning arresters. All these abnormal conditions have been
extensively studied. It is the purpose of this thesis to
investigate in greater detail the physical mechanisms which
are primarily responsible for the occurrence of contamination
flashovers.

Contamination flashover is a form of arc discharge across

the moist surface of an insulator upon which have been
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previously deposited soluble particulates so that it has
become conducting. Once the arc discharge, which usually
starts either from the central cap or pin, has bridged over
the top porcelain surface and the creepage path beneath it,
the insulating strength of that insulator is entirely gone.
The result is that other insulators in series, with increased
voltage stresses will be similarly affected and eventually an
outage occurs. The necessary ingredients for a flashover are
moisture and contaminant substances. The former is usually
supplied by nature in the form of fog, dew, rain, ice and etc.
The sources of contamination can range from industrial
pollution to bird droppings. A recent survey by an IEEE Work-

1 tabulated a great variety of such contaminants.

ing Group
With the presence of moisture and contamination, the flashover
process is thought to occur as follows. During dry weather,
pollutants are deposited on an insulator surface. When the
surface becomes moist, some pollutants are dissolved and the
surface starts to conduct electrically. The passage of leak-
age current produces ohmic heating and the area around the
Pin, where the electric field is the highest, starts to dry
out. Subsequently, a dry zone is formed around the pin and
low current arcs can now bridge this zone. Theiheat of the
arc evaporates more water, enlarging the dry zone and the

arc. Sometimes the arc lengthens to some extent and goes

out. Other times, the arc grows until the insulator string

is bridged and full fault current then flows, causing the
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circuit breakers to be tripped. This picture embodies the
essence of what happens during a contamination flashover.
After a flashover, the line may or may not be automatically
reclbsed, depending on whether the factors causing the fault
have been removed or not. Frequently, it may be many minutes
before the line can support voliage again. Also, quite often,
the insulators involved are damaged by the arcs and must be
replaced.

Many physical processes are involved in the above
sequence of events. This thesis will focus attention on the
electrical breakdown of the dry band and subsequent arc dis-
charges propagating across the moist, conducting £ilm.

The propagation of arcs across the film is also very
much dependent upon the surface conditions. A new and clean
insulator, as a rule, performs much better than an old and
contaminated one. On the surface of the former, moisture
tends to bead up, forming separate droplets. While, on the
surface of the latter, moisture can wet the surface quite
readily, thus increasing the leakage current and initiating
arc discharges. The ability to maintain either a clean sur-
face or a water-repellent one has therefore become a major
criterion in the design of an insulator. Keeping an insulator
clean can be accomplished by regular washing; while making
the surface water-resistant can be achieved by greasing.
Depending on locality, washing usually has to be performed

fairly frequently, making it a costly operation. Greasing,
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on the other hand, is cheaper and must be done only once every
two years or so. Furthermore, the improvement in insulator
performance is far more s.ignif:i.cant.z'3 Silicone grease is
probably the most commonly used type and will also be used in
our studies. The primary function of the grease is to break-
up the moist film so that surface resistance increases. The
physical processes involved, however, are more complex. Under
the influence of electric fields, water drops can elongate in
shape and coalesce with neighboring drops, reducing the water
repellent property of the surface. Greasing is thus not totally
effective against all kinds of flashover conditions. These
physical mechanisms will be investigated below.

1.2 Scope of Previous Studies

The contamination flashover problem has been studied
gsince the earliest days of outdoor power transmission. In
the beginning, most of the studies were aimed at designing a
better insulating unit either by increasing the leakage path
or by lessening the collection of moisture. Thus anti-fog
as well as oil-filled insulators were introduced. As
pollution from industrial and agricultural sources has in-
creased drastically in the last two decades and as trans-
mission voltages are increased, the flashover problem has
become more serious and more costly. It was clear that by
mere trial and error in modifying the shapes of insulators,
the best solution would not necessarily be found. Some basic

understanding of the problem is required. The first
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quantitative theory was proposed by 0benaus4. The theory
models the flashover process as an arc discharge in series
with a resistance. Neumarker5 worked out the mathematical
steps involved and derived a critical voltage for flashover.
Hampton6 proposed that, for an arc running over a water
resistor (a jet of water), instability (and hence flashover)
would occur if the electric field in the arc was less than
that in the water resistor. He further demonstrated that the
arc-voltage gradient was higher than that for an arc in air.
Alston and Zoledziowski7 calculated a critical condition be-
low which flashover was impossible, also for a uniform-
resistor case. This can be shown to be the same as Hampton's
if the same arc characteristic is used. McElroy8 extended
the calculations further to include the two-dimensional flat-
plate which he designed.

Experimentally, numerous test methods were devised to
simulate the natural conditions. Macchiaroli and Turner9
proposed a standard test method. Kawail® 12 at pProject umv
performed an extensive series of tests to determine the per-
formance characteristics of contaminated insulators. Because
some parts of the leakage distance do not function during
scintillations, he introduced the concept of "effective

13 tested suspension

leakage distance”". Both McElroy8 and Jolly
insulators in salt fog to determine the effects of porous sur-
face layers, fog salt concentration, and surface conditions.

In the past few years, some considerations have been
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directed towards determining the physical causes behind
flashovers. Wilkins14 proposed a mechanism called "elong-
ation by ionization and successive root formation". The
theory proposes that elongation is produced by new ionization
paths created at the tip of the discharge. Jolly derived a
mathematical model which gives the critical voltage if it is
assumed that the discharge root will move forward whenever
the field strength at the root exceeds some constant value
Eo'

Relatively little literature is available on the subject
of surface conditions in relation to flashover voltages.
Most of the information available is from test reports on

15-17 Tominaga2 studied the

greasing and washing insulators.
moisture absorption process on contaminated surfaces.

Besides the U.S. and Britain, research on contamination
flashover is also being carried in other countries, particular-

ly Japan, Germany and France.

1.3 Scope of Present Studies

The present investigation was motivated by the need to
understand the physical processes involved in a flashover.
The study was carried out under a grant from the National
Science Foundation. It became clear at the outset that,
because of the complex nature of the problem, to fully
explain, mathematically and physically, the flashover process
for an insulator, is almost an insurmountable feat. The

next best approach is to build simplified models so that the
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principal physical mechanisms can be determined and studied
in a controlled manner. Their modes of operation, once
understood, can then be used as a basis for designing im-
proved insulators.

Our philosophy of approach is thus as follows: - to
start from the simplest model, namely, a one-dimensional one
so that the mathematical limitations to the physical model
is minimized. Then a more complicated geometry is used,
with a little less sophisticated model and so on. For the
one-dimensional case, a linear channel model is employed. 1In
such a model, an initial discharge is allowed to propagate
over a salt water solution towards a grounded electrode. The
propagation mechanism was studied and a physical growth
equation derived. Then based on Mayr's and then Phillip's
(later revised by Los) arc models respectively, two dynamic
and comprehensive theories of propagation are constructed.
These theoretical predictions were found to agree with experi-
mental measurements, indicating that the proposed mechanisms
are probably the principal forces behind the motion of the
discharge. 1In line with this conclusion, the arc cathode
regime was further studied. A physical model, based on the
principles of glow discharges, is presented and the predicted
cathode fall voltages are found to agree with the measured
ones both for metallic and water electrodes.

For the two-dimensional case, a flat-plate is used. It

is first coated with a slurry of predetermined composition and
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then tested under fog. The threshold voltages for various
surface resistivities are measured through an extensive
series of testing. A theoretical model is then constructed,
which accounts for the fact that the surface resistance of
the flat plate changes as the arc root propagates towards the
outer electrode. The theory is found to compare favorably
with experimental observations.

For the three-dimensional case, an IEEE standard
insulator was tested, with and without metallic bands acting
as arc stoppers. The propagation of the arc discharges over
the skirts are recorded on high-speed films. However, since
insufficient data was taken, it will not be reported here.

The effects of surface conditions on flashover were
studied next. It is found in practice that a contaminated
surface, being much more wettable than a clean one, also
flashes over more readily. The fact that the drops bead up
rather than spread out on a clean surface is partly the cause.
The role played by the presence of moisture in flashover was
examined. Numerous experiments were performed to determine
the flashover process both in the presence of a single drop
and under fog. Different regimes of operation of the electric
breakdown process were observed. In line with these observa-
tions, physical theories are offered as explanations and in
particular, a mechanism known as "motion via contact angle
hysteresis" is proposed. An important phenomenon - filamenta-

tion of fog drops - is observed to effectively lower the flash-
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over voltage significantly. The tests are performed under
different surface conditions so that their respective effects
can be determined.

High-speed motion pictures were taken throughout the
course of the above studies. Some of the proposed theories

are based on the observations thus recorded.
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CHAPTER II

ONE DIMENSIONAL SIMULATION OF A CONTAMINATED
INSULATOR - LINEAR MODEL

2.1 Introduction

The reasons for analyzing a one-dimensional geometry are
two-fold. First, the variables are more controllable and can
be assumed to depend on distance and time alone. This
assumption greatly simplifies the mathematics. Secondly, with
the simplified experimental set-up, data-taking is more
efficient and far more consistent. In real insulator testing
cases, because of the complex geometries, it is difficult to
interpret experimental results, whereas in simplified geometries,
the results are more easily interpretable, indicating that a
deterministic, rather than probabilistic, theoretical approach
can be taken. The one-dimensional channel model used in this
work has been used by other researchers (e.g. Wilkins). How-
ever, their flashover theories are based on static arc models,
as shown below. The nature of a static model necessarily pre-
cludes the explicit use of time as an independent variable in
terms of which all the other variables can be expressed. In
addition, since the elongation mechanism is not understood,
it is usually neglected. The resultant theories are thus
incapable of predicting insulator performance under a time-
varying situation, such as during a switching surge. Further,
none of the theories up to date has been able to account for

1-3

the observed differences in arc propagation™ ~ when different

polarities are used. This chapter will attempt a brief review
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of the better known theories and then present a dynamic theory
of arc growth based on a dynamic arc model as well as a pro-
posed growth rate equation. Two theories will actually be
presented, the second one using a more refined arc model. The
chapter concludes with a theoretical model of cathode fall
voltage.

2.2 Previous Theories

Even though contamination flashover has been studied for
over sixty years, it was only until sixteen years ago that
any theoretical study was attempted. The first quantitate
theory was proposed by Obenaus in 1958, who outlined tne
derivational steps involved.4 It was fully spelled out by his
associates, Neumarker.5 The theory models the flashover pro-
cess as an arc discharge in series with a resistance as shown
in Figure 2.1. The arc discharge represents the partial flash-
over on the insulator surface and the resistance the remain-
ing portion of the surface. Since the surface is contaminat-
ed, resistances of different values, depending on degrees of
contamination and wetness can be used. Hence, Obenaus assumes
that a flashover would occur if the partial discharge is able
to bridge the resistance without extinguishing. Since for the
kind of discharges that are prevalent, the maximum current
range is around an ampere or so, the discharge should have a
falling V-I characteristic. The total characteristic for the
whole channel is obtained by the addition of the two curves,

as depicted in Figure 2.2.
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Theoretically, no solutions can exist below Vaxt Above
Vext’ the operating point will be on the positively sloping
portion of the curve, for the negatively sloping portion is
unstable. Thus for example, with a voltage of v, applied, a
current of I, could flow. The series resistance serves the
following purpose. If the resistance is high enough, the
slope of the straight line in Figure 2.2 will be very steep.
Thus, when the arc V-I characteristic curve and the Vres curve
are added, the resultant curve will have a higher Vext than
it would otherwise. Consequently, a higher flashover voltage
is now needed. Thus, the higher the series resistance, the
harder it is to flashover.

As previously mentioned, the actual calculations were
done by Neumarker. The algebraic derivation for the long rod
case is also given by Alston and Zoledziowski.6 Jolly7
carried thé calculations further, deriving the critical
resistivity and critical current for both the long rod case
and the flat-plate case, as shown in Table 2.1l. A long-rod
insulator is shown in Figure 2.3 and a flat-plate in the
following chapter. The critical resistivity is the limit
above which flashover cannot occur. The critical current,
on the other hand, has quite different meanings for the long
rod and the flat-plate cases. In the former, it is the
minimum current for a critical discharge length necessary for

flashover. A critical discharge length is that distance

discharge must bridge in order to ensure a flashover. It is
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TABLE 2.1

CRITICAL DISCHARGE QUANTITIES(7)

Idealized
Flat-Plate
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shorter than the actual physical length of the channel for
the long rod case and is close to it for the flat-plate case,
as will be shown in the following chapter. For the flat-
plate case, the critical current is the minimum current that
can flow on an insulation which flashes over. These cases
will be examined in more detail in the next chapter.

It must be realized that Obenaus' criterion is a necess-
ary one but not a sufficient one. Thus not only must the
applied voltage be above the extinction voltage, but the
actual physical conditions necessary for discharge motion,
such as various means of ionization, must also be present.

In addition, the above theory avoids consideration of the
actual physical processes involved altogether. Some of the
other theories since proposed have attempted to inject some
physics into the model.

Another approach is taken by Hampton8 who used a water
jet to simulate a contaminated rod insulator. He treated
flashover as a stability problem. As the discharge lengthens,
the current will increase and the discharge root will move
rapidly across the surface. He thus proposed that the arc
will elongate if the arc-voltage gradient is less than the
voltage gradient in the pollution layer in series. He was
able to obtain good agreement between this model and his
flashover data on the water column.

9 claimed that the arc will elongate if, by

10 11

Shkuropat

doing so, the current increases. Rumeli™ and Hesketh had
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ideas along similar lines. Hesketh was able to prove
mathematically that Hampton's two criteria of voltage grad-
ient and current increase are identical only in the case of a
long rod insulator.

Nackel2 and Wilkins13 have suggested that the arc move
to a position where the rate of energy expenditure is a
maximum. Wilkins goes even a little further, invoking

14 which states that a static

Steenbeck's minimum principle
arc adjusts itself in such a way that its voltage gradient

is a minimum. Since the principle only applies in an enclos-
ed system with a static arc, it is not clear that the analogy
can be made here.

15 have both developed a.c. theories of

Claverie and Rizk
flashover. They take into consideration effects of reignition
which occur every half-cycle.

McElroy16 attempted to apply a modified form of Obenaus'
theory to the flat-plate case. He postulated a value for the

series resistance in the form:

R = QB(!.-xarc)m (2.1)

where 2 is the surface resistivity, B and m are geometric
constants, % the total distance the discharge must extend to

bridge the insulation and x c the length of the arc. This

ar
form of resistance modeling is also used by Jolly.7 More
of this two-dimensional modeling will be covered in the

following chapter.
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As far as the motion of the arc is concerned, Frishmann17

observed that for a.c. arcs in horizontal plates, propagation
was along the surface, with the arc later lifting from the
surface. Boylett and Maclean1 have shownlthat a d.c. dis-
charge over a water surface is in electriéal contact with it.
This observ#tion means that current could be entering the
solution not only at the arc tip but also underneath the body
of the arc. Most theories so far have assumed only one entry
point of arc into the solution. Nevertheless, they have found
an empirical relationship between arc voltage and length, from
which it can be inferred that the conductarce per unit arc
length decreases linearly with the distance from the point of
origin. This observation seems to indicate that the actual
situation is not as complicated as at first suspected. To
take into ;ccount this multiple discharge/layer contact, our
model proposes that an electrical breakdown in fact exists
directly below the high-voltage electrode about one micro-
second after the application of voltage. This breakdown
affords an alternate current path so that some of it can in-
deed flow beneath the main body of the arc, as shown in
Figure 2.4.

The velocity data taken by Nasser18 showed values up to
about 40 m/sec. However, far higher velocities have also
been measured. Obenaus19 has reported measuraments of up to

20

4200 meters/sec and Hesketh has observed velocities up to

600 meters/sec. Japanese workers have publishedz'3 velocity
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Figure 2.4 Equivalent Circuit Diagram for Dynamic Theories
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data with an upper range of around 50 km/sec. Velocity
measurements made at our laboratory have confirmed some of

the high values observed by others. One way to account for
those high velocities is to assume that contamination flash-
over involves an electric breakdown process. All the above
theories have one thing in common, they all involve terminal
conditions with little attempt to consider the actual physical
mechanisms involved. Such an approach is quite understandable
in view of the fact that discharge propagation is guch a com-
plék physical process. It is only recently that some attempts
hi.ve been made in this direction. Wilkins21 proposed a
mechanism called "elongation by ionization and successive

root formation". The theory proposes that elongation is
produced by new ionization paths created at the tip of the
discharge.

2.3 Recent Develcpments

Jolly22 proposes that the field intensification at the
discharge root will lead to the creation of new ionization,
extending the discharge. Ionization by electron impact,
photo-ionization and thermal ionization may all be involved.
He derived a mathematical model23 which gives the critical
voltage if it is assumed that the discharge root will move
forward whenever the field strength at the root exceeds some
constant value Eo' In a recent paper,24 co~authored with
D. Otten and this writer, this concept of discharge growth

is explored further. The idea is to calculate the threshold
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current above which an arc can no longer be stationary. The
Townsend's breakdown criteriaz5 is used:
R

1 1
I adR > 2n(l +
R - Y
o

S

(2.2)

where o is the first ionization coefficient and y is the
secondary emission coefficient. The lower limit R, ig set
equal to the arc root radius and upper 1limit set to maximize
the integral. For a small arc root, the electric field near

the arc root can be approximated to have a 1/R dependence as

IQ

E 2TR

(2.3)

where E is the radial field along the surface, I is the arc
current, Q is the surface resistivity, and R is the distance

from the arc root center. The root itself is regarded as a

glow discharge so that the current density remains constant.26
The current is thus related to current density as
I = mR%J (2.4)
o .

The objective here is to relate I to £ so that a critical
current can be determined for a given . This can be
accomplished by combining eqgs. (2.2), (2.3) and (2.4) and
assuming a linear dependence of o on E/P. The resulting trans-
cendental equation can be solved on a programmable c¢calculator.
In order to compare this theory with some typical observations,
current densities will have to be supplied. High-speed motion

pictures taken here have shown that the arc tips are usually
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pointed and cathode spots may even be present, which renders
the accurate determination of arc root radius difficult.

27 2

Wilkins has reported a typical value of 1.45 A/cm”~. For

glow discharges, at atmospheric pressure} an upper value of

28 Thus valuves can be

330 A/cm2 is usually expected.
anticipated to vary from 1.45 to 330 A/cmz. These upper and
lower bounds are thus used in the above theory to compare
with some of the observations already reported,24 as shown

in Figure 2.5. The currents shown are the minimum peak
currents observed during withstand tests and correspond to
the maximum length advanced by the arc. They are not neces-
sarily the critical currents, but since the current varies

by only about a factor of two during a test, the currents can
be regarded as typical.

The fact that the observed currents lie between the
theoretical limits is significant, since it demonstrates that
electrical breakdown may indeed be responsible for discharge
activities particularly when Q is high. Other physical
mechanisms might also be operating, but it is plausible that
at some stage a transition to electrical breakdown will occur.
The high surface resistivity will cause the transition to

occur even more readily.

