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ABSTRACT
A self-consistent dynamic model allowing the prediction of ac discharge activities
leading to flashover on ice-covered insulator surface is presented. This model takes into
account the effects of a number of parameters including insulator geometry and applied
water conductivity. The instantaneous variations of major parameters are discussed in
order to develop a sequential time-dependent simulation of the flashover. The temporal
evolution of arc current and axial arc velocity are determined in a consistent manner.
The critical flashover voltage characteristics, as a function of surface conductivity,
insulator length, and insulator diameter, calculated by the model are quite satisfactory
when compared to the experimental results from empirical models reported in the

literature.

Index Terms — Ice surface, mathematical modeling, arc modeling, outdoor

insulation, atmospheric icing.

1 INTRODUCTION

OVERHEAD power lines generally pass over a variety of
regions encompassing different kinds of physical terrain, climatic
conditions and characteristic environments. High-voltage outdoor
equipment is thus subjected to various forms and degrees of
constraints. The most salient among these are recognized to be
contamination and atmospheric icing deposited on insulators.

The study and understanding of arc initiation and propagation in
the presence of ice is a fundamental aspect of insulator studies [1].
Predicting the incidence of flashover on ice-covered insulators
may be considered as an essential factor in insulator design. This
type of research is also helpful in modeling and manufacturing the
right kind of insulators for use in cold climate regions [1].

Valuable work accomplished by many researchers has already
contributed in the modeling and understanding of polluted and/or
iced insulators [2-9]. Despite numerous similarities between the
mechanisms of the flashover phenomenon on polluted and iced
insulators, these two circumstances are not identical. An ice layer
forms in a non-uniform manner on an insulator and is made
uneven by the formation air gaps due to partial arcs during the
icing period [1]. These air gaps are usually created in close
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proximity to the electrodes, where the electric field is relatively
high [1]. Although ice bulk is considered to be non-conductive [1,
6 and 7], an increase in ambient temperature will produce water
film on the surface of accumulated ice, which tends to be
conductive [1, 6 and 7]. The presence of a highly conductive water
film on the ice surface then causes a voltage drop along the air
gaps. A number of studies, to date, have revealed that in the
presence of even a low conductive water film layer, almost the
totality of the applied stress on the insulator appears along the air
gaps [1, 6 and 7]. If the level of stress is higher than the air
breakdown threshold, the air gaps will break down and small
luminous partial arcs will appear along them. The initiation of
corona discharges leading to the development of partial arcs in
these zones will then cause a substantial increase in leakage current
[10]. Under sufficient electrical stress, arcs propagate along the ice
surface, forming a white arc. When the white arc reaches a certain
length, the whole insulator suddenly undergoes complete flashover
[1, 6,7 and 10].

In this contribution, the fundamental processes of the subsequent
phases of ac arc on an ice surface are analyzed. For this purpose,
the present study investigates basic mechanisms on laboratory
studies using a simplified physical model. This type of physical
model is particularly suited to study the basic processes of arc
propagation over an ice surface [11]. For the whole process, a
mathematical model is proposed that has been essentially derived
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and simplified by the authors, in order to develop sequential time-
dependent simulation of the laboratory ice-surface breakdown.
The aim of this mathematical model is to provide numerical tools
to simulate the development of an electric arc on an ice-covered
insulator surface. Such modeling is necessary to predict the
physical thresholds for the occurrence of electric arcs on an ice-
covered insulator. The input data of this self-consistent
mathematical model, which includes the successive propagation of
the arc, are the insulator geometry, the ice layer characteristics
and/or properties, the applied voltage, and some initial values.

The computed results are compared to the minimum
flashover voltage measured experimentally on a glass-tubing
cylindrical, post and line insulators. The results indicate the
feasibility of assessing flashover prediction under AC voltage,
using the proposed model.

2 TEST FACILITIES AND PROCEDURE

Experiments were performed on a glass-tubing cylinder made
up of three separate parts, two identical electrodes and a glass tube
as schematically presented in Figure 1. This made it possible to
carry out experiments on different lengths of tube using the same
electrodes. The type of glass tube used was chosen so as to be
sufficiently resistant to overheating from the burning arc.

I4 ¢ 153 >|

Electrode 10
Air gap 10
Ice
Glass tube S
-1 o0
I
=)
S
<
HYV Electrode — 10

Figure 1. Cylindrical model used for experiments.