2.4 Linear Model Experiments

As already outlined in Chapter I, the purpose of this
section is to present a series of one-dimensional experiments

where the variables are easily controllable and measurable so
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Figure 2.5 Critical Breakdown Theory Compared with
Experimental Data Points. (The upper
curve assumes the current density at the
arc root to be 1.45 A/cmz, while the

lower curve assumes 330 A/cmz.)
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that a theory can be developed. This one~dimensional con-
figuration has previously been used by others,1 but never
analyzed in a rigorous manner. However, because of the
simplified geometry involved as well as some recent work

41,23 such an analysis

completed in the arc discharge studies,
can now be attempted and will be presented in the following
sections.

Most of the experimental work to be described here con-
stituted the subject matter of a recent bachelor's thesis.30
Only the salient features will be recapitulated here; the
rest of the details can be found in the thesis itself. The
actual set-up as well as a sketch are shown in Figure 2.6
and Figure 2.7 respectively. The high voltage electrode
represents either the cap or pin of an insulator. The trough
in the middle of the plexiglas channel is filled with a
sdlution of known quantities of salt. The conductivity of
the solution can thus be controlled. The small air gap
between the tip of the electrode and the surface of the
solution simulates the dry zone, already mentioned in
Chapter I. The far end of the channel is grounded. When
the voltage is suddenly applied, a small arc is almost in-
stantaneously ignited in the small air gap (about 1 usec)
and if conditions are fulfilled, it will travel towards the
grounding electrode along the surface of the solution. The

purpose of the extensive series of experiments performed is

to determine, for a fixed channel length and conductivity,
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the threshold voltage for flashover, the instantaneous
current and the rate of propagation. These quantities are
recorded and later compared with theoretical predictions.

A schematic diagram of the set-up is shown in Figure 2.8
and a photograph of the actual set-up in Figure 2.9. Basi-
cally, three quantities had to be measured and later compared
with theory. The applied voltage and current were monitored
on a Tektronix 554 Storage Scope. The growth record was
measured by two different methods - a streak camera and a
photo—-cell array - so that the results could be checked against
each other. For the streak camera, light from the arc was
focused via an adjustable lens onto a rotatable mirror sur-
face. The mirror reflected the image onto a Polaroid film
placed vertically above it. The rotation of the mirror was
synchronized with the application of voltage so that the
time it took the arc to travel the length of the channel was
about the same as it took the image to sweep across the
length of the film. A sample picture of the streak camera
record is shown in Figure 2.10. Time is along the horizontal
axis, and x, the vertical. Each picture appears as a direct
x-t plot. Note the dimness of the arc as it started out.
Later, as the current started to increase, light intensity
increased as well. Near the end of the channel, the velocity
increased up drastically. Under examination, some pictures
showed a breakpoint in velocity, indicating that a new

propagation mechanism (such as a streamer) probably came into
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play at that point. All the experimental data thus collected
will be presented in the following sections when they are
compared with the theories.

The second growth measuring device was a photo-electric
detector array. The device consisted of ten equally spaced
photo-transistors mounted beneath the bottom of the water
channel. These photo-transistors were individually triggered
in succession as the arc propagated directly above them. The
output of the detectors was fed into a threshold detection
circuit which generated a single 1 us pulse when the input
from the photo-cell exceeded a certain level. The pulse height
associated with each photo-transistor was calibrated to
correspond roughly proportional to its distance from the high-
voltage electrode. Thus, when the arc had completed its
propagation, the ten triggered points registered on the scope
would essentially be an arc length vs. time plot. Figure
2.11 illustrates a typical picture, showing current, applied
voltage and the output pulses from the photo-cell circuit.
The two methods were compared by using them simultaneously
on one test. It was determined that at any given time, they
fecorded the arc tip position to within 10% of each other.
Thus both methods were considered pfetty reliable and data
taking could now be completed fairly easily and quickly.

3,5 Dynamic Theory of Contamination Flashover I

2.5.1 Introduction

Contamination flashover research up to date has suffered
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from two major deficiencies. First, most theories are based
on static arc models which necessarily exclude all the
dynamic effects as the arc length, current and other pro-
perties change. Seccondly, there has been no theories which
quantify the elongation mechanism, so that it can be utilized
in a comprehensive model of contamination flashover. It is
the purpose of this section and the next to present two
dynamic arc models which can be used to describe the low-
current arcs known to occur in contamination flashovers. 1In
addition, a growth mechanism will be proposed which, when
coupled with the arc model and other physical conditions
will yield a dynamic theory. This theory is capable of pre-
dicting the arc current, length and other vital properties
28 a function of time.

2.5.2 Dynamic Arc Model

This model is based on a simple relation derived by
Mayr31 for a conduction dominated low-current arc. The
resistance of the arc is governed by the following relation:

-0/9,

ra = qe (2.5)

where Q is the energy content/unit length of arc and o and
Qo are constants.
The conservation of energy is satisfied through the

following net power balance,

do/dt = E I, - N_ (2.6)
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where Ea and Ia are the electric field and current, and No
is the heat loss through conduction, which Mayr has shown to
be roughly constant.

Taking the time derivative of (2.5) and rearranging,
we have

aQ _ _ %Q dra

T E; I (2.7)

Substituting (2.6) in (2.7),
ar,  N,"E I,

1 -
;; I - -—fzr——- (2.8)

The net sign of the right-hand-side of eq. (2.8) is very
significant. If it is positive showing net power loss, then
r, will keep on increasing and the arc will eventually
extinguish, If it is negative, then the arc will continue
to propagate until flashover. The direction of change of r,
can, in most cases, predict fairly early whether a flashover
or a withstand will result.

The variables rye I, and E_ are related through the

defining relation

E

a
a Ia

Probe measure.ments32 have shown that under some condi-
tions the longitudinal field dradient in the salt water
beneath the arc is equal to the field in the arc. This
observation prompted our assuming a fast (< lus), initial

breakdown in the air gap just under the tip of the electrode.
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This assumption led to the equivalent circuit already shown
in Figure 2.4. Most other models neglect this parallel arc

path. Two circuit equations can now be written:

VvV = raIa Xx+V, +1I r(L-x) (2.10)
V= Ve + (I—Ia)r X+ I r(f-x) (2.11)

where r is the resistance/unit length of the salt water
channel and Ve is the electrode fall (either cathode or anode)
at the salt water-arc interface.

Equations (2.5), (2.8), (2.9), (2.10) and (2.11) now
characterize the linear model system. However, within the 5
equations, there can be counted 6 variables. An additional
equation describing the growth rate of the arc must be
furnished.

2.5.3 The Discharge Growth Equation

During experiments here and elsewherel'z, an important
observation was made, namely, the arc travels anywhere from
4-10 times faster when the water electrode is acting as a
cathode than an anode. The ratio of these speeds is of
approximately the same magnitude as the ratio of the observed
water cathode and anode falls. This suggested that the
nature of the electrode falls must play a role in arc pro-
pagation. To test this hypothesis further, some preliminary
experiments performed here33,using resistive metallic surfaces
instead of the normal water surface; recorded lower growth

rates. It is generally known28 that metallic electr.des
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usually have lower electrode falls than water. It will there-
fore be assumed that the energy required for the creation of
a new length of arc channel comes from the electrode fall at
the water surface.

The aim here is to derive an equation on the growth rate
%% which can be used in conjunction with the above equations
without introducing any more unknown variables. A somewhat
heuristic argument will be presented below to justify reach-
ing such an equation. Physically, it is clear that the net
power fed into the arc can be expended in two ways, either
extending the arc or supplying the energy that is necessary

to sustain an arc in the newly created channel.

Consider the conservation of energy equation,

!v g— p (ut+ %‘-(Vm)z)dv + §S p(ut %—(Vm)z) g% . da = net power input
where

v = control volume

p = mass density within the arc

u = interhal energy/unit mass

Vi = material velocity within the arc

dx/dt = arc velocity
S = surface enclosing the control volume

da = surface area element
The internal energy/unit mass, u is equivalent to the
product of specific heat capacity and temperature (i.e.

CVT). For most propagating speeds of the arc, the internal
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energy is much greater than the kinetic energy, as can be
easily verified by substituting in numbers (arc temperature

v 5000°K). The above energy equation is then reduced to:

-
3 dx , 4 _
[v E p(u)dv + fs PU FE da = net power input

Now, consider an instant of time, t. The arc tip will
have reached some position x and the main body of the arc is
well-formed and has almost reached a steady-state. Let the
control volume be such that it tightly encloses the volume
of the arc and nothing else. At t + At, the arc tip will
have pierced through the control surface and advanced an
additional distance AX. The amount of energy that is needed
to create this extra length (AX) of arc is accounted for by
the second term on the left side. The first term on the left
accounts for any change in internal energy (such as a tem-
perature increase) with . the control volume during At.
Since we have assumed little temperature change in our arc
model, the first term approaches zero. The energy equation

thus becomes,

net power input

—S—
/7]
©
]
&y
Q
o]
I

The right side can essentially be decomposed into four terms:
VaIa' power input through main body of arc; VeIa' power input
through lectrode falls; No, power loss through main body of
arc; and Ntip' power loss at the tip of arc. Since the main

body has almost reached steady-state, Vala and No approximately
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cancel out (see eq. 2.6). Actually VaIa is always a little

larger than No in order to have a propagating arc. N is

ti

only a small fraction Ng e since the former includes onls the

small tip region. Thus, the only important term left is

VeIa which is much greater in magnitude than any of the other
terms.

Thus, we have

dx v _
PugE x - Vela

where v is the volume of the arc cylinder and x its length,

at an instant in time.

But
uv .
Q= p— = heat energy of arc/unit length
so that
ax _ 'ela 2.12
&0 (2.12)

More will be said about the electrode fall voltage Ve in

section 2.7.

2.5.4 Normalization of the System Equations

Equations (2.7), (2.8), (2.9), (2.10), (2.11) and (2.12)
constitute the set of governing equations for our dynamic
arc model. They are recapitulated in Table 2.2 for conven-
ience. This set of equations is clearly coupled and non-
linear and cannot be solved analytically. A numerical solu-
tion was therefore performed. However, to solve the system

of equations numerically requires a prior knowledge of all the
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TABLE 2.2

DYNAMIC THECRY I - SYSTEM EQUATIONS

-0/0,

r_ = ae
a

V = raIax + Ve + Ir(2-x)

V= Ve + (I-Ia)rx + Ir(f-x)

(2.5)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
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inherent constants in the equations such as Qo and No. Even
though No can be determined via experimental means (see
section 2.6), it is desirable to solve the equations in their
general form. This can be achieved through a process known as
normalization. Simply stated, normalization is the technique
of dividing constants from both sides of an equation suc . that
the resultant equation is rendered dimensionless.

In order to normalize the set of equations in Table 2.2,
a set of constants would have to be chosen so that all
quantities could be measured in ratio to them. The constants

picked are the following:

Vth = static threshold voltage = 2% /rNo (2.13)
T = characteristic time = QO/N0 (2.14)
A = normalized applied voltage = V/E/rNo (2.15)

B = normalized electrode fall voltage = Ve/ﬂ./rNo (2.16)

C = normalized Mayr's constant = o/r (2.17)

The variables themselves were normalized as follows:
resistance of the arc against r; voltages against 2/§ﬁ;;
currents against V/rf; x against £; t against Qo/No' and Q
against Qo.

The static threshold voltage, Vth' is derived from static
considerations and will not in general equal the dynamic
threshold.

An example of normalization will now be given here.

Consider eq. (2.12):



v I

dx _ e a
T - (2.12)

A constant % QO/No is multiplied on both sides of the equation,
yielding,

1 % Vela % gr (2.18)
T Q N 2 ’

No o L%r

&

Using the defined constants (2.15), (2.16) and (2.17), we have

N
AB I

a¥ _ T _a (2.19)
dat Q
where all the "tildas” denote normalized variables. These
variables are all dimensionless, being pure numbers, and they
can recover their original physical meaning through denormal-
ization.

A similar process is carried out for every one of the
other five equations in the set. Equation (2.9) can be
substituted in eq. (2.8) to reduce the set to a system of
five equations with five unknowns. After algebraic sim~
plifications, the set of equations are shown in Table 2.3.

A, B and C are constants to be specified in accordance with
each physical experiment. A determines the level of applied
voltage; B controls the amount of electrode fall; C reflects

the resistivity of the channel solution.

2.5.5 Initial Conditions

Since the set of equations contains two first-order
differential equations, two initial conditions must be

specified. §(t=0) fixes the position of the starting arc
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TABLE 2.3

NORMALIZED SYSTEM OF EQUATION

Original Equation Normalized Equation
- _ -Q

2.5 ra =C e
ar .

2.8 —2 - ¢_(1.0-a%#%1?)
Py a a~a

2.10 I, = 2 [1.0-B/A-1(1.0-%)]

r_X

~ ~ 1l.0-B/A-B/A l/i-a + /%,
2.11 I -

1.0 + - (1.0-%)
ra.
. ABT
2.12 & _ _a
dt Q

(2.20)

(2.21)

(2.22)

(2.23)

(2.19)
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and is set egqual to zero. 8(t=0) represents the quantity of
heat energy at the start of the simulation. This quantity
can be derived in the following fashion just before the arc
starts to propagate. At t = 0, we assume that the arc is
already well-formed and on the verge of propagating. Its
length is negligible compared to the channel length. The
supply voltage is thus mainly across the liquid channel.

Writing Kirchoff's voltage law
Ire + Vo =V (2.24)

* and using Mayr's energy equation,

2
1 dra _ §9 _ I.T, (2.25)
Ta dt % %

Initially, r_ is nearly infinite and the second term on

a

the right hand side dominates. This means dra/dt < 0 and r,
decreases rapidly until the arc becomes well-formed. At this

point, r, levels off and dra/dt =~ 0, so that

We have observed experimentally that the current approaches
this value within about lus which is very short compared to
Q /N, -

At t = 0, the parallel paths shown in Figure 2.5 have
not yet formed, and‘the entire current flows in the arc
from the electrode point into the solution, Thus, from (2.24)

V=v,

I, = I;? s (2.27)
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Substituting (2.27) into (2.26)
N r2£2
o)

r,(t=0) = ——— (2.28)
(V-V,)

Using the normalization technique, this equation can bhe

reduced to

1

'I\:J'a(t=0) = -(:_;)—2' (2.29)

Now, combined with the normalized Mayr's equation,

£, (t=0) = C e~ Q(t=0) (2.20)

we have,

8(t=0) = enlC(a-B)?] 12.30)

The initial condition 8(t=0) is thus completely determined
once A, B and C are specified. This conclusion is entirely
reasonable, since toaather A, B and C define the expecimexntal
conditions.

2.5.6 Computer Simulation

The system of equations was solved on an IBM 370/165
using the IBM Continuous System Modeling Program. Details
of programming techniques can be found in Appendix A. Dur-
ing insulator flashovers across the country, different con-
ditions such as degrees of contamination, voltage surges,
electrical stress level etc. necessarily prevail. In order
to encompass most of these diverging circumstances under
which flashoversoccur, the simulation has taken into account

the following range of parameters as shown in Table 2.4.
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TABLE 2.4

RANGE OF INPUT PARAMETERS

Applied Voltage 6-20 kV
Resistivity of Solution 153-6400 Q/cm
Cathode Falls 500-800 volts

Anode Falls 80-250 voitsg



62

These input parameters were fed into the program in the
form of A's, B's and C's, as mentioned before. Since any
combination of the above variables will wholly determine a
distinct field condition all by itself, the simulation
endeavors to cover as wide a range as possible - simulations
were carried out during the course of this work. For the
sake of brevity, however, only representative samples will
be presented in the next section.

In a typical test, the quantities monitored are arc
voltage, arc current and distance of arc propagation. A
flashover occurs when the arc bridges the entire length of
the channel. A withstand is a case when the arc only partially
br.dges the channel. Experimentally during a withstand, the
arc reaches a certain point of the channel, burns there for
a while ard then goes out when the energy storage capacitor
used to supply the voltage discharges. In the computer
simulation, it simply stops propagating since the arc can
never extinguish and some of the variables, including velocity
become negative, clearly indicating that forward propagation
is no longer possible, at which point the simulation is
stopped. The simulation is also capable of distinguishing
between propagation and withstand cases fairly early in the
arc propagation. During a flashover, the arc voltage de-
creases while the current increases. For a withstand case,

the opposite is observed.
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2.5.7 Comparison Between Theory and Experiment

In the previous sections, we have discussed the experi-
mental techniques used in data collection. We have also
presented a comprehensive flashover model that is capable of
predicting all the arc wvariables vs. time. In this section,
theory and experiment will be compared. 1In order to have
meaningful comparisons, however, the dimensionless quantities
from simulation must be "denormalized" to their respective
actual values for voltage, current, time etc. This process
is completed as follows.

Using the computer model the threshold voltage for a
particular polarity and resistivity is determined by varying
the normalized voltage, A, until at a certain value, the arc
is barely capable of propagating. This represents the
dynamic threshold values as compared with Z/Eﬁ;, used earlier
as a normalizing constant. The latter, derived on a purely
static basis, is actually quite close to the dynamic pred-
ictions (i.e. A = 2.0).

To clarify further, an example is used here. For a cer-
tain set of conditions the program yielded A = 1.90 as the
threshold voltage. Experimentally, we found that the threshold
voltage corresponded to 8.0 kV. Hence, A = 1.90 would corres-
pond physically to 8.0 kVv. If 16 kV is now applied to the
same set-up, a corresponding computer simulation can be run
with A = 3.80. In this fashion, A can be readily transformed
into actual kilovolts. The constant B denotes either the cathode

fall or anode fall, depending on the polarity of the channel sol-

ution. Probe measurements showed that the cathode fall on water
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surface was on the order of 800 volts,32 while the anode fall
was approximately on the order of 200 volts. These values
compare reasonably well with Baghdadi's measurements of 725
and 225 volts, respectively. These are the values that were
used in our simulations. The constant C is the Mayr's con-
stant o divided by resistivity of the solution; r. a is
about 102 Q/cm for an l-amp arg}'24 Thus, for r = 1 kV/cm,
¢=10.0. A, B and C form the only input parameters to our
program.

As far as the output parameters are concerned, ; = 1.0
is equivalent to the actual length of the channel in cm. The
simulation gives a theoretical time to flashover in terms of
T and can be recovered by equating with the experimental
value (in us). The value of T can thus be calculated. The
current is recovered by multiplication of the factor V/rf.
With these correspondences, all the output variables can be
converted into physical numbers which can then be compared
with experimental findings.

Figures 2.12 and 2.13 illustrate a typical comparison
between theory and experiments. The continuous curves (both
solid and dashed) are from the simulation and the crosses
and dots are experimental observations. The physical set-
up for both cases is as follows: 2 = 10 cm and r = 490 Q/cm.
For the positive polarity case, the applied voltage was
8.0 kV, approximately the threshold level. For the negative

polarity case, the applied voltage was again near threshold,
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10 = -— 10
Vs-8.2 KV
X l= 10 CcM '
(cm)| rs490 Q/cM (amp)

T (ms)

Figure 2.13 Comparison between Dynamic Theory I

and Experiments
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8.2 kVv. Note the difference in propagation times. During
the simulation, a cathode fall of 800 volts, and an anode
fall of 200 volts were assumed respectively. These values
were used in determining the B's for the two cases. The
resistivity of solution (490 @/cm) was used in calculating C.
Since both cases corresponded in reality to threshold flash-
overs, in simulation the A for each case was found by varying
it till at a certain value, the simulated arc was barely cap-
able of propagating.

The agreement between the theory and experiment is en-
couraging, as can be seen from the figures. Figures 2.14
and 2.15 depict another two cases for comparison. Nearly all
of the cases performed experimentally as described in 2.5.4
have been simulated on the computer. Despite the good agree-
ments, however, there are limitations to the model, which
will be discussed in a following section.

2.5.8 Discussion

The thecry presented above represent a departure from
the traditional research done in the field of contamination
flashover. The arc is treated here as a dynamic propagating
entity. Traditionally, a static theory is invoked to arrive
at some threshold value for flashover or withstand, without
including the motion of the arc. This approach, though
mathematically simpler, is not appropriate, for a propagating
arc with velocities of up to thousands of meters per second34

is necessarily a dynamic phenomenon. Any static description
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of the arc such as V = A x i © is not valid for all times
as the arc grows faster and faster. To illustrat= this
point, Figure 2.16 shows the E-I, characteristic of the arc
in the computer simulation compared to the static character-
istic, derived by setting dra/dt = 0 in eq. (2.8). The
static curve is close to what others have assumed as E -1,
characteristics. At low currents (i.e. near the beginning
of the arc propagation), these characteristics approach each
other closely, as the arc still travels very slowly. But,
as-the arc velocity increases, the characteristics deviate
furfﬁer and further apart, indicating that the static
approximation is no longer valid. Hence, time must inevit-
ably enter as a variable, justifying our using a dynamic
rather than static model.

Furthermore, there is an independent test that provides
a means of checking the reasonableness of the theory. From
our derivation, it is clear that No and Qo are a set of con-
stants which characterize a particular type of arc. Other

35-37 in arc physics have measured t, the

researchers
characteristic time constant for arcs burning in cylindrical
tubes and E. Los at our laboratory has also performed experi-
ments designed to ascertain its value for low current arcs

on water surfaces. From our theory and experiment, it is
possible to derive No' Qo and their ratio 1, the last of

which can then be checked against these other independent

findings. Our characteristic time T is derived by first
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TABLE 2.5

CHARACTERISTIC ARC TIME CONSTANTS

Researchers Current T
Yoen & Spindle 1 amp 50-110 us
T. Lee 1 amp 80 us
Edels & Graffmann 1 amp 30-90 us
E. Los 1-2 amps 40~-120 us
Derived from computer 1-3 amps 30-110 us

model
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experimentally determining the voltage level at which flash-
over barely takes place. No is then obtained by equating
this measured value to 22/?7;. As already discussed, this
threshold value is derived on purely static assumptions and
No thus derived is subject to about a 10% error. In simula-
tion, the time to flashover is normalized against v. This
time constant 1t can be recovered by comparison with the
experimental flashover time. These independently derived
T's are compared in Table 2.5 and it can be seen that our
values are in reasonable agreement with those of others.

2.5.9 Limitations of the Model

The model discussed above is offered as a tentative
explanation of the flashover process. Despite its good
agreement with experimental observations, there are several
limitations of the model, which will now be discussed. The
main assumption of the model is that the growth rate is pro-
portional to the cathode or ancde voltage fall. For low-
velocity arcs, this is a good first approximation as shown
in the last section. As the arc develops, however, the
velocity increases more and more drastically. At some stage
of its propagation, some new physical mechanism might come
into play. From the streak camera record, such a point, if
it occurs; usually occurs after 60% of the channzi has been
traversed. In such a case, there usually appears on the f£ilm
a discernible discontinuity in the slope of the x vs. t plot.

The arc accelerates rapidly afterwards and there is reason to
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suspect that streamer or streamer-like propagations are in
progress. Since photo-ionization plays an important role in
streamer propagation, the velocities can increase dramatically.
Since the growth model does not include any streamer formation,
the model is no longer valid at this point. Fortunately, how-
ever, whenever such a stage has been reached, the arc always
flashes over afterwards, so that there is little practical
interest in modeling streamers.

Since the electrode falls, especially the cathode fall,
play such an important role in the model, their nature should
be examined in more detail. The cathode fall will be studied
in section 2.7 and a theoretical analysis using the principles
of glow discharge, will be presented.

Another important component of the model is the Mayr's
dynamic arc equation. The equation was derived by assuming
constant thermal conductivity. An important conclusion is

that

Te = QO/No (2.31)

where Tge is the free conductivity decay time constant

mentioned earlier. No is the steady-~state power dissipation
and Qo' a heat constant. (2.31) essentially stipulates that
T¢ and N, must be inversely proportional to each other. Re-

cent tests by E. Los38

at our laboratory showed that such a
relation is not generally true. Even though T¢ does yield
reasonable values when compared with other independent

findings, (see 2.5.6) its relation with N, is not as simple
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as (2.31) suggests. Because of the simplicity of this
dynamic arc model, such a deficiency can be expected. It
has been since remedied by the application of a refined arc
model to be discussed in the following section.

Lastly, to simulate the flashover of actual insulators,
the model must be modified to include other effects such as
heating and evaporation of the water. These represent no
problem in theory, but the actual computation can be very
complex.

2.6 Dynamic Theory of Contamination Flashover II

2.6.1 Introduction

Until very recently, arc discharge research was carried
out for the main purpose of understanding and improving cir-
cuit breakers as well as studying insulation breakdown. Al-
most nothing was done exclusively for contamination flash-
overs. As already mentioned, the serious application of
electrical breakdown phenomenon to insulator flashover
occurred only in the past few years. Fortunately, however,
some of the circuit breaker research can be readily applied
to our cases.

From the beginning, arc research has been hampered by
the fact that many of the important properties and temperature
dependent e.g. thermal conductivity, Ke(T), are electrical
conductivity, o(T). Any imposed changes will bring forth
a finite thermal response time leading to transient arc

behavior. Furthermore, such a change is usually accompanied
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by complicated mathematics so that no simple solution can
generally be found. It has thus become necessary to define

an "arc time constant" which provides a reasonable description
of the rate of change of a certain arc property. Mathematically,
Edels36 has defined it as follows:

dr

3t (2.31)

T(F) = F(t)

Much of the work has been directed towards finding this time
constant for various physical conditions. As discussed in the
last section, Mayr's simple time constant 1 = Qo/No has its
deficiencies. The purpose of this section is to find a better
justified T, hence a more realistic description of r, vs. t
to be used in the overall flashover model. First, a brief
review of the search for this time constant is in order, con-
cluded by the recent work of E. Los38, which eventually
resulted in the formulation of "dynamic theory of contamina-
tion flashover II".

The general governing equation is sometimes known as

the Elenbaas - Heller equation (expressed in cylindrical

coordinates) :

L& me (1) §+ o(ME® + 0 q=0 (2.32)
It expresses the balance between the electrical energy
dissipation and the removal of energy by conduction and
radiation, radiation being frequently ignored. By using the
heat flux potential, S, (attributed to Schmitz39), (2.32)

can be simplified to
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V'S + cgE" =0 (2.33)
where

S = f K_ 4T (2.34)

and Q.24 is set eqﬁal to zero. This equation is usually
solved in conjunction with conservations of mass and momentum
as well as some form of Ohm's law, (see e.g. Emmons 40). The
energy equation, by itself, is a static model. A quasistatic
model can be introduced by adding a thermal diffusion term,
Bg%; %% to the right hand side of (2.33) to account for chang-
ing temperatures within the arc.41 The solution of the
equation essentially centers around the question of how to
approximate ¢ as‘a function of temperature.

The earliest and most well-known cylindrical arc models
belong to Cassie42 and Mayr.31 Both yielded simple exponen-
tial decays of column conductance/unit length for free re-
covery. Frind43 discovered the same form of decay and was
theoretically supported by the filled tube model of Edels and
Fenlon.44 Maecker45 combined his assumptions of constant core
temperature and constant conductivity with Steenbeck's
Minimum Principle.14 Emmons4° improved the model by assuming
a step discontinuity in o(T), while maintaining Ko constant.
He also allowed the temperature profile to vary. Yoon and
Spindle35 made numerous arc time measurements in various

gases, based on Mayr's model.
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Near the end of the sixties, two pieces of gignificant

work were published. Phillips41

applied a Taylor series
expansion in powers of time to the energy balance equation

with the thermal diffusion term added. He showed that, in-—
dependent of the variable nature of the transport coefficients,
the instantaneous finite current step and conductance re-
‘covery time constants at the instant of disturbance are sim-
ply related thfough the steady-state characteristic.

Edels and Graffmann applied the results of perturbation
analysis to measuring field strength responses as a result
of a step current change. The arc currents ranged from 4 to
40 amps in different gases.

All the models discussed so far are based on a cylin-
drical geometry with wall stabilization. Such a simplifi-
cation is probably appropriate for free-burning arcs in air.
For our lineér model, however, the physical constraint is
somewhat different. A liquid surface (the salit solution)
of almost constant temperature has been placed just beneath
the arc. For such a geometry, the bi-cylindrical coordinate
is far more descriptive and useful. This realization formed
the main thesis of Los' research. He transformed all the
relevant equations into bi-cylindrical coordinates and
solved them numerically using Phillips' method of Taylor
expansion. The principal advantage of the coordinate trans-
formation lies in the fact that now all isotherms can be

approximated to conform to the coordinate system itself.
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Furthermore, he made careful measurements on the linear model
set-up described in 2.4 to determine time constants and other
important arc parameters to check against his theory. The
details of his work can be found in his thesis and they should
have important bearings on the arc discharge research in
general and contamination flashover in particular. Some of
the parameters thus determined will be used in the following
sections. The results of his findings will also be incor-
porated into our refined model.

2.6.2 Theoretical Considerations

The ultimate purpose of Los' research is to improve the
dynamic arc model so that, when coupled with the rest of the
system equations, a more comprehensive flashover model will
result. His results, however, were not in a directly usable
form for our model, so that some additional derivation is
necessary and will be presented below.

All the coordinate variables used here are bi-cylindri-

cal46 so that,

a sinh u
Y = Gosh u-cos v (2.35)
x = 2 gsin v (2.36)

cosh u-cos V

Lines of constant V form circles which begin perpendicular to
the x-axis and intersect each other at a central point which
is at a distance, a, along the y-axis from the origin. The

lines of constant u will form the isotherms of the arc model.
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uz=0 u=0

Figure 2.17 Bi-cylindrical Arc Geometry
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These lines are also circles which have their centers on the
y-axis at a distance (a coth u) from the origin. The radius

of each of these circles is

a 1

R = TsInh gl °F ° ~ Tsinh ul (2.37)

where p = R/a is a normalized radius. The coordinate system
is shown in Figure 2.17. The governing energy eqg. (2.33) can

be expressed in the new coordinate system as

2

2 da da’s _ 1 ds da .
oE a-ﬁ'i' ZHE?—ﬂ_STd—t_dTJ: (2.38)
where
Ke(S)
}\(S) = qc—-— (2.39)
P
and
dAa 27 a2 cosh u
S = (2.40)
sinh™ u

The last equation results directly from the coordinate trans-

formation. Ohm's law is also used:

oodA _
E Io o oc(S)du = I (2.41)

Note that both ¢ and A can be approximated as functions of S
rather than T.
The initial conditions before the current step are:

O'E a— + 27 ———2—— (2.42)

and
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oo dA _
ES fo G(So) Ia du = I, (2.43)

The key assumption of both Phillips and Los is that
imnediately after the step, the heat flux potential, S, can

be expanded as a Taylor series
S(u,t) = S_(u) + S (wt + 0 (t?) (2.44)

The other variables may also be expressed in terms of a

gsimilar Taylor series:

o(S) = o(S] + %%l (5-S_)
S
(o]
or N
. 90
o(8) = c(so) + sgl s, t (2.45)
s
o
and similarly,
A(S) = A(S,) + %%l 5,t (2.46)
S
(o]
_ 1 - .
G(t) = Ry G, *+ Glt (2.47)

Substituting (2.44), (2.45) intc (2.42) and equating zero

orders of t:

2 aA s (a) 1 da
G(SO)E T + 27 -—a—;z—— = -ﬂg-;)- Sl au (2.48)

Using (2.42), (2.48) can be reduced to

2 2 1
O(So) (E -EO) = T(S—OT Sl (2.49)



From Ohm's law,

G =
and

G'z
so that

Gy
Now,

9_

ot

Using (2.47), and

=
&

(2.40) ana (2.49)
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* aa
I-a—_&d(S)du

(o]
G, + Gy

* da ® daa 30
[[2 ey o+ | B FD s

o
(o)

_ [T an 3¢
= [ du (8 )S S1 du

° (o]

1 3G
ZnG—-G--a—t'

keep zero order time terms

G

1

(o]

1 r’dA 30

— at (&2 s, du
Go o dvu BS So 1

can now be substituted into (2.54),

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

ac 2 2 ® 4 .
1 _ 2ma 2 ,E cosh u ,90
T = E (—7 - 1) I (==) A(S Yo(S )du
G ac Go ° g o sinh™u 98 S ° o
o o
1d6 . E2_ ) L (2.55)
G dt 2 T *
E £
o
where
2.2 2.2
o  2ma’ E L] . , . a’ B
L. 2 f cosh.u 3¢ ;(g )r(s )du = x> P  (2.56)
£ o o sinh™u : o
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and

P = 21 [ cosh u %-g- 0 (5,)A(S,) du (2.57)
o sinh u

Equation (2.55) is applicable under any change of power
supply characteristic. This result is more general than
Phillips' theory since he assumed the arc to be powered by
a current source.

From (2.56), Tg¢ can now be found as

£ R IzaﬁP
after an approximation has been introduced to replace IO by
I.

The integration of P was carried out numerically on a
programmable calculator by Los and the integrated function
expressed as a function of r' (i.e. raaz) is reproduced here

in Figure 2.18. The P function is fitted by the following

relation

2 -1.27
P = O.S(raa ) (2.58)

Equations (2.55), (2.57) and (2.58) now define the
dynamic state of an arc at any instant of time. Before they
can be incorporated into the flashover model, however, E,
must be determined. By definition, Eo is the steady-state
field strength before the occurrence of a disturbance.

Seventy-five experiments were performed by Los and an

empirical relationship for Eo was found:
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2

1.42 _ 2 0.42
(an) = 52.0(a ra)

(2.59)

Note that both empirical equations (2.58) and (2.59) are
expressed in terms of r, purely for the sake of mathematical
convenience. The purpose is to eliminate one variable E and
replace it by (raia) whenever possible.

Finally, the results of the 75 experiments provided us
with another important empirical relation that we were in-
capable of getting before. 1In 2.5.2 the energy equation was

stated as,
aQ _ _
dt EI - N,

The loss term No is not known a priori and supplies the
reason why the previous system of equations had to be
normalized first. Now, under essentially the same experi-
mental conditions as before, a steady-state arc was being
maintained, meaning dQ/dt -+ 0. N, could now be equated to
the product EI, and expressed as follows:

0.58

N, = 52.0 (I/a) (2.60)

The system of equations for theory II have all now been

derived and are presented in Table 2.6.

. Three of the equations in the system are first-order
partial differential equations. Three initial conditions
must be specified x(t=0) is set equal to zero as before.

ra(t=0) is derived along the same line of reasoning as
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TABLE 2.6

DYNAMIC THEORY II - SYSTEM EQUATIONS

dr I xr 2
1 "a _ _ (_a’a 1
3T (1 ( B ) ) - (2.55)
a o
Tf = —3—7-]"-2‘— (2.56)
r-iI"a"p
a“a
P = 0.5 (:.-a.az)'l'27 (2.58)

2 42

1.42 _ 2 0.
(an) = 52.0 (a ra) (2.59)
— 0.53
N0 = 52.0 (Ia/a) (2.60)
1 dra _ No—EaIa (2.8)
ra dt QO
v I
dx _ e a
T~ 0 (2.12)
vV = raIax + Ve + Ir(f-x) (2.10)

vV = Ve + (I-Ia)rx + Ir(2-x) (2.11)



88

presented in 2.5.4. An initial arc is assumed to bridge the
air-gap between the electrode and the water channel. Such an
arc usually takes about 1 us to form, so that it reaches

steady-state almost immediately. Equation (2.25) at steady-

state yields:

52.0(Ia/a)0'58
ra(t=0) = ) (2.61)
I
a
But,
V-Ve
Ia = rl
so that

2

42, (2.62)

r_(£=0) = 52.0 (z)'* (a)?+28 (v-v ) 11

The right-hand-side of eq. (2.62) are all known constants.
The determination of Q(t=0), however, is not so simple. The
problem essentially is determining the heat content of the
initial arc discharge in the air gap. In Theory I, such a
value was derived from Mayr's equation which is no longer
being used in Theory II. Only a reasonable estimate of the
range of Q(t=0) can be supplied here, based on Theory I as

33 Q(t=0) is estimated

well as on experimental observations.
to range between 0.1 - 3.0 joules/cm for most of our experi-
mental conditions. It might seem here that the theory

suffers from some arbitrariness, as far as the determination

of one initial condition is concerned. Such is not really

the case, however. When all the simulations had been per-
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formed for a diverse range of physical conditions (see follow-
ing sections), the values of Q(t=0) that yielded the best
agreement between theory and experiments for almost all of
these cases were remarkably close to one another. This find-
ing had an important physical meaning.

Another constant a, the height of the arc above the water
surface, must be determined also. It was measured photo-
graphically and determined to be 0.1 cm. Values of 0.2 cm and
0.05 cm were also tried in the simulations to provide an error
bound. A difference of 10% was observed in the simulation
results.

2.6.3 Computer Simulation

With the determination of all the initial conditions and
constants, the system of equations in Table 2.6 were solved
on IBM 370/165 using IBM Continuous System Modeling Program.
The details of the programming can be found in Appendix B and
will not be elaborated here. Altogether 100 simulations were
carried out and some of these are presented below.

2.6.4 Comparison Between Theory and Experiment

Figures 2.19-2.24 illustrate the comparison between
theory and experiment for a variety of cases. For conven-
jence sake, the important parameters are listed in Table 2.7.

2.6.5 Discussion

Most of the comments in sec. (2.5.6) about the theory are
still valid, except for the part on dynamic arc modeling.

This section will, therefore, be mainly concerned with the
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TABLE 2.7

COMPARISON BETWEEN THEORY AND EXPERIMENT

Fig. # Voltage (V) Resistivity (r) Length (%) Q(t=0)

kv Q/cm cm
2.19 +10 158 15 1.80
2.20 +9 490 10 0.13
2,21 -9 490 10 0.12
2.22 +8 800 9 0.14
2,23 -8 800 9 0.30

2.24 =12 6400 9 0.06
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improvements rendered possible by the new arc model. Note
that the agreement between theory and experiment is far
better in the beginning of the propagation than near the end.
The reason has already been stated, namely, that some other
growth mechanisms, particularly streamers, were possibly
triggered at the tip of the accelerating arc.

Mayr's equations, in order to be numerically solvable,
had to be normalized. Then, in order to be practically us-
able, the solutions had to be denormalized by comparing with
experimental data. The theoretical prediction is thus a
posteri rather than a priori. This can be a limiting factor
in its practical usage. Theory II, on the other hand, have
all of the constants predetermined except one, i.e. Q(t=0).
Even that parameter can be easily determined by comparing
one simulation with one experimental test. Q(t=0) is found
by the best fit between the two and once determined can be
applied to all the other cases. Therein lies the usefulness
of the theory.