Voltage was supplied by a single-phase 120 kV, 240 kVA, 50
Hz transformer. The overall short-circuit current of the HV system
was about 28 A at the maximum operating voltage of 120 kV rms.
A LabVIEW graphical software program was used to acquire high
quality data. The voltage signal was attenuated by using a
capacitive voltage divider. The current signal was transferred to a
voltage signal using a low resistance shunt of 10 Q. The test
signals were connected to a measuring set through a conditioning
box providing protection and insulation. A NI-DAQ device, model
PCI-6035E, was used for this purpose.

At an ambient temperature of -12 °C, super-cooled droplets
having a mean diameter of 80 pum were produced by five
pneumatic nozzles at a wind velocity of 3.3 m/s. Ice deposited
under the above conditions was glaze, which is known to be the
most severe type from the electrical point of view [1, 12].
Immediately after ice-accumulation, an artificial air gap of 7-8% of
the total length of the insulator was created at the top of the
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sample. This air gap simulates those formed by partial arcs on
actual ice-covered post insulator during the icing period [1, 12].
The voltage was then applied and the whole test was carried out in
the cold room at a constant temperature of -12°C. During each test,
the current and voltage signals were captured by the DAQ system
and arc behavior was filmed by a high-speed.

3 EXPERIMENTAL RESULTS

3.1 FLASHOVER RESULTS

The flashover test results were obtained from 6 series of
experiments on 2 different cylinder lengths, 40 and 80 cm
each. Three different applied water conductivities of 30, 65
and 100 pS/cm were used. The method used for evaluating the
maximum withstand voltage, Vs, is similar to that initially
proposed in [1] and later in [13]. The Vys, is defined as the
maximum level of applied voltage at which flashover did not occur
for a minimum of 3 tests out of 4, under similar icing conditions.
Based on this method, the minimum flashover voltage, Vy,
corresponds to a voltage level which is 3 kV (less than 5% of the
estimated value of the flashover voltage, V) higher than Vs, and
at which 2 flashovers out of a maximum of 3 tests are produced.
The results are summarized in Table 1. In general, flashover
occurs faster for higher conductivities than for lower ones. Indeed,
an increased ice surface conductivity leads to a much faster
streamer development [14].

Table 1. Vi (kV) for ice-covered glass tubing cylinder.
L (cm) o (uS/cm) Vir (kV)
40 30 48

65 43
100 40
80 30 86
65 78
100 74

3.2 EFFECTS OF INITIAL AIR GAP LENGTH

Three additional series of tests were done on a cylindrical
insulator to study the effects of the initial air gap on minimum
flashover voltage. These series were carried out on a 40 cm length
insulator and three different freezing water conductivities of 30, 65
and 100 pS/cm. The air gap was created so as to encompass 15%
of the total insulator length. The results are shown in Table 2.

A comparison of these results with those of previous tests was
made in Figure 2.

Table 2. Flashover results for a 40 cm cylindrical insulator and longer initial air.

gap in kV.
6 (uS/cm) Ve (kKV)
L=40cm 30 47
Air Gap 6¢cm 65 43
100 44

Flashover on an ice surface is an extremely complex
phenomenon resulting from the interaction between the
following factors: electric field, wet and polluted ice surface,
presence of air gaps at ice surface, environmental conditions,
and complex geometry of an ice-covered insulator [1]. It is
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generally agreed that the presence of a water film on the
surface of the ice is necessary for flashover to occur. The
conductivity of the ice surface can reach values as high as ten

times those of freezing water conductivity, ¢ [15].
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Figure 2. Comparison of flashover results for 2 initial air gap lengths of 7%
and 15% and different applied water conductivities.

This increase in surface conductivity caused by the rejection
of impurities from the solid part into the liquid portion of
drops or droplets during the solidification/freezing process,
and by pollution of the water and ice surface [14, 15], means
that voltage drops occur essentially across the air gaps [16]. If
the electric field across air gaps is high enough, corona
discharges are initiated. This can lead to the development of
local arcs across the air gaps causing a substantial increase in
leakage current and a concomitant melting of ice. Under
sufficient electrical stress, arcs propagate along the ice surface,
forming a white arc. When the white arc reaches a certain
length, the whole insulator suddenly undergoes complete
flashover.