Fundamentally, the time constant in Mayr's equation is
derived on the assumption of free decay, namely, the current
is interrupted instantaneously. Such a value is at best an
approximation. The time constant in Theory II is derived on
the basis of a perturbation analysis and hence is'dependent,
at every instant in time, on the current state of the arc.
Such a value is therefore far more realistic.

Finally, there has been a long-standing controversy in
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contamination flashover research on the question whether the
arc burns in atmosphere of steam or dry air (all e.q. Hampton8

and Wilkin521

). Both pros and cons seem to have proofs to
support their contention. Mayr's equation is based on the
assumption that the arc is burning in dry air. Theory II,
however, circumvented the issue by using actual experimental

data so that the question of steam or dry air never arose.

2.7 Studies of Cathode Fall Phenomenon

2.7.1 Introduction

In all the one-dimensional modeling, electrode falls
played a very important role, particularly the cathodic volt-
age drop. From the high-speed movies taken during the course
of this research (see Chapter V), it can be clearly seen
that for all cases of interest, the discharge growth is most
evident when the water surface is acting as a cathcde. This
observation is true for linear, two dimensional fiat-plate
and real insulators. Therefore, it is clear that a closer
investigation at the nature of the cathode drop is wafranted,
with the objective of theoretically predicting such a voltage
drop for an aguecus surface. Furthermore, cathode falls on a
water surface have been scarcely measured before and never
analyzed theoretically.

Some exploratory tests were first carried out. A piece
of #13 copper wire was suspended vertically a few mm's above
the surface of a pool of tap water which was grounded along

the walls through a current-limiting resistor. High voltage
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(a.c.) was applied to the wire and above a threshold value, a
greenish discharge, sometimes tinged with sodium yellow,
formed in the air gap. The discharge could usually burn
stably for a few minutes until the tip of the wire melted off,
lengthening the gap and extinguishing the discharge. If the
voltage applied was too high, on the other hand, a fiashover
might result. Still pictures were taken and a typical one is
shown in Figure 2.25.

Because the voltage used was a.c., it was impossible to
tell whether the water was acting as a cathode or anode at any
instant by the naked eye. Other efforts to differentiate the
two (e.g. sampling through a rotating slit) were generally not
successful. Regardless of the polarity, however, it was clear
that the discharge was not that of a corona nor was it likely
full fledged arc discharge. The latter would tend to be
rather unstable and would flashover from time to time. The
most plausible dsscription would seem to be a glow discharge.
This type of discharge is of relatively low current density
and high voltage (as observed) when compared to the relatively
high current density and low voltage of the arc. Transitions
between the two modes, however, are possible and do occur
- readily. In fact, in our modeling, we assume only the tip
portion of the arc to be a glow discharge, the rest being a
normal arc. The discharge was usually confined to an area
much smaller than the whole available area of the water

electrode. Thus in our experimental set up, the glow could
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be classified as a normal glow (as opposed to abnormal). A
normal glow is one where the discharge area is smaller than the
available area of the electrode. An abnormal glow, on the
other hand, covers the whole electrode surface.

2.7.2 Previous Research on Glow Discharges

Reference 26 gives a rather thorough survey of the liter-
ature on this subject. Only a few of the relevant features
will be mentioned here. The easiest way to obtain a glow
discharge is probably by energyzing a glow tube of a few
centimeters in diameter and about 50 cm leng, filled with low
pressure gas. A sketch is shown in Figure 2.26 and Figure
2.27 together with some fypical parameters such as voltage,
field strength charge densities, and etc. The diagrams are
only schematic, actual values being dependent upon the
physical constraints used in each particular set-up. Because
these parameters can be monitored, they constifute a ready
check against any proposed theory. A few of the better
known theories will be briefly discussed.

Most authors use Townsend's avalanche formula

as a means of electron and ion multiplication, where o is the
rate of ionization. They differ, however, in their assumptions
about v+ and v , velocities for ions and electrons, and also

in the forms f(E), they use for a. Others have ignored some

of the physical equations, such as Poisson's, and used in-
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stead experimentally measured quantities. All of the theories
had to make compromises in order to compare favorably with
the experimental findings.

Compton and Morse47 invoked a minimum principle which
states that the potential distribution must be such that most

currents would flow, subject to the limitations of Poisson's

equation.48 They assumed o to be

o/P = A e-BP/E (2.63)
as given by Townsend, where A and B are constants. They
defined dn' the distance from the cathode to the end of the
cathode drop region, somewhat arbitrarily and did not yield
good agreement with experiment.

Morse49 abandoned the minimum principle and assumed equal
ion and electron temperatures. He further assumed v+ v VE

—_nt
and derived E = C1 e A'PX

+ Co’ where A' depends on gas
properties. This form of the E~field did not conform to the
measured variation with respect to x.

Rogowskiso, Weizel, Rompe and Schon51 neglected diffusion
and took a to be constant, equal to its maximum value at the
cathode and assume v+ and v. both o VE. They further assumed
a small ion current to flow into the glow from the positive
column; which is a valid assumption which has been used by
others.52 Their solutions, however, were too complicated to
be of general use and comparisons with experiments were

difficult. Despite some rather shaky approximations, such

as making a constant, their general approach was correctly
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formulated.

One of the best accepted theories is that of Von Engel
and Steenbeck.53 They made one important observation, both
in theory and in experiment, which eliminated the need for
an additional physical law; Their finding is reproduced in
Figure 2.28. As the current density j is variedqd, Ve (cathode
fall voltage in general) passes through a minimum, which
corresponds to the normal cathode fall Veni at this point j
is depoted by jn and d by dn to indicate that they are in the
normai glow regime. Experimentally this means that the current
density will remain constant at jn when this point is reached
even though total current may decrease further. This is
accomplished, by the discharge contracting to ccver a smaller
area of the cathode. Vc too remafns roughly constant at this
point and does not follow the dotted curve of Figure 2.28.
This observation pinpoints the regimes of operation of a
normal glow and theoretically helps to define a unique cathode
fall voltage Vcn as well as a cathode distance dn. Like
others before them, however, they had to compromise accuracy
for mathematical simplicity in order to arrive at an
analytically interpretable solution. They disregarded the
equation of continity and imposed a linear distribution of
field (as experimentally observed) thus ignoring Poisson's
equation. They used Townsend's formula for a and set J, =0
at x = d. The last two were at best approximations. Despite

this inadequacies, their results compared reasonably well with
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experiments, chiefly due to the success of their minimum
theory.

As already noted, to a large extent the need for
approximations arose in the above theories as a result of the
mathematical complexity of the problem. With the advent of
computers and numerical calculations, analytical solutions
were no longer a necessity. Below will be presented a theory
that attempts to encompass most of the fundamental equations
with a minimum of the approximations.

2.7.3 A Model for Cathode Fall Region

The basic physical equations that govern a cathode region
. are as follows:
(1) Poisson's egaation

3F (x) _ a(n, (x) - n_(x))

- €
X o

(2.64)

whers g is the electronic charge; n,, the ion density; n_,

+

the electron density and €g7 permittivity.
(2) Mobility:

for ions, v o=

and for electrons, v = u_E(x)

where u, and u_ are the mobility coefficients for ions and

electrons respectively so that

J+(x) =q n+(x)u+E(x) (2.65)
J_(x) = - qgn_(x)u_E(x) (2.66)

The total current is J(x) = J (x) - J_(x)
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(3) Continuity of Current:
Ions and electrons are created in equal numbers through
Townsend's ionization:

aJ_ (x)

K = aJ_(x) (2.67)
In a steady-state, since there is no net production or

loss of charges, the total curxrent is constant or
J(x) = J+(0) - J_(0)= Jo (2.68)

Note that the ionization equation for J+(x) is thus automatically
taken care of. The above equations constitute the governing
equations for the region. Some boundary conditions must be
considered. At the cathode surface (x=0), a secondary

emission coefficient y is assumed, so that
J_(0) = - YJ+(0) (2.69)

Combining (2.68) and (2.69) yields

J(x) = Jo = J+(0) (1+v)

or g, (x) - J_(x) = J_(0) (1+Y) (2.70)

At the other end of the cathode region i.e. x = d, the boun-
dary conditions are far less well-defined. For one thing,
there is no definite physical boundary at x = d. Most

researchers have assumed that at such an imaginary plane,

2

E + 0 and J+ + 0. A recent study5 (1972) showed that

J, (x=d) =GJ° (2.71)

where § = 0.1. Such an assumption will be used in our model.
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The condition E(x=d) - 0 is a vague one, because it is not
clear if E even reaches zero. A more usable condition is
E(x=d) = £ E(x=0) where £ << 1. In our actual simulation
runs, a sensitivity test was carried out for E(x=d) to deter-
mine its effect on the cathode drop. For £ < 0.01, a change
of E(x=d) by two orders of magnitude produces a difference

of only 5% in the predicted Vés.

Lastly, we have the defining equation,

d
v, = - ! E(x)dx (2.72)
o

which contains two unknowns v, and 4, both of which must

be determined. The values of o used are given by Meek and
Craig54 and reproduced in Table 2.8. The system of equations
are recapitulated in Table 2.9.

The above set of equations contain the following seven
unknowns: E(x), n_(x), n_(x), J . (x), J_(x), v, and d. Yet,
only six equations have been written; where is, or rather,
what is the missing equation? It is clear that this additional
piece of information must be physical in nature and probably
a characteristic of the glow cathode only so that it cannot
be quantified into a general law. Researchers were confront-
ed by this question for quite some time until Von Engel and
Steenbeck proposed the minimum theory, as discussed earlier.
Their theory was backed by experimental observations and will
therefore, be used here. The normal cathode fall voltage is

thus found by solving the above set of equations for vV, as a
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TABLE 2.8

TABULATION OF o/P VS. E/P(54)

E/P volts/cm/mm
20
22
24
26
28
30
35
40
50
60
70
80
90
100
120
140
160
200
400
600
800
1000

a/P

3.4 x 10°°
5.2 x 107°
1.34 x 1072
2.34 x 1074
4.30 x 1072
9.10 x 104
6.05 x 107>
1.67 x 10”2
5.54 x 102
1.27 x 1071
2.24 x 1071
3.40 x 1071
4.91 x 1071
6.37 x 1071
1.02

1.48

1.76

2.50

6.00

8.00

9.40

10.40
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TABLE 2.9

GLOW CATHODE MODEL - SYSTEM EQUATIONS

Poisson's equation:

q((n (x) - n_(x))

9E  _
5 - - (2.64)
o
Mobility:
J+(x) = qn+(x)u+ E (x) (2.65)
J_(x) = - gqn_(x)u_E(x) (2.66)
Ionization:
3T _ (x)
T = GJ_(X) (2.67)
Continuity:
J+(x) - J_(x) = J+(0)(1+Y)
= JO (2.70)
Definition:
o
Vc = - I E(x)dx (2.72)

Boundary Conditions:

J+(x=d) = GJO, § = 0.1

E (x=d) EE(x=0), &€ < 0.01

J_(x=0) = - yJ (x=0)
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function of J(x), i.e. the total current. A range of J(x)
will be used and a minimum v, can be found, which corresponds
to the true normal cathode fall voltage.

2.7.4 Numerical Solution

The system of equations was simulated on IBM 370/165
using IBM Continuous System Modeling Program. One distinctive
feature of the simulation must be noted. Conventionally, all
integrations start from the cathode surface (i.e. x=0) and
progress towards x=d, at which point some pre-specified bound-
ary conditions must be satisfied. This approach requires the
knowledge of the field strength at the starting point, x=0.
Such a field strength has never been accurately measured, but
only estimated at around 5 x 105 volts/cm.55 Since any
approximation in E(x=0) will cause a considerable error in
yielding values for Vs it is dangerous to have a theory on
pure guesses. Furtherm  , unlike most meﬁallic surfaces,
water's secondary emission coefficient, Y, is not known with
any precision. To start integrating from the cathode would
naturally need just such a number. For these reasons, it is
decided to start integrating from x=d towards x=0. The
boundary conditions at x=d are more easily determined.
Sensitivity tests, already mentioned, indicated that an error
of a factor of 100 in the magnitude of E at x=d will produce
only a d ference of 5% in Var certainly not a significant

difference. The exact value of field étrength assumed at

x=d is thus no longer a critical issue, as long as it is much
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smaller than E(x=06). In addition, this reverse integration
affords more flexibility to assuming a value for Y.
Estimates of y for various surfaces range from 10_5 to 1.
For a water surface, it is probably near the lower limit,
water being a relatively poor secondary emitter.56 By
integrating from x=d towards the cathode surface, the values of
y are continuously monitored by the ratio, Yy = J_(x)/J+(x).
Thus, v, ig determined as a function of Y.

The programming details are included in Appendix C. 1In
order to determine the normal cathode drop, Vap' 2 set of
vc's is simulated corresponding to a range of current densities.
The minimum thus found is the required value. There is a

unique minimum for each Y.

2.7.5 Discussion

As always, the success of a theory depends on its cap-
ability of describing a system as realistically as possible.
Even though the prediction of a cathode fall voltage has been
our final aim, other physical parameters are also generated,
whose trends of behavior can also be compared with previous
observations (see Figures 2.26 and 2.27). 1In Figures 2.29
and 2.30 are shown the variables E, n , n_, J , and J_ vs.
x. Though the exact values will depend on the external
constraints, nevertheless, their respective functional
dependences on x are found to be quite similar. Note
especially the E-field's almost linear dependence on x, which

has been assumed by many in their theories (thus deriving a
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boundary condition at E(x=0), but which is nevertheless an
unnecessarily restrictive imposition on Poisson's equation.
The fact that all of the above variables are "behaving
correctly" adds further plausibility to the theory just
proposed.

A final test for the theory, before its application,
lies in its ability to predict cathode drop voltages for
some surfaces other than water, whose measurements have been
extensively recorded.28 Table 2.10gives some sample predic-
tions. Except for copper which seems to have an exceptionally
high cathode fall voltage, out of line with the other metals,
the other predictions are generally good (some are not
reported here because their values are close to Al and Fe).

Using the simulation method described, Tab1é~2.1l gives
a list of normal cathode fall voltages vs. Y, since the exact
value for y is unavailable at this time. However, Y is
generally known to be very small for a water electrode. The
assumption that Vc = 800 volts in our Dynamic Theories is,
therefore, quite reasonable. Heat loss at the arc tip is

considered negligible.
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TABLE 2.10

COMPARISON BETWEEN THEORY AND EXPERIMENT FOR
SOME METALLIC SURFACES

Metal Measured Measured Predicted
Cathode Y Ve (volts) V. (volts)
Al 0.035 229 240
Fe 0.02 269 280

Cu 0.025 370 270
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TABLE 2.11

WATER CATHODE FALL VOLTAGES FOR VARIOUS Yy

Y Ve (volts)
1072 331
3 x 1073 381
10”3 490
5 x 1074 549
1074 664
5 x 107> 735
5

10~ 831
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CHAPTER III

TWO DIMENSIONAL SIMULATION OF A CONTAMINATED
INSULATOR - THE FLAT-PLATE

3.1 Introduction

This chapter describes an effort to simulate a contamin-
ated insulator on a two-dimensional basis. The simulation is
carried out both experimentally and theoretically. The
previously described linear model experimentally simulates
the rod insulator best, while the flat-plate, best resembles
a suspension insulator, although both are decidedly simplified
versions of their prototypes. Theoretically, it is far easier
to derive a mathematical model for the linear case, since all
the variables must necessarily depend, at most, on only one
spatial coordinate. The flat-plate is geometrically more
complex. It is for this reason that the theories presented
in this chapter appear less "sophisticated" than the previous
chapter. Here, we are not overly concerned with propagation
mechanisms and times (see Chapter IV for a closer look at
times to flashover). Instead, the questions being asked are
more basic: what is the effect of the contaminants, and hence
surface conductivities, on flashover voltages? For a partic-
ular conductance, what is the threshold voltage for flashover?
Our aim is thus clear: for a particular level of contamination
on a flat-plate, we wish to determine its conductance and
hence its surface conductivity. For that surface conductivity
a threshold voltage for flashover is determined. 1In the first

half of this chapter, a series of tests performed under
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different contamination levels will be described. The sur-
face conductivity for each case as well as the threshold
voltage will be determined. In the second half of the chapter,
a theoretical derivation will be proposed to explain the
experimental findings.

3.2 Description of Experimental Apparatus

The flat-plate was first designed and experimented on
by McElroy1 and later extensively tested by Jolly.2 As shown
in Figure 3.1, it is a twelve inch square, 1/4 inch thick
plate of pyrex glass. Six holes have been drilled through it
so that two circular, concentric brass electrodes can be
screwed onto it on both sides. The outer electrode is one
inch wide and the radius of its inner edge five inches. The
inner electrode has been recently modified, as shown in
Figure 3.2, to achieve better contact with the surface.

Testing is performed in a fog chamber described in Ref. 1.
A high voltage lead enters the chamber through its roof and
is shielded inside a conduit on its way from a General
Electric testing transformer (Type#195C4010), capable of
supply 50 kv (A.C.), with a short circuit current of about
10 amps. The voltage is applied to the test specimen by the
use of a high-voltage vacuum switch (ITT # N400), immersed in
a tank of transformer oil for insulating purposes. The dis-
charge current is monitored by a visicorder as well as a
Tektronix type 554 Storage Scope. During the fogging period,
it is also necessary to continuously monitor the resistance

(or conductance) of the flat-plate. This is achieved by
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applying 100 volts a.c. across the surface and balancing

its resistance against a Precision Decade Box via a Wheat-
stone bridge. The device measures resistances accuratery to
within 1%.

3.3 Experimental Testing Procedure

To complete a flat-plate text, three steps must be
execuggd in sequence as follows:

(a) preparation of the plate

(b) testing in the fog chamber
and (c) washing of the plate.

Each step will be described below.

Step (a) involves the coating of the plate. In artifi-
cal testing, a contaminant is usually substituted by a dis-
solved mixture of an inert binder - bentonite, for our case -
and salt (NaCl). The inert binder is supposedly non-conduct-
ing (for a discussion, see Ref. 2) and the quantity of salt
used represents the level of contamination. The mixture,
usuélly dissolved in tap or distilled water, is known as a
slurry and is thoroughly mixed in an electric blender. The
compositions of various slurries used are summarized in
Table 3.1.

Before coating, the plate is first washed with detergent
and wiped dry with Kimwipes. It is then mounted on the rotor,
as shown in Figure 3.3. The motor is then started and ad-
justed to an appropriate speed of about 5 rev./min. The

slurry is poured into a squeezable bottle and sprayed, in a
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TABLE 3.1

COMPOSITION OF SLURRY

Constituent Quantity
Tap or distilled water 1l liter
Bentonite 40 gm + 50 gm

Salt 40 gm +» 0.2 gm
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jet form, onto the plate as the latter rotates by; as shown
in Figure 3.4. Enough slurry is applied so that the liquid
readily rolls off from the surface to the collecting tray
placed below. The coating process is stopped when it is
clear that the surface has been saturated with slurry and no
more will stick. At this point, six heat lamps which are
placed at a distance of about 3 ft. away are switched on to
dry the plate as it continues to rotate, as shown in Figure
3.5. Ten minutes later, a small fan is used to cool off the
surface. This procedure is found to be necessary after plates
have cracked because of over-heating by the heat lamps. The
process is continued until the surface is completely dry.
This plate is now ready for testing. This coating method3
is different from the one used by Jolly. It is found that
this method yields even surfaces.

Step (b) is the actual testing. The electrodes are
bolted onto the plate which is then placed on top of a
leveled support inside the fog chamber, as shown in Figure
3.6. Leads are attgched to the center disc as well as to
the outer ring to monitor the resistance. One lead goes to
the Wheatstone bridge, while the other is grounded through
the vacuum switch. The door to the chamber is then closed.

Tap/distilled water fog is turned on. The resistance
is continuously monitored and a typical record is shown in
Figure 3.7. When the desired resistance level has been

reached, the fog is shut off. The chamber door is opened,
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the lead attached to the center disc is replaced by the high
voltage terminal and the door closed again. The visicorder
and the scope are both readied, while the vacuum switch is
turned off. The power supply is then raised to the desired
level and the voltage applied by activating the switch. The
test results either in a flashover or a withstand. After all
activity has ceased, the visicorder is stopped and the voltage
turned off, ending the test. The maximum and the minimum
radli of the dry zone are then immediately measured and re-
corded. A standard test sheet is included in the following
page to illustrate the data taking process. Figures 3.9 and
3.10 illustrate a sample of visicorder record and a scope
picture record.

Step (c¢) is carried out after the test has been completed.
Its purpose is to determine how much salt and bentonite were
deposited on the surface of the plate during coating and
possibly during fogging (for tap water fog). The deposits
are first thoroughly washed from the surface with a brush
and distilled water, into a developing tray. The solution is
then emptied into a beaker, care being taken that all the
remnants are included. The liquid portion of the mixture
is then completely evaporated. The beaker with its solid
contents is carefully weighed. This weight, with the empty
beaker's weight subtracted, will be the total weight of both
the bentonite and the salt. This solid mixture is then dis-
solved in 500 ml. of distilled water. The conductivity of



FLAT PLATE TEST FORM

Test voltage: 30 kv

A.Co”
D.C. positive

D,C, negative

U0

Coating data:

Bentonite S° gn
NaCl 23 o
Water 1000 ml

Bler—

Coloring

Fog (tap water unless otherwise indicated)
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Test number /

Plate_ nunber e

Date J 45 nom

Test result:

Flashover Z

Wi thstand ]

Dry zone radii:

Maximum ' #5: cm
2.4

Minimum cm

Area 22.37 cm?

obstitled 4 e

Duration of fog 35 minutes
Resistance CTT _ E ° ohms
Washing data:
Amount of water (one liter unless indicated) oo nl el
Conductivity of test water ("(J{"//“"(} s : ‘-“‘J}h

; ,
Conductivity of wash water /9'” S/C“"
Resultant conductivity S

w°

Temperature of wash water (o]
100 volt A.C. resistance .0 K Resistivity K
Discharge resistance 7 o K Resistivity K
(1st half cycle)
(2nd half cycle) X Resistivity X
Discharge Current mA Scope Current 7%  m

(1st half cycle) '
(2nd half cycle) . .___,220 mA
(1ast half cycle) mA
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this solution is then measured using a conductance meter

( Beckman ). From the conductivity tables4, it is possible
to determine thé’amount of salt (assuming mainly NaCl) in the
solution and hence originally on the plate. The amount of
bentonite is then deduced by subtracting from the total
weight of the mixture the known amount of salt. The contam-
ination can thus be classified as light, medium or heavy
according to the washing data. Out of a set of identically
coated plates, usually only one plate was selected to be
washed and its composition of deposits determined.

3.4 Discussion of Experimental Results

Altogether about 60 flat-plate tests were performed and
the results are summarized in Table 3.2. Some explanations
are needed to explain the results here. Under the heading,
Fog (min.), is recorded the time interval during which either
tap water or distilled water (D) fog is being applied. The
regsistance is being continuously monitored, as described
above, until it reaches a stable value at which point the
fog is turned off. The resistance can then be converted into

resistivities (KQ per square) by simply noting the following

relation:
Q.. = 2TR_ _ _ 3,62 R (3.1)
LV 1niR°7Ri$ ¢ s ¢
where Rg = measured resistance
Rb = inner radius of outer electrode

outer radius of inner electrode

o
[
[
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TABLE 3.2

FLAT-PLATE TEST DATA

Test # Voltage Bentonite NaCl Fog Quv Result Dried

(kV) (gm) (gm) (min) (kQ/sq) Area
(cm?)
1 3.0 60 40 14 5.23 F -
2 4.0 " " 20 5.66 F -
3 3.0 " " 22 6.24 F -
4 2.5 " " 14 6.63 W -
5 5. 60 5 17 9.79 F -
6 4.0 " " 18 7.25 F -
7 3.5 " " 20 7.41 F -
8 3.5 " " 18 8.19 W -
9 4.0 " " 16 12.10 F -
10 4. 50 2 23 13.65 F 69
11 4. " " 25 13.26 F 86
12 4.5 " " 25 13.65 F 67
13 4.0 " " 15 13.65 W 47
14 4. " " 11 9.75 W 69
15 4.5 " " 23 14,43 F 67
16 4.5 " " 14 17.55 F 93
17 4, " " 25 15.60 F 69
18 4. " " 18 10.53 F 80
19 3.5 " " 17 6.63 F 54
20 4. " " 28 13.65 F 54
21 3.5 " " 27 13.65 W 47
22 5.0 50 1l 29 18.33 F 42
23 4.5 " " 22 23.40 W -
24 5.0 " " 27 16.38 F 54
25 5.0 " " 25 18.33 F 54
26 5.0 " 2 25 17.16 F 54
27 5.0 " " 18 17.16 F 54
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Test # Voltage Bentonite NaCl Fog Quy Result Dried

(kV) (gm) (gm) (min) (kQ/sq) Area
(cm?)

28 7.0 50 0.5 25 25.55 F 31
29 6.0 " " 30 30.66 F 27
30 5.5 " " 27 23.73 F 45
31 5.0 " " 22 21.54 W 86
32 5.0 " " 28 21.54 F 102
33 5.0 " " 24 23.36 W 78
34 5.5 " " 28 21.90 F 47
35 5.5 " " 21 21.90 F 95
36 5.5 " " 21 23.73 F 80
37 5.0 " " 19 25.55 F 74
38 5.0 " " 22 23.36 W 78
39 5.0 " " 24 21.17 F 80
40 6.0 50 0.3 24 25.55 F 84
41 5.5 " " 34 32.85 F 12
42 5.0 " " 27 306.66 W 62
43 5.0 " " 27 26.28 F 69
44 5.0 " " 23 23.36 W 70
45 5.5 " " 23 23.73 F 60
46 5.5 " " 25 23.73 F 51
47 5.5 " " 25 28.11 F 77
48 5.0 " " 37 36.50 W 69
49 5.5 " " 22 25.55 F 45
50 5.0 " " 26 28.47 W 69
51 5.0 " " 35 23.73 F 84
52 5.5 " " 23 29.93 F 57
53 5.0 " " 21 29.20 W 62
54 5.5 " " 21 31.39 F 67
55 5.5 " " 25 31.03 F 67
56 5.0 " " 22 25.55 W 62
57 5.5 " " 27 35.15 F 92
58 5.5 " " 21 24.46 F 63

1} 78

59 5.0 " " 28 25.55
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QLV = gurface resistivity.

QLV is thus the surface resistivity determined through
the low voltage method of using a Wheatstone bridge. QHV
can be determined by dividing the applied RMS voltage by the
recorded second-half cycle current (RMS), the first-half
cycle being usually less reliable. The result of a test is
either a flashover (F) or a withstand (W) and is recorded as
such. The bentonite level for a few representative plates
are determined by the washing method already described. The
dried area is calculated by measuring, after each test, the
largest and the smallest radii of the dry zone respectively
and then approximating the area as an ellipse.

All the test results were listed in Table 3.2. It was
found that the amount of salt used in the slurry has an
important effect on the flashover voltage. This is in agree-

1,2 The series of tests con-

ment with other published data.
ducted here serve two purposes. Since the coating method
used in this series is different from that used by McElroy
and Jolly, the results of the experiments would indicate
whether the methecd of coating was important or not. Second-
ly, a different testing transformer with a higher short-cir-
cuit current capability (about 10 amps) was used in these
experiments, so that data-taking can be extended into the

low surface~resistivity regime.

In order to render the data meaningful, the threshold
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flashover voltage for each surface resistivity must be
determined. This can be accomplished by locating, for each
applied voltage, the highest surface resistivity at which
a flashover occurred. These points are plotted in Figure
3.8 where previous data have also been included. It can be
seen that all the experimental points can be fitted quite
well by a straight line in a log v-log Qs plane. This find~-
ing is significant because it seems to indicate that the same
physical flashover mechanisms are operating for threshold
cases. The parameter, Qs' can thus be used with some degree
of confidence for predictions of threshold voltages.

The following section will deal with the theoretical
aspects of deriving such a relation between Qs and v.

3.5 Theoretical Developments

3.5.1 Past Theories

The flat-plate was first designed and tested by McElroy.
An idealized model of a surface discharge in series with a
wet contaminant layer is shown in Figure 3.11. The discharge
characteristic was represented by the expression

=~ ar-D
Va AI

(R—Ri) (3.2)
where R is the radial distance from the tip of the arc and
Ri' the radius of the inner electrode and for the conducting

contaminant layer

V., = BQI (3.3)

R

where Q is the surface resistivity, B = C(RO—R)m with both
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"] OouTER
ELECTRODE

Figure 3.11 Sketch of a Flat-Plate Arc Discharge
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C and m as constants and Rb' the radius of the outer electrode.
The form of B assumes that it is independent of X, the arc
root radius as well as I, the current. These simplifications
were made for the sake of mathematical simplicity.

Kirchoff's voltage eguation then requires,

v=yv, +Vy (3.4)
Taking ¥ = 0, will yield V_. as
oI ’ min
_EI 1
n+
_ Bf n+1
Viin = (n+1) (H—) [A(x Ri)] (3.5)
for a given r.
avmin
Vcrit can then be found by setting AT = 0. The con-

stants C and m were determined experimentally and found to be

1.3 x 10”3

and 2.7 rsspectively. The value of m (= 2.7) was
highly questicnable and Jolly proposed m = 0 for a flat-plate,
essentially eliminating the dependence of B on any physical
parameter. Going through the same calculations as before

and setting m = 0, he arrived at

X R (3.6)

crit o)

and n+l
chit = 1/n [ Xll )
C(AR ) n

(3.7)

By fitting (3.7) to experimental data, he found A to be 0.189
and n = 0.44. The value of A could be in error by 50% owing
to heating of the conducting layer and the subsequent change

in resistance. The value of n is low compared with other
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findings such as McElroy's 0.8, Wilkins' 0.76 and Claverie's
0.5. However, eq. (3.2) is never meant to be an exact
representation of arc voltage and it is possible that A and
n are no longer constants as the current varies over a wide
range.

3.5.2 Present Approaches

Before going into deriving Vcrit’ a word or two must be
gaid about the surface resistivity Q. Experimentally, it
is measured by two methods, the low-voltage Wheatstone bridge
balancing and from the high-voltage current recoxd, as already
explained in section 3.4. Theoretically, these two values
should be very close. During exploratory tests, they were
found to be quite different (by as much as a factor of 2).
The error was later attributed to a faulty measuring circuit,
unreliable calibration of the visicorder and bad contacts
between the electrodes and the wet contaminants. Once recti-
fied, the values of QHV and QLV agreed to within 20%, and

data taking proceeded smoothly. The values of QHV were used

in finding the V - Q relationship as shown in Figure 3.8,

crit
because they were thought to be generally more reliable. A
third independent method has also been used to check the
reasonableness of the measured values and is presented below:
Cdﬂﬁider the actual physical situation. At t = 0, fog is
turned on and the fog droplets start drifting into the test

chamber and begin depositing on the surface of a dry and coat-

ed flat-plate. As the amount of moisture increases, the salt
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particles embedded in the thin coating gradually start to
dissolve. The resistance monitored through the bridge falls
off rapidly. As time increases, more and more salt is dis-
solved until at a point, all the salt particles are just
dissolved making the resultant solution a'saturated one.
This is the saturation point, and from now on, the resistance
of the plate will be more or less constant. It is at this
point that we perform the tests. Assuming an idealized thin
coating and uniform deposition of moisture on the plate, the
resistance of the flat-plate can thus be calculated. The
amount of salt actually on a particular plate can be determin-
ed by the washing method, already described and will be de-
noted as x gm/cmz.

The solubility of salt (NaCl) at 25°C is 357 gm/1000 c.c.

The height of the moisture layer h, can thus be derived as

_ X 3
h = 357 107 cm (3.8)
From Ohm's law, we have,
g=1F (3.9)
Pr
and
2
I = %— I (—Y __ )hRAs (3.10)
r’o Rln(Ro/Ri)
where

p = % = resistivity in Ohm-cm

Integrating (3.10) yields,
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. p_ 1n R_/R,
= X o 2 (3.11)

Rg = 2th

H| <

where Ry is the resistance measured on the bridge and

Qg = pr/h.

Py is tabulated in the International Critical ‘I‘ables5
for various concentrations. At saturation, the molar con-
centration of NaCl is about 6 moles. From the tables, the

highest concentration at which Py is know is 5M. and hence

this number is used, Py = 4.48 Q cm at 25°C and 5M concen-
tration.
Therefore,
4.48 1n Ro/Ri
R = ~5h QS (3.12)

For a typical test,

x = 0.036 x 10”3 gm/cm®
and hence
-3
b oo 0.0353§ 107 103 em
= 1074 em

Ro/Ri = 5.0, 11'1 Ro/Ri = 106

so that
11.4 KQ

w
R

or

Ce)
1]

44.5 KQ/square
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These values are in reasonable agreement with the measured
values of about 10 KQ and 40 Q/square respectively. Now that
we have established reasonable confidence in the measured
values of 2, we can proceed to determine its relation with V
theoretically.

The approach taken here is different from McElroy and
Jolly in two important respects. They assumed that the
resistance between the discharge root and the outer electrode
was independent of the root position. Jolly further assumed
that the resistance BQ was also independent of current, thus
setting m = 0. Both of these simplifying assumptions will be
discarded here and a more exact approach will be attempted.
The fact that a discharge root on a moist film maintains a

6,7 will be utilized here. The

constant current density
series resistance R will be calculated as a function of current,
arc root radius, distance from outer electrode and surface
resistivity. The only approximations are that the calculations
are two-dimensional and the presence of the center electrode

is neglected (i.e. Ri + 0).

Consider eqg. (3.4)

V=V, +Vp (3.4)
Letting x = R-R;, we can write
-n
Vv=ATIl x+ I Rs(x'Rb'Ra'I) (3.13)

But 2
J =_Io/1rRa = constant (3.14)
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so that R, can be eliminated from (3.13) via (3.14). Con-
sider the physical model as sketched in Figure 3.12. As the
arc root moves towards the outer electrode, the flow pattern
of the current will change and hence the series resistance R.
It is the purpose here to solve for Rs'

The problem is essentially a surface conductance problem
and can be solved by analogy. For a static case, and with no

free charge, we have,

VeeE = 0 (3.15)

Since E is curl-free, it can be expressed as

E=-V¢ (3.16)
so that

VeeVp = 0 (3.17)
which is Laplace's equation for constant €. For a static
conduction problem, the conservation of charge equation is

used instead of (3.15):

Ve =0 (3.18)
From Ohm's law,

J = oE (3.19)
so that,

VeoE = 0 (3.20)
But, the field is still curl-free, and we arrive at an

equation similar to (3.17) except € is replaced by o:

VeaV¢d = 0 (3.21)
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Figure 3.12 Sketch of Current Flow from Arc Root

to Outer Electrode



Hence all the field problem solutions involving €, e.g. cal-
culation of capacitances for different electrode configuratiecns,
can be readily transformed into conductance calculations when

€ is replaced by o. Weber8 calculated the capacitance between
the cylindrical conductors, one inside the other. Denoting the
radius of the inner cylinder as R, the outer one as RO and
their distance of separation between the two centers, x, the

capacitance/unit length C can be shown to be

c - _ome _
= 1 x R, Z K 2 1 x K2 R 2
cosh iﬁ; [(;—) -(;—) -1]-cosh 2R [( ) -(~—0 +1]

(3.22)
Equation (3.22) can be readily transformed into conductance/
unit length by substituting o for €. The surface resistance
is thus readily arrived at

R 2 R_2 1 R 2 R_ 2

Tl - llmcoshh - 12 -G 4L
a

cosh

s s 2T
(3.23)
where Qs is the surface resistivity in ohms per square.

Equation (3.13) can thus be written as:

VvV = AxI-n
IN R 2 R 2 "R 2 R 2
S - -1 x [o) -1 x [e] a
t o {cosh 2R [( ) -(——) -1]-cosh fﬁg[(§_) -(;—) +11}
(3.24)
and 2

I =.ﬂRaJ (3.25)
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where J is a constant.

Since A and n are constants yet to be determined by
matching the best fit between theory and experiment, it is
appropriate to normalize the above equations so that all the
quantities are rendered dimensionless. Furthermore, no a
priori valuee need be used for numerical solution. Using
standard dimensicnal analysis,9 two normalizing constants

can be shown to be approPriate:10

~ _V 2n-1 .n :

V = x Ro J (3.26)
and

=~ _ 2n+l _n+l

QS -(QS/A)RO J (3.27)

From these two constants, the other normalized variables can

be deduced as follows:

Ra/Ro = Ra (3.28)

x/R.o = X (3.29)

~ G _ I _ I

I = 3_ = ;7; = = (3.30)
s o o

Equation (3.16) can be reduced to

- .32
I= ﬂRa (3.31)

Substituting equations (3.26), (3.27), (3.28), (3.29), (3.30)

and (3.31) into equation (3.24) yields
1 i _ &
1r -~
Iz X /*
j%ri I/w

—cosh~t Ik - ILT 431} (3.32)
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Theoretically, the method to use here is the same as used by
others before, namely setting aG/ai = 0 to determine Gmin'
Then, taking aGmin/aQ = 0 to determine Gcrit and ;crit'

A mathematical complication is encountered here, however,
as the derivative taking would result in transcendental
equations which cannot be solved analytically. Conceptually,
these steps can be accomplished graphically as shown in
Figure 3.13. Numerically, these steps can be accomplished by
first fixing % and then varying I until a minimum V is
detected. This is the Gmin' The process is then repeated for
a different x. The maximum value of x thus found is the

~

p 14 Corresponding to it, there are Vcrit' chit and I

crit’ crit’
These values can then be denormalized by choosing a specific
A and n. The resulting theory is then compared with the
experimental data and the best A and n thus determined. The
programming fechniques are included in Appendix D. The
simulation results are shown in Figure 3.14.

3.5.3 Discussion of Results

First of all, it is interesting to note that for all the
simulated cases, the theoretical X it when measured from the
center of the plate is about: 0.9 R,. This finding indicates
that the minimum distance that an arc must traverse in order
to ensure a flashover is close to the full radius of the
plate. The conclusion is in agreement with that of Jolly.