For an air gap length of 7% (that is 2.8 cm) the Vi
decreases with increasing freezing water conductivity, 6. This
behavior is due to the fact that, for a given voltage and air gap
length, the higher the freezing water conductivity, the higher the
voltage dropped across the air gap is. In other words, for a given
voltage and air gap length, the electric field will increase with
increasing 6. As a consequence, corona discharge will be
initiated at lower applied voltage when ¢ is increased. When
the air gap length, d, is increased to 15% (that is 6 cm), the
Vur decreases from 47 to 43 kV when © increases from 30 to
65 pS/cm and remains almost constant. This difference in behavior
may be attributed to the discharge process. Indeed, it has been
acknowledged that breakdown in air is effected by avalanche
multiplication if d<5 cm and by the streamer (or leader)
mechanism if d>5 cm [17].

Another important remark to be pointed out is that, for
conductivities of 30 and 65 pS/cm, the Vyr is almost the same for
both air gap lengths (that is 7 and 15% of the total insulator
length). For 6 = 100 pS/cm, when the applied voltage was less
than the flashover voltage (44 kV), no discharge was observed.
However, when it was higher or equal to this value, a sudden
flashover occurred. This confirms that the flashover voltage
obtained is, in fact, related to the level of threshold voltage for
longer artificial air gaps. This means that the only effect of the
initial air gap length is to increase the threshold voltage for
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breaking down the air gap. Then, after establishing the arc along
the air gap, and when melting water is present on the insulator
surface, this length has no more effect on discharge phenomena.

3.3 CURRENT AND VOLTAGE CURVES

When flashover occurs, current increases and goes toward short
circuit current. The study of current and voltage curves shows that
the current curve contains strong harmonics and is not purely
sinuous, but also that after the appearance of the white arc, the peak
moments of voltage and current occur simultaneously. The distortion
of the current curve may be due to the non-linearity of both arc and
surface-water resistances as a function of current (Figure 3). In all
experiments, flashover occurred when the voltage signal was nearly
at its maximum value. When a complete flashover occurs, the current

increases and the voltage drops to zero.
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Figure 3. Typical current and voltage signals for a flashover test (L = 80 cm and
ow =30 uS/cm).

3.4 ARC LENGTH OBSERVATIONS

The arc behavior during the last stage of its propagation was
observed using a high speed camera. The filming speed was 1000
images per second, which makes it possible to take approximately
four images every quarter cycle. Since this maximum filming rate
was not sufficient to measure the velocity of arc propagation, the
arc velocity was not measured during the experiments.

As observed during the tests in a previous research [10], before
a complete flashover, arc length remains almost constant. Indeed,
even if the electrical current circulating through the partial arc is
interrupted (ac arcs), the plasma does not disappear instantly
because the time constants for plasma decay are, in general, not
negligible at the scale of the other durations involved in the
phenomenon [18]. The relevant plasma is termed “afterglow”. As
a rule, exact knowledge of the behavior of afterglow plasma is
important in order to determine the possible conditions of either
direct or inverse re-ignition. The arc was observed to be stationary
for several seconds over a length of 45-60% of the total insulator
length before flashover occurred [7, 10]. The latter variable is
independent of initial air gap length [10].

4 BASIC MODEL

Obenaus was the first to apply circuit analogue method of
modeling to simulate arc behavior on polluted surfaces [8]. The
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same basic idea is used for modeling arc propagation on iced
insulators [19]. The arc is considered to be constituted of a
resistance in series with an inductance. The ice bulk and the water
film on its surface are considered to behave as a single resistance,
as was described in [6 and 7].

In order to describe the production of electrical charges, a
capacitance is inserted in the model, as shown in Figure 4.

A c Residual ice layer B

| |
| |
i Ryre (x, t) Larc ()C, t) i R[ce ()C, t)

I_> | |

Vap () T i i % Cix 1)
B o : : il

! Arc channel ! Ice layer

Figure 4. Principal model of arc propagation on an ice-covered insulator
surface.

When the arc propagates, the potential wave and current
initiated are described by:

dr,.(t)
Vv, (t)=R, I (t)+L, —&~~ 1
ap( ) arc arc( )+ arc dt ( )
and
dav,(t) 1
[ (t)=C——~~ - ——V_(t 2
()= C— = Ve(® )

1ce

where the main output of the circuit, /., is the arc current, V,, is
the voltage applied to the whole test set, R, and L, are the total
arc resistance and inductance, respectively, C represents the
capacitance, and R, is the total resistance of the unbridged iced
layer.

4.1 SIMULATION METHOD

In order to calculate the flashover voltage, the same hypothesis
assumed in static models is applied, where the whole process
occurring within a cycle around the maximum value of the applied
voltage is taken into account [9].

If the initial arc temperature is taken as a relatively high value of
4550 K maximum [11] (g, = 0.0006 1/Q.cm [16]), it will ensure
attaining a minimum value for critical flashover voltage, since it
results in a minimum initial arc per unit resistance. The initial arc
length is assumed to be equal to 45% of total insulator length, L,
since it results in a minimum value for critical flashover voltage
[10]. The initial value of the voltage applied may be determined
using the Claverie model, proposed in order to calculate the
minimum peak voltage, V), able to re-ignite an arc which carries
the peak current, /), along the initial arc length, x, [3]. Using the
constants proposed for ice-covered insulators, the relationship
reads as follows [7]:

1118,
o~ 105277 )

After obtaining the peak value for the critical flashover voltage
level, the time modeling of the last stage may be repeated quasi-
indefinitely. In each time step, df, the voltage is applied to the
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circuit, and then the current through the electric network is
calculated by making use of the initial values of all components. If
propagation is to occur, the arc must be extended to a new length.
In order to evaluate whether the arc is capable of prolonging itself
or not, an appropriate criterion must be met. This new length
should be calculated as a function of several other parameters.
With the new length, the entire process will be repeated, and in all
iterations the criterion should consistently be met. If the arc is not
able to extend further, it will be extinguished and the applied
voltage should be increased, and all the steps repeated once more.
Meanwhile, after each increment in length, the arc length is
compared with the total arcing distance. If this length is greater,
flashover takes place and the simulation comes to halt.

4.2 CIRCUIT COMPONENTS

If an axially symmetrical insulator is covered with a thin
uniform conductive film of a constant thickness, /4, and constant
specific conductivity, o,, then the surface conductivity at any point
of the film is defined by:

%=0,h @
where 7, is obtained in 1/Q. In order to take into account the effect
of current concentration at the arc root, Wilkins’ investigations for
narrow strips (w < L) lead to following equation [9]:

T(jw+1) 2 T(jW+T)

1T 2L

2
) 1+cosh +tan® T sinh
2L

ice = Z_ lo

- o ~ 2 . 2 .
Te o (l - sinhLJ wtn) ) +tan? ™ sinh? mwEr) ;VL+ n

(%)
where w, (L-x), and y, are the width, arcing distance and
conductivity of the conductive layer, respectively, and r is the arc
root radius.

The arc channel root radius, r, is also calculated at each time-
step according to Wilkins’ empirical model [9]:

(t)= B0 (©6)
km

in which k is a constant [9]. For an AC arc propagating on an iced

surface, k was already determined experimentally and is equal to

0.875 [7].

Compared to the much higher speed of the flashover process
and the heat transfer phenomenon on the ice surface, the change in
surface conductivity during the arc propagation stage is negligible.
Based on previous investigations, a linear relationship was
established between the applied water conductivity used and the
surface conductivity at the time of flashover [7]. This equation for
ac applied voltages reads as [7]:

Y, =0.06750, +2.45 (7)

r

where surface conductivity, ., is obtained in uS and the applied
water conductivity, o, is in uS/cm at 20 °C.

In order to derive an expression which would connect the
electrical conductivity of the channel with the electrical
characteristics of the circuit, it may be assumed that the discharge
occurs in such a short time that radiation and heat loss by
conduction are negligible. Mayr assumed that the heat conduction
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rate, Py, is constant and derived a new equation to describe the arc
behavior, such as [20]:
r, 12

EI; arc ) (8)

o

1 dry,
dt

where 7, is the arc resistance per unit and T = W, / P, is the arc
de-ionization factor, which may be considered constant at 100 ps
for the arcs in air [4, 11 and 21]. The value of P, may be
considered as the arc constant [4, 11 and 21] which, in this case, is
204.7 [10]. This equation is used in order to simulate the arc
dynamics during its propagation. The initial value of the arc
resistance is achieved using initial values of arc temperature and
arc length.