It is different from the case of a long rod where, for a

critical voltage, only a partial bridge of the rod is
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Figure 3.13 Graphical Solution of Flat-Plate Theory
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necessary to ensure a full-scale flashover.

In accordance with the philosophy of approach as out-
lined in Chapter I, this chaptexr describes an analysis of a
flashover on a two-dimensional basis. The flat-plate has a
more complex geometry than that of the linear model studied
in Chapter II. Consequently, the theoretical approach is less
sophisticated. 1Instead of applying a dynamic arc model, as in
Chapter II, we have basically followed the paths of others by
retaining the static arc model. This model, though not as
powerful as the dynamic one, is still a very useful one in
that it predicts a rather exact relationship between Vcrit
and . This relationship has been observed experimentally.
Once it has been established that the flashover of a flat-
plate is both repeatable and predictable, then its usage for
studying flashover processes can be expanded considerably.
Other researchers (e.g. the group at the University of South-

ern California) have already started using it as a vehicle

for contamination discharge studies.
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CHAPTER IV

SURFACE EFFECTS ON FLASHOVER PHENOMENON

4.1 Introduction

The previous two chapters have dealt with the flashover
phenomena on idealized surfaces. The linear model substitutes
the moist contaminated surface with a channel of salt water
solution. The flat-plate uses an evenly cocated surface grad-
uvally being wetted by fog. The surface condition is, there-
fore, fairly uniform and the propagation of the arc is quite
independent of it. These idealized cases have been used so
that theoretical models can be constructed which wil! “hen
shed light on some of the physical mechanisms invoilved. 1In
reality, however, a flashover process depends not only on the
physical propagation mechanisms of the arc, but also, to a
large extent, on the conditions of the surface during the dis-
charge activities. High-speed movies and still pictures taken
here have indicated that for most flashover cases, the arcs
adhere very closely to the moist surfaces. Thus their modes
of propagation can be affected by the very surfaces on
which they have to propagate.

. This chapter is essentially concerned with the role
played by water drops accumulated on insulator surfaces in
affecting flashovers. It has been generally agreed that
flashovers occur only when moisture is present. Since water
is by far the most readily available form of moisture in

nature in the form of fog, rain, snow, ice etc., it is not
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surprising to find that most flashovers occur either during
or after some form of precipitation. Recently, it has been
reported that even sand storms might trigger insulator flash-
overs.1 The details have not been published, however. The
most damaging form of precipitation, as far as insulator
flashovers are concerned, is probably fog since the size and
momentum of the droplets are small enough so that they do not
wash the insulators clean as raindrops do. Instead, they dis-
solve some of the surface contaminants and form a thin conduct-
ing film on the surface. The resultant leakage current will,
through ohmic heating, produce dry zones around the cap and
pin. Discharges will beinitiated next and propagate over the
rest of the moist surface as already discussed in previous
chapters. If formation of the film can somehow be inhibited,
then the subsequent full-scale flashover could probably be
avoided.

As early as 1876, oil bath was used to interrupt the
wet film on an insulator to improve performance.2 The
effectiveness of various designs of oil-bath insulators was

3,4

later confirmed. Silicone oils or polymers and silicone

greases were then tried and the results were found to be

-8 The primary function of the grease is to

satisfactory.
breakup the film formation so that the water drops bead up
rather than spread out thin. The same can be achieved also
by the use of solids such as p.t.f.e. (polytetrafluorethylene

commonly known as Teflon) which have low coefficients of
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friction and are water-repellent. These water-repellent
substances possess the unique property of preventing water
drops from wetting their surfaces. For most of these sub-
stances, the drops form relatively large contact angles (for

a definition, see the following sectionc). These contact
angles, however, can change when a field is applied. With

the changing of contact angle, the water drops can do what
they normally are incapable of doing on water-repellent sur-
faces; wet the surface. Hence, the electric stress can reduce
the effectiveness of the water-repellent properties of the sur-
face. Such being the case, the threshold level for flashover
of an insulator can be decreased considerably. This inter-
action between the field and the water drops in lowering the
threshold voltage for flashover will be studied in the follow-
ing section.

Though greasing improves the performance of insulators
remarkably, it is not, however, a permanent cure. First of
all, grease has to be applied. After a year or so (at the
most two years), it has to be cleaned off and reapplied as
aging and chemical decomposition will drastically reduce its
effectiveness. Regular application and cleaning can be very
costly. It is thus desirable to understand the physical
processes involved in a flashover over a greased surface so
that some substitutes might be used, which retain the desir-

ables properties of grease and eliminate the undesirable ones.
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4.2 Theory of Behavior of a Water-Drop in an Electric Field

4,.2.1 History of the Problem

Despite numerous reports on the performance of variously
coated insulators, studies on the interacticn between the
water drops and the field on these surfaces are almost non-
existent. Fortunately, the interaction of free water drops
and an electric field has been studied in related areas such
as corona and audible noise. These findings can be used as
guides to our studies.

Zeleny9 was probably the first to show experimentally
that disintegration of a water drop in an electric field
began as a hydrodynamical instability. Wilson and Taylorlo
detected a similar phenomenon when an uncharged soap lubble

was subjected to a uniform electric field. Macky11 and

Nolan12 showed that the same kind of disintegration occurred
when a drop of water fill between a pair of charged parallel
plates. Taylor later studied this instability further and
found that a drop, first elongated by an electric field,
became unstable when its length was 1.9 times its equatorial
diameter.l3 Using the elliptic shape of the drop, he was
able to calculate the critical electric field for instability
and found that agreement with experiments was within 1%. His
calculation is now generally accepted as a valid one in
predicting the drop instability and subsequent rupture. More

about it will be said in the following cections when it is

applied to the case at hand.
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The subject of an E-field interacting with more than one
drop is a far more complex one. Davis14 calculated the forces
and field strengths between two rigid and charged spherical
conductors in a uniform electric field. He presented numerical
results for a number of relative sphere sizes and separations.
Depending on the distance of separation between these spheres,
the field intensification factor at the tips of the drop could
vary from 3 to 1000. These numbers clearly demonstrate the un-
stable nature of the situation. As the drops elongate under
electric stress, their separation decreases. The field is
thus intensified and the drops deform further. This process
has been repeatedly observed in the course of our work and
will be reported in the experimental section. Latham and
Roxburgh15 used the intensification factors of Davis and
applied them to a pair of drops in uniform field, based on
Taylor's assumptions. They were able to arrive at a critical

E-field for instability. Taylor16

analyzed the problem fur-
ther and concluded that the drops must be in an equilibrium
state to start with before they could become unstable.
Experimentally, therefore, he used two equal rings to support
the drops before the field was applied. The two neighboring
drops were thus physically constrained to be at rest till,
without moving the constraints, the drop surfaces sprang
together at a critical potential difference. _Brazier-Smithl7
devised a numerical method for calculating the éorrect stable

equilibrium shape of a conducting drop subject to electrical
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stress. He found the shape to be a very close approximation
of the ellipsoid that Taylor used and essentially verified
Taylor's analytic solutions.

From these previous studies, it is generally established
that a free drop in a uniform field is first elongated and will
rupture if the field is above a critical value. Because of
the complex dynamics involved, it is possible only to deter-
mine the critical field for instability. The actual ruptur-
ing process cannot be described mathematically.

4.2.2 Present Theoretical Approaches

Our problem is complicated further by the physical con-
straints involved. These water drops are sessile drops, i.e.
they are sitting on top of an insulating surface. The surface
is therefore acting as an additional boundary condition. Any
deformation of the drop at the interphase will be governed
in part by the surface properties of the solid, such as its
surface tensions with respect to water as well as air and
in part by the surface tension of water itself. Thus, besides
the dynamics of the bulk of the drop, we must also consider
the boundary condition at the liquid/solid interface.

Below will be retraced the steps of thinking that led
to the present understanding of the problem. Consider the
physical set-up as shown in Figure 4.1. The water drop is
located on top of an insulating surface (in the experiments,
it is a piece of plexiglas). A horizontal field is applied.

We want to describe how the drop reacts and how the contact angle
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changes. At first, it was thought that the electric field at
the solid-liquid-air interface (i.e. point "A" in Figure 2.1)
could influence the contact angle by altering the surface
tension forces. 1If that was the case, then the magnitude of
the E-field at "A" would have to be determined. The solution
looked deceptively simple on paper, since it involved no more
than a Laplace's equation with boundary conditions. Several
attempts were made to solve the field problem analytically.
The Schwarz-Christoffel transformation was first tried and
later the Fourier transformation. Both methods failed owing to
serious questions about separability of variables in the trans-
formed spaces. The next method used was to approximate the
drop as a triangle with well-defined contact angles in the
form of wedges, as shown in Figure 4.2. This shape introduced
its own problems, however, and the singularities at the edges
remained. At this point, even field sketching18 was employed
to provide a rough idea of the magnitude of the stress.
Finally, after numerous other futile attempts, it was realized
that it was not possible to obtain an analytic solution to

the problem. The obstacles were the odd shape of the drop as
well as the consequent singular boundary conditions. This
realization forced a review of the philosophy of attacking the
problem. First, it became clear that the knowledgn of a field
distribution for a particular configuration was not absolutely
important. With the application of field, the shape of the

drop would change continuously and so would the resultant field
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map. As it was impossible to solve for the field of even a
well-defined geometrical configuration, it would be entirely
hopeless to try for a shape that would be changing with the
field. Secondly, the assumption that the electric field
directly influenced the contact angle at the interface was
not necessarily a correct one. We need to re-examine the
contact angle phenomenon in a more rigorous manner, with the
electric field included, if possible. Despite the difficulties
encountered in calculating the fields around a drop, a two-
dimensional numerical soltuion was obtainable. A program was
written by D. Bosack which is capable of plotting equipotential
lines for a two dimensional system of n conductors and di-
electrics enclosed within a well-defined boundary. The
electric fields can be subsequently calculated. Utilizing
such a program, the equipotential lines for a half cylinder
resting on top of a flat piece of porcelain surface (e=5.650)
placed between two energized parallel electrodes was sim-
ulated. The plot is shown in Figure 4.3. Another simulation
without the porcelain produced almost identical results.

This finding substantiates what can be reasonably expected
from physical intuition alone, i.e. because the field lines
are mostly parallel to the air/dielectric interface, polar-
ization effects are not important.

4.2.3 Contact Angle Analysis

It 1s observed that in most instances a liquid placed on

a g0l1id will not wet it but remains as a drop having a
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definite angle of contact between the liquid and scolid

phases. In most surface chemistry textbooks, this angle is
calculated by balancing the forces in the horizontal direction,
as shown in Figure 4.4. The Young-Dupre equation is thus

arrived at:

Yga = Ypg * Yga €OS O (4.1)

Iyo observations should be made about the equation. First,
this equation is valid when there is no other forces (such as
electrical) present. If an E-field is applied, it is not
clear how its effects can be incorporated into the equation
without a more formal derivation. This derivation will be
supplied below. Secondly, the contact angle is not uniquely
definable, as the equation implies. For a particular solid
and liquid, the contact angle behaves in a hysteretical
manner. A vivid illustration is that of a raindrop sliding
down a window pane. The advancing tip of the drop has a
larger contact angle than the receding end. For obvious
reasons, the upper and lower bounds are usually denoted by
advancing and receding angles respectively. Hysteresis is
not yet completely undérstood and the most commonly cited

19 Since the

explanation is the roughness of the surface.
hysteretic behavior of the water drop is of importance in

our later theoretical and experimental work, contact angles
of drop sizes of interest have been measured to illustrate

a few typical values. It has been observed that drops of
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different sizes usually have different contact angles.
Poynting and Thomson20 reported a simple means of deriving
a contact angle by measuring the height of a drop. By
approximating the shape of a sessile drop, they showed that

the following equation could be used:

2
1 - cos 0 = gﬂ- (4.2)
Yla

where
® = contact angle

gravitational constant = 980 cm/sec2

g =
= density of water = 1.0 gm/c.c.

h = height of drop in cm

y = surface tension of drop = 72 dynes/cm

Drops of desirable s 3 were injected from a microliter
syringe onto a level, clean, and flat surface. Its height
was then measured by means of a micronmete:. The contact
angles could then be calculated from eq. (4.2). Tables 4.1
4.2 and 4.3 illustrate some of the measurements on a clean
plexiglas plate, a Teflon plate and a greased surface. The
tabulated values clearly demonstrate that the contact angle:
is not a uniquely determinable quantity. It is also very
much oendent on the type of solid surface with which it
comes in contact. Teflon and greased surfaces are much more
water-repellent than a clean piece of plexiglas. )
Now that we have established the hysteretical nature of

contact angles, we move on to study the influence exerted by
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TABLE 4.1

DETERMINATION OF CONTACT ANGLE OF WATER ON CLEAN PLEXIGLAS

volume (u®) h (cm) 0 (degrees)
20 0.185 39°
40 0.198 42°
60 0.251 55°
80 0.277 61°
100 0.287 63°
120 0.307 68°

140 0.312 69°
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TABLE 4.2

DETERMINATION OF CONTACT ANGLE OF WATER ON TEFLON

volume (uf) h (cm) 0 (degrees)
20 0.240 57°
40 0.246 59°
60 0,271 66°
80 | 0.256 70°
100 0.290 71°

140 0.295 74°
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TABLE 4.3

DETERMINATION OF CONTACT ANGLE OF WATER ON GREASED PLEXIGLAS

volume(ﬁm) h (cm) 0 (degrees)
20 0.213 46°
40 0.279 | 61°
60 0.297 66°
80 0.309 69°
160 0.338 76°

140 0.341 77°



175

the electric field. Equation (4.1) is sufficient and correct
for most cases of practical interest. But, it makes the
addition of other forces difficult, unless they act in a
similar fashion as the surface tension (which usually is not
the case, however). To consider the effects of such other
forces as gravity and electric stresses, it is necessary to
rederive the force balance equations in a rigorous manner
from basic thermodynamics.

The system under consideration is as shown in Figure 4.5.
From the second law of thermodynamics, we can write, for a pure

mechanical system:
dau = - P4v + Td4s (4.3)
and if we use Helmholtz Free Energy,

F=U-T1TS

we have,

dF = U - TdS - SdAT

dF = - PAV + S4T (4.4)
Energies of other origins can be added to equation (4.4),
when needed. The surface tension y can be recognized either

as a force/unit length or an energy/unit area term and is

related to the Helmholtz energy as follows:

(aF/amT.V.ni =Y

where

Q@ = surface area of infterface
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T temperature

ny number of moles of component i
Now, for the system to be under thermodynamic equilibrium,
any variation of the force energy (i.e. Helmholtz) of the

system at constant temperature, volume and mass must be zero,

i.e.

(GF)T v.n. - 0 (4.5)
'Vng

where the symbol & refers to a variation in the "virtual work"
sense.

The total free energy of the system is given by

F = I ar’ + f dF9 + I gzdmv + f gzdmg (4.6)
v Q v Q
where
g = acceleration of gravity
dm'= the mass of an element AV
dm9= the mass of a membrane-like element 40
z = the height of the element above a horizontal

plane
We see here that the free energy is composed of two con-
stituents, one from the bulk volume and the other from the

surface which is treated as if it were a membrane.

6F=6I dr"+sj dF9+6'I_gz'dm"‘+6[gzde=0
v v v Q
(4.7)
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For reversible variations, the variation sign can be trans-~

ferred inside the integral:

1
§F = adF"+f

GdFQ + [ gszdmy + I ngdmv
Iy v

Q2 \'4

[ Q Q _
+ gdzdm™ + gzddm = 0 (4.8)

‘Q Q

The superscript "v" means inside the bulk of the drop; while

the superscript "Q" denotes the surface of the drop. Now,

aFV = - Pav + I p, dn,’ (4.9)
i 1 i
where
_ . . .th
By = chemical potential of i component
Q _ ., z=e 2 Q
dF" = ydQ + T -d&daQ + & My dni (4.10)
i
where
T = electric stress tensor at the liquid air
interface
df = displacement of liquid normal to the surface

The free energy inside the bulk of the drop is essentially
unchanged before and after the application of electric field.
The field acts as a surface force just like surface tension
in certain respects.

Substituting (4.9) and (4.10) into (4.8)



178

SF = f -B8av + & [ uiGdniv + f y&4dQ
v ilv Q

+ I f uiédniQ + f ngdi + f ngdmv
i’Q v v

+

f g6zdm" + [ gzsam® - f |7€| 8 (dEdQ) = 0 (4.11)
Q Q Q

Because the variations of mass (due to chemical means) are
independent of variations of v and Q, eq. (4.11) can be
separated into two independent equations:

j -~ PSAV + f vedn - | |7°|6(agaq) + J gszdm®
\4 Q * Q \'

+ f gszdm® = 0 (4.12)
Q
and

) f ngsdn, ¥ + 1 f uiﬁnig + I gz8am’ + f gzsdn® = 0
i i’Q \ Q

(4.13)
Equation (4.12) contains the equilibrium condition for a drop
under mechanical (including gravity) and electrical conditions.
Equation (4.13) contains the conditions for chemical equil-
ibrium in a gravitational field. This latter equation does
not concern us here. This derivation here is more general
than needs be for our system. For simplicity, gravity and

chemical potentials will all be assumed te be zero and hence

(4.13) is automatically satisfied. For a more thorough dis-
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cussion of the thermodynamics involved, however, the reader
is referred to References 22, 23, and 24.
Now,

dm = pdv (4.14)

g

AdQ (4.15)

where
p = density of the volume element in
units of mass/volume
A = surface density of the surface
element in units of mass/area

The superscripts designate the medium e.g.

a = air
£ = liquid
g8 = solid

Consider the first term in (4.12)

f Padv”'=af PdV'Q'-f spav”
2 L
v v
and
5 [ pav® = f p* sn ao*? (4.16)
v2 Qna
6N2a = normal component of motion of the element

of liquid surface into the air
P” = the pressure on the element measured inside

the liquid
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The integral is only over the liquid-vapor interface since

the solid surface is not considered to vary.

Similarly,

[ PSAvVe = & [ PaAVY - f sFav® (4.17)
a a a

v v v/

5 f pav? = - f p? ont2 gpt? (4.18)
o2 Q%a

where
p? = the pressure on the element of surface

measured in the air.
The last term in (4.17) is zero because any difference in
atmospheric pressure due tc perturbation is discounted.