In order to determine the inductance of the discharge channel,
we use a simplification similar to that proposed in [22] for
discharge in air gaps, i.e. the end effects are ignored and the
inductance per unit length of the channel L., is [22]:

L,. = *2*—0[0.25 + 1n(D—f )} )

1
T

I.aIC

T r
If Dfis large enough for transient fields, the fractional error will
be low [17]. For these investigations, Df'is set at 100 m, a typical
value already proposed in reference [22].
The capacitance C(xf) is calculated using a spherical
approximation [17]. This approximation yields:

r
L;—-x

where I represents the solid angle between the arc head and the
opposite electrode.

4.3 ARC VELOCITY AND PROPAGATION
Under some assumptions it has been shown [18] that there
exists a relationship between discharge velocity and its current:

qr

C(x,t)= rs{1 + (10)

where q :lj(t) I,..(t) is the average charge per unit length and
X

can be considered constant for all practical purposes [18].

In order to achieve a minimum value for critical flashover
voltage, Hesketh’s criterion [23] during the period of propagation,
is used as follows:
dP,/dx > 0 (12)

where P,. is the power supplied to the arc by the power
source.

5 RESULTS AND DISCUSSIONS
5.1 CYLINDER AND POST INSULATOR

Figure 5 represents an illustration of the model performance in
predicting a typical current cycle as it occurs a few cycles before
flashover on the glass-tubing cylinder insulator covered with ice.

The simulated current is also compared to the one obtained
from experiments. The non-linearity of arc resistance and
inductance causes a deformation in the arc current wave when the
current passes through zero. The phase difference between
simulated and experimental results involves the necessity for
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correcting the inductance relationship. In fact, using equation (9)
produces very small values for arc inductance so that this factor
becomes negligible compared to the resistance of the arc.

400
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200 =©= Experiment [ -

I

0

Current (mA)

_100 e ““‘ e v L .|
P IR R TR RS/

=300 ”"’7”"’1’"””77”"”
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Figure 5. Comparison of the simulation and experimental leakage current (L
=40 cm, 0 =30 puS/cm, Vey= 48 kV).

This phase difference confirms that the real inductance of the
arc should be higher than the one obtained using equation (9), at
least with regard to insulator lengths of less than 1 m. The disparity
between the results of the simulated and experimental current,
when the arc current approaches zero, may be due to the use of the
arc root radius equation. This equation was derived from peak
values of the current [7] and may possibly not be applicable to all
instants of a cycle.

Two different lengths of glass tubing cylinder (Figure 6a),
40 and 80 cm, respectively, each with three values of applied
water conductivity, oy, set at 30, 65 and 100 uS/cm, were the
test parameters imposed.

a: glass tubing cylinder b: post insulator
Figure 6. Ice-covered test objects, before applying the voltage.

In order to evaluate greater insulator lengths and to compare
test data with those using real-shape insulators, two more
series of tests were carried out on one unit of standard post
type insulator. The first series was carried out on the entire
length of the insulator (103 cm), and the second series on a
one a smaller length (54 cm), with both series having the same
three applied water conductivity values (Figure 6b).

The critical flashover voltage values, V., obtained by the model,
are compared to the Vyr values obtained from the experiments
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depicted in Figures 7 and 8 for the glass tubing insulator and, in
Figures 9 and 10, for the standard post insulator.
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Figure 7. Flashover results for a 40 cm iced cylinder and different applied
water conductivities with 13.6% accuracy.
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Figure 8. Flashover results for an 80 cm iced cylinder and different applied
water conductivities with 8.9% accuracy.
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Figure 9. Flashover results for a 54 cm post insulator and different applied
water conductivities with 8.1% accuracy.
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Figure 10. Flashover results for a 103 cm post insulator and different applied
water conductivities with 10.3% accuracy.

The error bars indicate the percentage of error between the
experimental points and the corresponding model results. These
results are in satisfactory concordance, although the percentage of
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error tends to increase for smaller lengths and lower conductivities,
or greater length and higher conductivities.

The error in the Vg prediction may be the result of assuming a
constant value for Py (equation 3), since this parameter showed a
considerable variation as a reason of variation in insulator lengths,
and in applied water conductivities [10]. This appears to be related
to the non-linear plasma processes that drive the channel
conductivity [18]. Also, a part of the variation in calculation may
be due to the use of equation (7) for calculating surface
conductivity, since the equation was based on the experimental
results from a relatively short test object [7]. This relation
(equation 7) was obtained by assuming equality between the
surface resistance measured and its analytical relation, displaying a
relatively high degree of error, up to 50% [7]. This deviation
confirms that the surface conductivity at the moment of flashover
is not only a function of applied water conductivity, but also of
several other parameters such as insulator length.