Now congider the second term in eq. (4.12):

fLa

I Yka sa%@ = & I Yla aot? - f GYla qota
gta La Q (4.19)

) f Yla sza = [ Yla cos6 6xdL +
Qla L

f ya [%_ + %-1 snt? gotd (4.20)
fLa

Q 1 2

Where dL is the element of length of the line formed by the
intersection of the three surfaces and x is the virtual motion
of this line normal to dL along the solid and in a direction
which increases QZa' as shown in Figure 4.4. 0 is the contact

angle and R,y and R, are the principal radii of curvature.
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Here we see that the virtual change in surface area of liquid-
air interface is composed of two terms, one right on the

boundary of liquid-solid-air and the other in the rest of the
liquid-air interface. The final term in Eg. (4.20) is in fact

22'%%& represents the change of area of the

derived by Gibbs
liquid-air interface due to the change of shape of the drop in

the variation.

f 32 sanst = 5 [
oSt Q

s

vS* qest - [ sv3% aq (4.21)
sl

sk Q

and

5 J y3* aps* - [ v* sxdL (4.22)
Qsl 1

8 I v32 a2 = - f v32 sxdL (4.24)
Qsa L

The electrical term enters as follows:

f |T®| §(acdaq) = f |T®| sn“%dq + f 5(c"E""") §xdL
Qka Qza L
(4.25)
The term Elas is the electric field at the 3-phase inter-
face, calculated by vector addition of all the field components
due to the ambient field and all the free charges except one

at which the field is being calculated. This is so because a
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charge can never move itself through its own field. The
term of denotes a line charge at the 3-phase interface.
Since a line charge does not exist physically, the second

term in eq. (4.25) is effectively zero saving us the enormous

labor of trying to calculate Egas.

fLa

The transformation comes about because § (df) = SN and

the second term is due to contributions from any line charges
located along the liquid air solid interface. of denotes

S denotes the field existing

such charges in coulomb/m and E”'a
at such a boundary.
Substituting eq. (4.17) to eq. (4.25) into eq. (4.12),

we finally have,

1 a La

R,

La

f [(pa-p“)an+(%— + 1% - |7®| sntgr FRsz-ay?
fLa

Q 1

+f [8P+gpdz]av” +

)
v

s _sa fLa 1l f£_Ras
] [y" "=y + Y v
L

s L

+f [gr5%s2z-5vS*) anst + [ [gA
s sa

& & (4.26)

Since the variations are arbitrary, it is necessary and

sufficient that each integrand be zero. The last two inte-
grals vanish if the solid surface is flat and level. If we
neglect gravity, the first integral yields (also neglecting

any surface tension changes)
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0
(p2-p%) + (3~ + %;’Gk'a - |T®] = o (4.27)
1

This is a force balance equation that we would expect and
this equation must hold for any differential surface element.

Also

Yo =y % 4+ y°% cos 0 = % o E (4.28)

is obviously the Young-Dupree Equation with an additional
electric term that we set out to derive. This term is actually
zero, as already discussed above.

Here we have shown that the electric stress tensor does
not contribute any term to this equation unless we have line
charge accumulations along the 3-phase edge where the drop
rests on the solid.

The importance of the above theoretical derivation is as
follows. We have successfully separated the dynamics of the
drop at the liquid/solid interface from that of the rest of
the drop. Equation (4.28) describes the interfacial
phenomenon, while eq. (4.27), the surface phenomenon. The
latter equation is the same one as used by Taylor in arriving
at his critical field. Thus, the same criterion can be used
in calculating the critical field for the sessile drop
provided that the boundary ccndition (4.28) does not affect
the force balance. In the absence of any line charges, this
assumption is perfectly valid. The conclusion is, therefore,

very simple. The dynamics of the drop are adequately described
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by Taylor's criterion. The resultant change in shape of the
drop will affect the magnitude of the contact angle almost
the same way as a change in mass would (see Tables 4.1, 4.2,
and 4.3). However, the interfacial dynamics will not have
any significant effect on the behavior of the rest of the
drop. The coupling 1s thus uni-directional. A better analogy
is probably provided by the previous example of a raindrop
sliding down a window pane. The external force, instead of
being electrical, is gravitational. Gravity acts through the
bulk instead of on the surface. This distinction, however,
is not relevant. The contact angles of the raindrop have
changed because of a change in the shape of drop. There is
no gravitational force acting at the interfacial boundary to
change the angle, because infinitesimal mass yields
infinitesimal weight. Similarly, the electric field is not
directly acting on the contact angle per sei, but the angle
changes nevertheless because the rest of the drop is reacting
to the field.

This section forms the theOretical basis for the follow-
ing experimental work. For each series of experiments, a
theoretical explanation will be attempted to account for the
observed results.

4.3 Experiments on a Water-Drop in a Uniform Field

4.3.1 Description of Experimental Apparatus

All of the experiments to be described in this chapter

used the same D.C. power supply as shown in a circuit diagram
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in Figure 4.6. It consisted of a .4uF capacitor bank charged
by a NJE D.C. high voltage power supply. The voltage ranged
from 0 to 30 kV with a maximum current of 3mA. The capacitor
bank was charged through a 50Q charging resistor and its volt-
age was monitored by a divider circuit. The output of the
divider circuit was calibrated against an electrostatic volt-
meter. The voltage was pulsed on to the testing apparatus via
either an electromechanical switch or a vacuum switch. The
switch was paralleled by a 2000 pf door-knob type capacitor
to reduce the effects of switch bounce. The 500 high voltage
charging resistor was made by winding two layers of oxidized
copper-nickel wires in opposite directions so that the result-
ing inductance would be low. The interconnecting leads were
made as short as possible. All these precautions were taken
to minimize the oscillations of the supply voltage. The
risetime of a voltage pulse was usually less than lus. For
most experimental purposes, this time was short compared with
times of interest. In some of the extreme cases, however

the times to flashover did approach the lus limit. Such data
points would have to be interpreted with this limitation in
mind.

The testing chamber is shown in Figure 4.7. Connected
to one side of it is the fog chamber with a fog nozzle mounted
at fhe bottom. On the other side is the exhaust chamber for
excess fog particles to escape. The fog chamber is activiated

only during fogging tests. For single drop experiments in a
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uniform field, only the middle testing chamber was used.
The high voltage coaxial cable enters from the ceiling of the
testing chamber.

4.3.2 Single Drop Tests in Uniform Field

The uniform field was provided by two plane parallel
electrodes separated by a block of plexiglas as shown in
Figure 4.8. The drop was placed on top of the plexiglas mid-
way between the electrodes. The size of the drop for testing
was picked to be 50 microliters. This was a typical size to
expect when a clean piece of plexiglas was left in a dense
fog for a duration of two to three hours (see section 4.4 for
a calibration curve of the fog chamber). Each individual fog
particle was, of course, of a minute size (around 10 microns),
but these droplets would coalesce on the surface to form far
larger drops as time passed. When the drop had been deposited
midway between the electrodes, the apparatus was placed on a
predetermined spot inside the chamber, so that the plexiglas
surface was level. The high-voltage and ground leads were
respectively connected and the chamber door closed. The
storage oscilloscope was readied, while the capacitor bank was
energized. When the desired voltage level was reached, the
electromechanical switch was activated and the‘voltage drop
was applied directly across the electrodes. Depending on the
voltage level, either a flashover or a withstand would result.
The voltage across the electrodes was monitored by a Tektronix

High-Voltage Probe connected to the scope which was simultaneously
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triggered by the application of voltage. For a flashover, a
typically recorded voltage trace is as shown in Figure 4.9.
The vertical drop in the voltage trace indicated that a
flashover had taken place. The time to this flashover was
therefore the time elaspsed between the voltage applicatlion
and this drop in voltage. The voltages were increased in
steps of 1 kV (sometimes 2 kV) from the threshold level so
that a range of times to flashover would result, covering
from four to five orders of magnitude. These times to flash~
over T, are plotted on a semi-log scale as shown in Figure
4.10. On the same graph are plotted another two series of
experiments for comparison. One was done with a distilled
water drop on a plexiglas surface greased first with a layer
of Dow Corning Five compound, commonly used for insulator
coating. In the other, the liquid used was a solution of
methyl chloride in distilled water (v 0.5%) so that the drop
would be about 10 times more viscous than distilled water.
4.3.3 Discussion of Theoretical and Experimental Results
The times to flashover curves in Figure 4.10 emphasize
some of the important physical mechanisms operating in a
flashover process. As the applied voltage increases from
near a threshold value to twice that value, two distinct
regimes of operation can be clearly defined. These regimes
are denoted, the Townsend breakdown and the Electrohydro-~
dynamic regimes. The Townsend breakdown regime is that case

where the field is already so intense that direct discharges
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can be initiated between the drop and the electrodes without
first deforming the drop. The electrohydrodynamic (EHD)
regime occurs when the hydrodynamics of the drop plays an
important role in causing flashovers. From high-speed motion
pictures, it can be seen quite clearly that the drop first
deforms and elongates, thus intensifying the field stress at
its tip. The intensified field strength has a positive feed-
back effect on the drop, elongating it further. The process
thus continues, developing into an instability until condi-
tions are proper for an arc to strike. The resultant forces
of discharge usually break up the drop. Thus, in addition to
the relatively long Tge the breakup of the drop is another
distinguishing feature of the EHD regime. In the Townsend
breakdown regime, the flashover is almost instantaneous and
the drop does not usually respond mechanically, so that its
shape remains unchanged. To test this hypothesis on the
deformation of the drop to intensify the field, a series of
experiments were carried out using exactly the same experi-
mental set-up except for the water drop which was substituted
by a solder drop of roughly the same shape and volume. The
use of the metallic drop ensured that no deformation was
possible so that no,field—intensification could result. Thus
for these tests, the EHD regime was completely eliminated.
This observation demonstrated that the presence of deformable
water particles definitely lowers the flashover voltages.

Actually, the effect is more serious than mere deformations.
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The neighboring drops always seem to coalesce in such a way
that filaments are formed, effectively shorting out a poxrtion
of the insulating surface. This phenomenon will be discussed
further in the next section.

In section 4.2.3, it has been shown that the criterion
for the instability of the bulk of the drop can be derived
irrespective of the boundary condition at the interface. The
boundary condition and the contact angle, in particular, how-
ever, are affected by the dynamics of the drop. Both Taylor's
criterion for instability and the resultant contact angle
hysteresis will now be examined.

Taylor in his paper showed that an uncharged drop, in the
presence of a uniform field, will be elongated in the direction
of the field. The point of instability is reached when the
drop's length is 1.9 times its equatorial diameter. He
approximated the shape of the drop to be an ellipsoid and

derived, in c.g.s. units, the critical point for instability,

1/2

E,(R /)% = 1.625 (4.29)

where

(&3]
]

c;itical electric field in e.s.u.

R = radius of free drop in cm

Y = surface tension in dynes/cm
Taylor's critical field E, can be estimated for the size of
drops used in our tests. For a 50 uf drop, Rb is about 0.35 cm

and y about 72 dynes/cm.
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Equation (4.29) yields an E, = 7.0 kV/cm.

From our experimental measurements, as shown in Figure
4.10, the thresholds of applied fields fox a single drop
flashover while on a plexiglas surface and for a greased sur-
face are 5.0 kV/cm and 7.0 kV/cm respectively. Taylor's
criterion thus agrees with greased surface flashover data
better than with ungreased surface. This conclusion is not
surprising because Taylor's critical field is substantially
higher than the field normally needed to elongate the drop
noticeably. His field is virtually strong enough to pull the
drop physically apart. In our experimental set-up, before
such a stage could be reached, the field intensification
would be such that a discharge would have occurred and a flash-
over resulted. It therefore seems that Taylor's criterion is
reasonably good when applied to a water-repellent surface such
as a greased one and is too high when applied to a normal plexi-
glas surface. Despite its deficiencies and despite the fact
that his drop is a free drop, Taylor's criterion can still be
used, if one is careful, to estimate the threshold fields for
flashover. This conclusion serves a useful purpose because
it implies that the threshold can be approximately determined
irrespective of the boundary condition at the interface. The
same conclusion was reached by the theoretical derivations
in section 4.2.3.

Now that a critical voltage is established, a closer look

can be taken at the role of the contact angle during the



196

instability. Based in part on high-gpeed motion pictures,

the following dynamic mechanism known as motion via contact
angle hysteresis is proposed. It has been previously dis-
cussed and measured that contact angles behave in a
hysteretical manner, with a maximum and a minimum for a
particular set of surface conditions. The proposed mechanism
of motion is best illustrated diagrammatically, as in Figure
4.11. wWith no applied field, the contact angle is most likely
to be somewhere between the minimum and the maximum. As soon
as the field is switched on, the drop starts to elongate in
the direction of the field. The base width, however, remains
essentially constant in the very beginning. It is the upper
part of the drop that elongates first, there being no counter-
ing forces acting against motion. This lengthening process
then increases the contact angle in the same manner as the
gravity increases the advancing angle of a sliding drop. The
increase continues until the maximum angle allowed by hysteresis
is reached. Once attained, the angle cannot increase any
further. The field stress, however continues being intensi-
fied. So, at this point, the drop flattens out along the
field direction, increasing its base width in contact with

the surface and decreasing the contact angle. If the
electrical stress continues to be increased, the above process
will be repeated; an increase in contact angle and a subsequent
elongation. In this way, the drop creeps along the surface
towards the electrodes until an arc discharge completes the

circuit and a flashover resuits. This process is believed to
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be a valid one at least during the initial stages of
elongation of the drop.

Using the critical voltage and some physics about the
initial motion of the drop, one can estimate the times to
flashover. For the Townsend breakdown regime, this +ime
is essentially the transit time for an electron to bridge
the air gap, assuming no transition to streamer occurs. If
such a transition does occur, then the actual time would be
less and the estimated time would be about the upper limit.
The formative time lag for breakdown is neglected here
because at such an overvoltage (> 100%), the formative time
is much less than lus.21

Some estimate can now be made on the electron transit
time. The applied ambient field for the Townsend breakdown
is roughly 7.2 - 10.0 kV/cm. Assuming a normal atmospleric

pressure of 760 mm Hg,

P

E/P v 9.5 - 13 kV/cm mm Hg.
Corresponding to these ratios of E/P, the electron drift
velocity is

V, v 4.7 - 6.0 x 10° cm/sec.

The air gap spacing that the discharge has to bridge is

approximately 2.5 cm and hence the transit time is around,
Te (estimated) =~ 0.53 us - 0.41 ﬁs.

The measured times to flashover for those voltage ranges

were typically around 2-3 ﬁs. The discrepancy is not really
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surprising, when considering the crude theory used in the
estimation and more importantly, the nature of the d.c.

power supply. The rise time for the voltage pulse is around
1-2 ﬁs, so that the full supply voltage takes at least that
long to reach its nominal value. If one adds 1-2 us to the
estimated Ter the agreement with measured data improves
remarkably. The degree of agreement between these numbers is
not critical; the important point is that these times to
flashover have shown that the physical processes prevalent

in the Townsend breakdown regime are largely electrical in
nature and the drop is incapable of responding mechanically
within that short duration of time. It is also clear that if
a Townsend breakdown occurs, there is little that can be done
to prevent it by merely improving the surface conditions,
such as greasing. The breakdown probably will have to be
eliminated electrically, e.g. by limiting the current.

The breakdown process in the EHD regime is more complex
because of the mechanical coupling of the drop. Again,
simplifications will be made here so that some reasonable
estimates can be made. The force that is elongating the drop
is electrical, the retarding force is the viscous drag of
the fluid, and the sliding friction at the liquid/surface
boundary. The above physical picture tells us that essentially only
two terms are dominant, the electrical stress tensor balancing
against the viscous stress tensor. Following this reasoning,

a rough calculation can be made to estimate the time to flash-
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overxr:

e ~
3y 'I‘Tj (4.30)
so that
4 v
1 2 X
5 eoE ST 5y (4.31)
where
u = viscosity of liquid used
Ve = velocity of drop
€y = free-space permittivity

x,y = spatial coordinate along the field direction
and transverse respectively.

For simplicity, assume E is uniform and equal to applied
voltage/gap distance. Now integrating (4.31) and assuming
the drop to start from rest,

v = %-:—° £2a (4.32)
where d is the drop radius . and is about 0.25cm, u for dis-
tilled water is 0.001 Kg/sec M, and E is about 5 kV/cm.

Substituting these numbers into (4.32) yields

Vve=2.7%x 102 cm/sec.
With a gap distance of about 1.2 cm, the time to flashover is
around 5 ms.

This estimate is within our measured range for EHD
regime, but is lower than some of the measured values. The
reasons are clear: the crude approximations used can yield
only a rough number at best; we neglected the sliding friction

between the liquid/solid interface. The latter boundary
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condition would certainly slow down the liquid drop consider-
ably. Another interesting point to be noted is that the time
to flashover is almost directly proportional to the viscosity
of the fluid used. This observation has been verified, as
shown in Figure 4.10.

Despite the gross approximations used in the above cal-
culations, reasonable estimates have resulted which shows
that the physical mechanisms we proposed are probably correct.
Since the two mechanisms (EHD and Townsend breakdown) are
quite different, different physical means would have to be
used to try reducingtheir effectiveness. For the EHD regime,
gsurface conditions and mechanical properties of the fluid,
such as viscosity, surface tension and etc. can be used to
restrict the motion of the drop. For the Townsend breakdown
regime, the field strength is already so intense, preventive
measures are more difficult to find.

4.4 Experiments on Flat-Plate Flashover in Fog

4.4.1 Description of Experimental Apparatus

The experimental apparatus used in the tests to be des-
cribed consisted of a flat-plate, similar in structure to the
one described in Chapter III, but smaller in size. The dia-
meter of the inner electrode is 6 cm. and the inner diameter
of the outer electrode is 10 cm. The size of the inner
electrode can be varied, if desired.

For all of the tests, fog is generatedﬂin the fog chamber

shown in Figure 4.7. In order to determine how much fog is
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deposited per unit time on the testing apparatus and

range of droplet sizes, calibration tests are first performed.
The flat~plate is positioned at a pre-selected spot inside the
test chamber, so that its surface is kept level. The chamber
door is closed, and the air compressor turned on, supplying
pressurized air at 606 psi. Water droplets are forced out by
this compressed air in the form of a misty fog. A calibration
test is done for each duration of fog. For each test, the drop
size is measured by averaging the volume of twenty typical
droplets. The density is determined by averaging the number
~of drops collected over a known area. Both the size and
density are plotted against fogging time in Figure 4.12. With
the knowledge of these calibration curves, all of the tests
can be seen as a function of fogging time alone and later
expressed against size and density, if necessary.

" 4,4,2 Flat-Plate Tests in Fog

Before data-taking began, a single drop test was repeated
on the flat-plate to demonstrate that the geometry of the set-
up does not affect the physical regimes of operation. The
times to flashover characteristic is again determined and is
shbwn in Figure 4.13. Next, the threshold voltage for each
different surface condition is determined for a range of
fogging times. The surfaces used are clean plexiglas, greased
plexiglas and Teflon, respectively. For each particular
fogging period, several tests are carried out to determine the
threshold value. The measurements are illustrated in Figure

4.14. It can be seen that the greased surface performs best,
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Teflon next and plexiglas worst, as we would expect. Know-
ing the range of threshold voltages, the flat-plate test
could now be carried out as follows. The plate was first
thoroughly cleaned with detergent and tap water. It was then
rinsed with distilled water and dried with an electric fan

so that no hand wiping was necessary to avoid contamination.
The electrodes were then bolted on. If a greased surface
test was being performed, the Dow Corning 5-compound silicone
grease was then evenly applied. A paste of grease of about

5 mm thick was first squeezed out of the Dow Corning “ube.

It was then divided into four equal portions and deposited on
the flat-plate. The grease was evenly spread over the sur-
face with a Kimwipe and the excess wiped off, so that only a
thin layer was left on the surface. The process was repeated
for every single test. Otherwise, the surface was left un-
touched. The flat-plate was then placed at a pre-determined
position inside the test chamber to ensure that the surface
was level. The high voltage terminal was clipped onto the
center disc and the ground lead tc the outer electrode. The
chamber door was screwed on with wing nuts. The air compressor
was activated and the nozzle turned on. The generated fog
drifted through the filter into the test chamber, as shown in
Figure 4.7. Most of the tests were performed for 40-minutes
and 70-minutes durations respectively. Near the end of fogg-
ing, the d.c. power supply previously described was energized
to charge up the capacitor bank. At exactly the 40-minutes

mark or the 70-minutes mark (whichever the case may be), the
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voltage pulse was applied across the electrodes via the
switch. Either a flashover or a withstand would result.

The applied voltage was monitored in exactly the same way as
in the single drop experiments. A Tektronix high voltage
probe was used and the times to flashover were stored on the
scope display. A sample display would look almost identical
to the one shown in Figure 4.9 and will not be reshown here.
The voltage trace registered a constant voltage level until
flashover occurred when it dropped sharply. The capacitor
bank was discharged in the process. The times to flashover
for each fogging time and for each voltage level were record-
ed. A similar series of tests were run for a greased surface.
Two different sizes of inner electrodes were used so that two
gap distances were tested, namely 2 cm and 4 cm. The experi-
mental results will now be discussed.

4.4.3 Discussion of Experimental Results

Figure 4.15 illustrates the measurements for both the
clean surface and the greased surface, with a gap distance of
2 cm and 40 minutes of fog. First, it can be seen that the
two regimes of operation, EHD and Townsend breakdown are also
quite apparent in the flat-plate tests. Secondly, the greased
surface does perform better than the ungreased one. These
conclusions are similar to the ones we reached after the
single drop tests. Despite the presence of numerous neighbor-
ing drops, the basic physical processes that govern the

behavior of each individual drop appears to be the same as
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before. For the EHD regime, the field intensification and
subsequent elongation sequence is still present. The
presence of neighboring drops close by probably increases the
intensification factor even more. Davis' calculations showed
that for two very close drops, an intensification factor of a
1000 is possible. Because of the enhanced field and because
of the presence of these numerous drops, an important
Phenomenon was observed consistently during tests of an un-
greased surface. The observation was recorded on nearly all
of the withstand cases, when the voltage applied was not high
enough for a flashover. Before application of voltage, the
droplets are rather evenly deposited on the surface. After

a withstand test, most of these individual drops coalesced
forming chains or filaments. A typical measurement shows
that a filament can be formed by a collection of ten to
twenty drops, by merely applying the voltage only once. The
filaments thus formed, completely alters the original state
of the plate. This surface wouid now flashover at a much
lower voltage than the original one. This process is denoted
by filamentation and is detrimental to the insulating
strength of an on-line insulator. The surface of an insulator
is usually under constant electrical stress, and water drops,
once deposited on the surface, will tend o coalesce, forming
filaments. As moisture accumulation increases, filaments
become longer. The insulating strength decreases accordingly.

A flashover can thus occur considerably below the expected
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nominal voltage. With reduced insulating strength per unit,
more insulators would be needed. A new and clean insulatoxr
usually performs much better than an old and contaminated one,
partly because the new unit still retains much of its water-
repellent properties, and thus is capable of preventing fila-
mentation. A contaminated one, on the other hand, has a far
more wettable surface, allowing filamentation to occur with
ease. Greasing is one method of retaining the water-repellent
properties of a surface. Since the drops bead up on such a
surface, it is harder for them to coalesce with each other and
form a filament. Not surprisingly, this is exactly what was
observed during greased surface tests. After a withstand test,
very little filamentation is observed and most of the drops seem
to retain their original shapes. As a result, the reduction
in flashover threshold voltage is small, only around 10%. For
the ungreased surface, the reduction can be as much as 30-40%.
Test results for a Teflon surface are more erratic and less
repeatable, probably owing to frequent occurrence of discharges
in the small air gaps between the electrode and the Teflon
surface. The qualitative observation is that a Teflon surface
ranks below the greased surface and above the ungreased one.
The test procedure was repeated for 70-minutes fogging
time (Figure 4.16) and a smaller inner electrode (gap distance
= 4 cm). The general behavior of the times to flashover
characteristics is similar to the ones shown in Figure 4.15

and will not be discussed again.
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CHAPTER V
HIGH-SPEED PHOTOGRAPHIC STUDIES OF FLASHOVERS

5.1 Introduction

During the course of this work, high-speed photography
was used extensively to capture ﬁhe discharge activities in
slow motion. Some of the proposed ideas reported in the
previous chapters are in fact, based on observations of this
nature. Because of space limitations, only a few of the
highlights are shown here. The cases to be shown are the
one-dimensional model, the flat-plate and an insulator flash-
over respectively.

5.2 Linear Model Flashover

The linear model used is essentially the same one as
described in Chapter II. The voltage applied is 20 kV (a.c.)
and is much higher than the threshold value. The flashover
process is almost instantaneous. The film speed is 1000
frames/sec. so that the frames are spaced at 1 ms intervals.
Figure 5.1(a) illustrates three frames when the water surface
is acting as an anode. Note that the arc tip is very much
diffused and net much propagation is cbserved during thic
half-cycle. Figure 5.1(b) shows the last four milliseconds
when the flashover is being completed. The water electrode
is in its cathode phasge. The velocity of propagation has
picked up considerably during these few milliseconds. These
pictures clearly illustrate a significant difference in

propagation velocities for different polarities. This
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feature has been incorporated into our theories through the
assumption that the power input at the arc tip is dependent
on the electrode fall voltages (eithex cathode or anode).

5.3 Flat~Plate Flashover

Figures 5.2(a) and (b) display a sequence of events
6bserved during a flat-plate test. The testing procedure
has already been adequately described in Chapter III. 1In
this particular test, the slurry used consists of a mixture
of 50 gm. of bentonite, 2 gm. of NaCl and 1 liter of distilled
water. The voltage applied is 4.5 kV and the film speed is
3000 frames/sec. The flashover process lasts 26 cycles since
application of voltage. The vertical trace on the film is
the superimposed current trace which also functions as a
polarity indicator.

Figure 5.2(a) shows the initial discharges which are
more or less symmetrically spaced around the inner electrode.
As the discharges lengthen, their number decreases until only
two main arcs remain. These two are very much branched at
their tips and cathode-spot-like structures can be discerned
under close examination as in Figure 5.2(b). This observation
substantiates the assumption that discharge current enters
the wet layer at more than one contact point. Figure 5.3
illustrates a typical flashover when the arc completely

bridges the electrodes.
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5.4 Insulator Testing

One of the main conclusions of Chapter II is that the
electrode fall voltages plays a major part in the physical
mechanisms of arc propagation. The higher the cathedic or
anodic voltages, the greater will be the energy input at the
arc tip and the faster will the arc propagate. Unfortunately,
water is a very poor secondary emitter and hence has a very
high cathodic voltage, much higher than metallic electrodes
(see section 2.7). This is the reason why arcs can propagate
much faster on water than on metal. To take advantage of this
fact, metallic strips known as "arc stoppers" can be placed
at strategic places where arcs can come in contact with them.
Once in contact, the reduced electrode fall voltages will
decrease the energy input at the arc tip and either slow down
or stop the propagation. An example of the use of arc
stoppers is described below for an insulator test. Actual
insulator testing is an area which has not been reported in
this study so far, mainly because most of the tests are
exploratory in nature. In this test, the insulator is first
artificially contaminated by spraying on its cleaned surface
a mixture of bentonite and salt. The insulator, while still
dripping wet, is placed in a vertical position in the test
chamber and tested. Figure 5.4(a) shows the geometry of the
set-up. It can be seen that both the bottom and the side of
the insulator are visible. Two thin pieces of aluminum strips

have been taped onto the inner sides of the two outermost
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skirts before spraying and testing. The metallic surfaces
can reduce the cathode fall voltage considerably and could
therefore prevent the propagation process from being
completed. It is the purpose to study the eff-~cts of these
metallic "arc stoppers". Figure 5.4(b) displays four frames
(¢ 1.3 ms) of initial discharges on the bottom surface, just
after the application of voltages. Figure 5.4(c) shows the
flashover . The metallic arc stoppers, in this test, do not
yield any significant improvement. One of the reasons is
that these bands act as equipotential surfaces so that new
arcs can be developed which can eventually flashover. Studies
are now under way to redesign these arc stoppers in such a

fashion so that undesirable arcing can be eliminated.
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CHAPTER VI
SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

6.1 Summary and Conclusions

Contamination flashover of outdoor suspension insulators
is 2 result of the following sequence of events: - Deposition
of pollutants and moisture making the surface conducting,
formation of dry zones; initiation of arc discharges across
these dry zones and propagation of discharges over the wet
contaminated surface to trigger a flashover. This thesis has
attempted to study the last stages of a flashover, namely,
the mechanisms of arc propagation and the surface conditions
which can affect them. In order to single out their salient
features, simplified models are constructed so that mathemat-
ical limitations are reduced to a minimum.

In Chapter II, a linear model is investigated. Geomet-
rically as well as mathematically, it is the simplest model.
Two comprehensive theories are constructed. Each has in-
corporated a dynamic arc model into its formulation. One
uses Mayr's arc model, while the other uses Phillips' model
(later revised by Los). ‘Mayr's cylindrical arc model is
first utilized for its siméiiéityl However, because of its
implicit limitations, it is felt that a more refined model is
needed. Los modified Phillips' cylindrical arc model into a
bi-cylindrical one which is more suitable for the case at hand.
The physical set-up is described fully in Chapter II.

Essentially, however, it consists of an cylindrical arc
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propagating over a liquid surface which is approximately at
constant temperature. The use of the bi-cylindrical
coordinates greatly simplifies the mathematics since one of
the coordinates can be treated as isothermal lines. The
resultant model is based on perturbational analysis and yields
more realistic arc time constants. Both of these arc models
are time dependent and their inclusion insures that the
theories cover the full duration of a flashover process -
from application of voltages to eventual flashover. Besides
“hese dynamic arc models, another important feature of both
theories is the proposed growth mechanism equation. This
equation is derived from the conservation of energy and
essentially stipulates that the main mechanism behind arc
propagation occurs at its tip where the energy dissipated
creates new ionization of the surrounding air and new arc
paths. The energy input at the tip, however, is governed by
the polarity of the water surface beneath it. When the sur-
face is a cathode, the electrode fall voltage is higher than
when it is an anode and the energy input is proportionately
greater. This, in turn, predicts that the velocity of pro-
pagation is much faster for a cathode surface than for an
anode one. This prediction is found to be in agreement with
experimental observations.

Both theories are simulated on a computer and the
simulation results are then compared with experimer:tal

observations. Both have compared favorably with experimental
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measurements. Theory II (Phillips' model) is, howevexr, more
useful, because all the input quantities can be pre-determined
and the outputs are directly usable. 1In theory I, one or two
parameters are not known a priori and can only be determined
after an experiment has been performed. Its usefulness is
therefore more limited. Except for the arc modeling, both
theories have incorporated the same physical principles.

Their good agreement with experimental data indicates that
some of the proposed physical mechanisms are probably in
operation. The proposed arc motion via energy input at the
tip is especially significant. It is for this reason that a
study is carried out to investigate further this cathode
region. Based on the principles of glow discharge, a
theoretical model is constructed to simulate the cathode fall
regime for a water surface. The predicted values agree with
measured values obtained both here at MIT and elsewhere. This
model is also capable of simulating metallic electrodes. 1Its
simulated cathodic voltages are also found to agree remarkably
well with published cata. These agreements have provided added
confidence in the validity of the model.

The findings of Chapter III can have a significant bear-
ing on the design of counter measures to prevent flashovers.
Since the electrode fall voltages are found to play a vital
role in the propagation of a discharge, methods can be devised
to reduce that voltage drop. It is known that a water

electrode has a much higher cathodic voltage than a metallic
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one. Thus if metallic strips can somehow be judiciously
located at various strategic spots around the cap and pin,

the arc discharges, once in contact with them, will find it
more difficult to further propagate. It is with this in mind
that the so-called "“"arc stoppers" were tested, an example
being shown in Chapter V. There, a continuous metallic band,
attached to the outer skirts, is intended as one type of
stoppers. Some problems exist, however, one being that the
stopper itself can become an additional site for discharge
activities. Thus the shapes and locations of the stoppers
must be carefully selected. The technique is still in the
process of being improved, but preliminary studies for both
the linear model and real insulators indicate that promising
results can be forthcoming. The use of arc stoppers represents
one of the practical benefits derived from studying the growth
mechanism of an arc discharge.

Chapter III considers a two-dimensional simulation of an
insulator, namely, a flat-plate. Because of the more complex
geometry involved, the theory developed is only a static one.
Nevertheless, it is more refined than previously proposed ones,
because it takes into account the changing surface resistance
as the arc root propagates from the inner electrode towaras
the outer one. The theory is compared with experimental
results and good agreement is found. The tests are performed
with a new coating technique, and because of higher short cir-

cuit current capabilities, data points were taken for lower




critical resistivities than previously possible. 'The results,
however, are in general agreement with previous studies and
the theory, therefore, can apply to ali the avallable experi-
mental data. It is encourag;ng to note that, despite the
simplications of the model, the static theory still provides
a useful guideline to flashover criteria. Since the flat-
plate “tests can be standardized fairly easily, its use in
studying contamination flashover should be encouraged. The
effects of le?els of contamination, presence of different
salts, and presence of insoluble particulates such as sand
can thus be studied in a controlled manner. The principal
physical mechanisms can be detected without undue geometrical
complication. Eventually, a dynamic model can possibly be
developed.

._Chapter IV studies the effects of surface conditions on
fl&shover. Fog droplets are probably the most damaging to the
insulation strength of a contaminated insulator. Most of the
droplets are deposited on the surface and remain there. These
droplets will elongate in the presence of electric fields and
coalegsce to form filaments, further reducing the insulating
strength of a unit. The first part of Chapter IV investigates
the elongation process in detail for a single drop. It is
observed that a flashover can be completed via one of two
processes, either the EHD process or the Townsend breakdown
process. Inside the EHD regime, the electric field is less

intense and the drop continues elongating and further
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intensifying the field, until a flashover finally results.

A theory, known as "motion via contact angle hysteresis" is
proposed for the observed behavior. In the Townsend break-
down regime, the field strength is sufficient for immediate
breakdown without deforming the drop first. As a result,

the flashover process is completed in far less time. Since
Townsend breakdown is purely an electrical phenomenon, the
only way to prevent it from occurring would be to reduce the
field. For the EHD regime, however, the dynamics of the watex
drop plays an important role, Therefore, more alternatives

of prevention are possible. One way is to apply grease so that
the drops will find it more difficult to react to the applied
field. It has been demonstrated by others that a greased
surface performs better than an ungreased one.

The second part of Chapter IV extends the investigation
of surface phenomenon into a two-dimensional case - the flat-
plate - under fog. Tests indicate that the same regimes of
operation are present in this case and filamentation is clearly
present. The reduction in flashcver voltage due to the
filamentation is also drastically evident (& 30%). The
application of grease reduces filamentation and improves the
performance. The use of grease, however, has its own
limitations. Because of aging and chemical decomposition,
grease has to be manually cleaned off and reapplied once every
two years or so. Clearly, a more permanent substitute should

be found. Preliminary tests have indicated that the
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performance of a Teflon surface ranks above an ungreased
surface but below a greased one. Materials such as Teflon
therefore, deserve more investigation. However, substitutes
such as these and semi-conducting glaze must also withstand
other mechanical and electrical requirements before they can
be used on a wide scale.

Chapter V records some of the highlights of experimental
observations with high~-speed photography. These photographs
support some of the proposed theoretical developments as
reported in the thesis text. Since flashover is such a rapid
process, the use of high-speed photography has proved to be
an invaluable aid to the studies.

6.2 Suggestions for Future Research

since the main purpose of studies of this nature is to
improve the performance of an insulator, major efforts should
be directed towards finding a practical solution. Preliminary
studies have indicated the possible utilization of arc stoppers.
This line of research should be further pursued. Arc stoppers
of different shapes and size should be investigated to decide
on an optimum design.

For a majority of contamination flashover research, sodium
chloride is probably the most commonly used salt. While its
presence is undoubtedly common, it is by no means the only
salt present in natural contaminants. With industrial
pollution on the increase, other less common salts such as

calcium sulphate and magnesium sulphate should alsc be
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jncluded. It may be possible to define some kind of an
equivalent salt density if conductivity is the only criterion.
Without studying at least a few more salts, however, it is
too early to make such a generalization.

Flat-plate tests using d.c. voltages should be performed
so that peclarity effects can be studied. With the advent
of high voltage d.c. lines, it is important to establish d.c.
insulation levels relative to a.c. levels so that comparison
between the two can be easily made.

Thermal effects concerned with film heating play a role
in flat-plate tests, since dry zones are always formed first.
The importance of the drying effect and heating at the arc
root tip should be further studied.

As already discussed in this thesis, surface conditions
can drastically affect the performance of an insulator. With
the introduction of semi-conducting insulators, porcelain is
no longer the only acceptable surface material. More materials
research should be directed towards finding a suitable
gubstitute for porcelain so that its surface is more water-
repellent. Oxr, a permanent coating might be devised so that
the mechanical strengths of porcela.n can be combined with a
material of more desirable surface properties. If the idea
of using arc stoppers is successful, the surface coating can

have these stoppers embedded in them. In this way twc
counter measures can be incorporated into one single design.

A more extensive series of tests for naturally contaminated
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insulators should be performed and standardized sc that test
results from simplified versions in laboratory can be compared
with them. In this way, the usefulness of each model can be

determined.
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APPENDIX A
COMPUTER PROGRAM FOR DYNAMIC THEORY I
This appendix lists the program for a numerical solution
of Dynamic Theory I in section 2.5.2. The system of eguations
are as shown in Table 2.3. Since all the equations are
normalized, all inputs are in the form of dimensionless numbers.
These are denoted as A, B, and C respectively in the program.
All the outputs are also in normalized form and must be de-
normalized for physical interprétation. The simulation is
carried out on IBM 370/165, using IBM's Continuocus System

Modeling Program.
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APPENDIX B
COMPUTER PROGRAM FOR DYNAMIC THEORY II

This appendix lists the program for a numerical sclutio:
of Dynamic Theory II in section 2.6.2. The system of equations
are as shown in Table 2.6. The input quantities for each
simulations are V (volts), r (Qcm), 2(cm) and Q (Joules). The
output quantities are current and velocity respectively. The
simulation is carried out on IBM 370/165, using IBM's

Continuous System Modeling Program.
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APPENDIX C
COMPUTER PROGRAM FOR CATHODE FALL REGION SIMULATION
This appendix lists the program for a numerical solution

of cathode fall voltage simulation. The system of equations
are summarized in Table 2.8. As already described in the
text, all the integrations are carried out towards the cathode
surface so that the boundary conditions are specified at the
anode side of the cathode fall regime. The critical quantity
to be determined is the cathode fall voltage Voo The
simulation is carried out on IBM 370/165, using IBM's Continuous

System Modeling Program.
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APPENDIX D
COMPUTER PROGRAM FOR FLAT-PLATE SIMULATION

This appendix lists the program for a numerical solution
of the system of equations developed in section 3.5.2. The
essential feature of the program is the detection of a minimim
current as a function of applied voltage. The maximum of
these minimum currents is then located by varying the parameter,
x, the arc propagation distance. Once the critical current and
distance are determined, the critical voltage can be derived
for each particular surface resistance. The programming

language used is Fortran IV GI.
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