It is well known that the shape of insulator shed diameter and
spacing, as well as material play an important role on the
performance of the insulator under ice and snow conditions
[1]. The cylindrical model and post insulators present an air
gap located at the upper flange, while the insulator string’s air
gap is located at the bottom flange. Fundamentally for
cylindrical/post insulators, the initiation of electrical discharge
along the air will result in a local overheating of the ice surface,
especially in the vicinity of the arc root point. As a result, the
dripping water will flow along the residual ice surface, and thus
contribute to the increase in water film thickness. On the other
hand, as the air gap for line insulators is located at the bottom
flange there is no such water dripping.

Even though the model is developed for cylindrical and post
type insulators, the validity of the model to predict the critical
flashover voltage of line insulators under icing conditions is
investigated in the following section.

5.2 IEEE STANDARD SUSPENSION INSULATOR
STRING

The experimental results were taken from [12], where 1 to 6 units
of IEEE insulator strings were tested under uniform wet-grown ice.
The results of variation in critical flashover voltages due to the
varying of insulator length, L, applied water conductivity, o, and ice
width w, are shown in Figures 11 to 13. The model results are also
compared with the results of experiments and models reported in
previous studies [6, 7, 12, 19 and 24]. In these previous static
models, the arc constant in the re-ignition condition, K, was
experimentally established earlier at 1118 [7]. Other arc constants, A,
n and b, were set at 204.7, 0.5607 and 0.5277, respectively [6].
Figure 11 shows the simulation results of critical flashover voltages
for different dry arcing distances for an ice width of w=46.2 cm (cf.
[6]), and o= 80 uS/cm.

The model was also applied to a string of 5 units of IEEE
standard insulators, where different applied water conductivities
were tested. The wet-grown ice layer was considered to be 46.2
cm wide and the arcing distance, L, was considered to be 80.9 cm
[7]. The experimental results as well as the values calculated by
the static model are presented in Figure 12. A noticeable decrease
in the flashover voltage resulting from an increase in the applied
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water conductivity may be observed for conductivities less than
100 pS/cm, whereas for higher values, the effect of the variation of
this parameter is less significant. A significant decrease in the
flashover voltage with an increase in ice width may be observed
for a w value of less than 30 cm (Figure 13), whereas this decrease
becomes less significant for higher values of w.

80

2
60 /
=

< =
g 40 _ /
Ny —WL ¢ Experiment [12]
20 = = = Static [7]
—— Dynamic
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100

Arcing Distance (cm)

Figure 11. Calculated and experimental critical voltages and different insulator
lengths with w = 46.2cm and o= 80 uS/cm.
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Figure 12. Calculated and experimental critical voltages and different applied
water conductivities with Z =80.9 cm and w =46.2 cm.
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Figure 13. Calculated and experimental crifical voltages and different ice widths
with L =80.9 cm and o = 80pS/cm.
It should be remembered that the parameter w is proportional to
the insulator diameter, and that an increase in w reflects an
increase in insulator diameter.

6 CONCLUSION

A self-consistent dynamic model for application to ac voltage was
established in order to simulate arc behavior on the surface of ice
accumulated on insulator surface. The model considers the arc as
time-dependent impedance constituted of a resistance in series with
an inductance. The arc resistance throughout the period of arc
propagation is determined by using Mayr’s equation. The unbridged
ice layer is replaced with an equivalent resistance, where the surface
conductivity is calculated by taking the effect of melting water into
account. A comprehensive procedure was presented to model the
propagation stage of arc, which incorporated a tentative explanation
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for the flashover phenomenon on iced insulators. The model
responds to the variation of a number of major parameters, namely,
insulator length, applied water conductivity, and insulator diameter
(ice width). The model was verified against the experimental results,
and the simulated results reflect the effects of all the major
parameters in a consistent manner. The model was found to be
reliable in predicting the major variables of the arc propagation
phenomenon, such as critical flashover voltage, arc current, and
propagation velocity within a certain range of parameters.
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