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ABSTRACT

In the present paper a stochastic model is used for the
simulation of positive discharges in long gaps, under the
application of impulse voltage. The model 1s taking nto
account the existence of (wo phases of different
conductivity during the propagation of the discharge,
namcly strcamer and leader. Qualitative results concerning
the time of inception of first corona 7, and the time to

breakdown 15, together with patterns of the discharge
propagation along the gap were obtained.

KEY WORDS: Breakdown, modeling and simulation,
long gaps, impulsc voltage

1. INTRODUCTION

Dielectric breakdown in gases is of great importance for
power cnergy systems, because it defines the limitation of
insulation of many electrical apparatus. Discharges 1n
gascs occur in a variety of different forms. The physical
mechanism that governs the discharge depends mainly on
kind of gas, gap distance, atmospheric pressure and on
applied voltage.

Stochastic growth models have been developed for
simulation of breakdown process in gascous, liquid and
solid dielectrics [1-11]. Inception and growth of streamers
and leaders are closely related to a function of local
electric Neld i1e. »(£) [1-3, 6, 9|. Pietronero and

Wiesmann have shown how the stochastic growth models
are related to the microscopic mechanism of diclectric
breakdown [12]. By using these models one can simulate
a very complex physical phcnomenon such as dielectric
breakdown in a rather simple way. The conductive
patterns obtained in several of the pre-mentioned works
are in good agreement with the shape of discharge patierns
observed in experiments. However in most of the pre-
mentioncd works, the authors have not investigate 1if 1t is
possible to obtain, using their models, data like
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breakdown voltage, times to breakdown, velocity of
propagation etc.

The stochastic modecl used in this paper has been
developed specially for the case of long gaps. It 1s
interesting, particularly, to investigate if this class ol
models can be applied in order to describc the random
distributions of breakdown voltage, statistical time lag,
velocity of propagation etc. In the present paper some
qualitative results concerning distribution of the time of
inception of first corona and distribution ol the ume to
breakdown havc bcen obtained, under the impulse voltage
with short rise time (1.2/50). Qualitative results can also
be obtained using any kind of voltage, like DC, AC elc.

2. BREAKDOWN IN GASES

Spark discharge occurs at voltages above the breakdown
level and at pressurcs cqual to or greater than atmospheric
in gaps of 1 cm or longer, that is, it pd > 10° Torr cm.
When the distance between electrodes is greater than 3
cm, the breakdown occurs via the growth and propagation
of streamers. Streamers are (hin and weakly 1omzed
channcls that propagate through the gap, following the
positively charged trail left by the prnimary avalanche.

Loeb, Raether and Meeck et al developed the theory of
streamer in [13-15]. Above a crnitical voltage the streamers
start to propagate along the gap. When they reach the
opposite electrode breakdown occurs. However, strcamcrs
themselves cannot reach the opposite electrode 1in long
gaps. As thc strcamers propagate along the gap, the
electric field ahead the streamer tips reduces and streamer
propagation eventually stops. In this case, the breakdown
occurs via the growth of a leader from onec electrode to
another. Leader is a thin 1onized channel with magnitude
of conductivity higher than those for streamer channels by
several orders. The leader channel ‘extends’ the tip of the

electrode by shifting a point of high potenual towards Lo
the opposite electrode. Thus, the occurrence of breakdown
1s possible in long gaps with relatively low mean electric
field between the electrodes. Breakdown occurs when the
streamers reach the opposite clectrodc



3. STOCHASTIC MODEL OF

BREAKDOWN IN LONG GAPS

The existence of two types of channels of dilferent
conductivity during the propagation of the discharge
rcquircs the development of a model with two criteria, the
st for the streamer growth and the second for the
streamer-to-leader transition. For the simplification of thc
model, some assumptions were made. First, it was

assumed that the streamer does not influence the
distribution of the clectric ficld because of its low

conductivity. Second, the leader 1s considered to be
equipotenual due to its high conductivity [9, 10]. Thus,
the clectric field 1s calculated by solving the Laplace
equation with boundary conditions on the electrodes and
leader structure.

A two-dimensional square lattice i1s introduced in the
space between the two electrodes (fig. 1). A new streamer
bond is added to the structure in accordance with a certain
stochastic rule, for example, if the condition

E.>E, —é (1)
is fulfilled. Here £; is the mean value of projection of
clectric field onto the corresponding lattice bond. The
parameter £+ depends on the properties of a particular
dielectric. The random variable a 1s assumed to take into
account the uncertainty in the value of Ex due to several

reasons, [or example, inhomogeneities of the dielectrics,
thermal and other fluctuations, including the influence of

external conditions (such as air density, humudity,
atmospheric 1onization, etc).
- ® s . ® . Electrode
V=W
] - - L i L
’ = " Leader

Figure 1. Growth of the conductive structure on the
lattice. Thin lines illustrate streamers while (hick lines
illustrate leaders.

After the voltage 1s applied to the gap, new streamer
bonds can be added to the structure at each time step (fig.
1) and, hence, the discharge propagates in the space. After
formation of the streamers, other physical phenomena take
place, lcading to the formation of highly conductive
channels called leaders. The streamers normally anse
from a common root called the stem. Because of the
electric current flow inside the streamers, the temperature
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of plasma inside stem 18 increasing that leads to the
liberation of electrons from negative 1ons appecared carlier
|16-18]. The increase ol the conductivity resulls in the
increase of the current flow and, hence, the transition of
plasma from lowly conductive phase (streamer) to highly
conducuve phase (leader) occurs.

For the calculation of the energy released, a somewhat
simplified approach was used. If we consider a small
scgment of the streamer as a cylinder with length A, cross

secuon § and conductivity 6, then the total energy
rcleascd by time ¢ 18

W:b-S-J-_[EZ(r)dr (2)

where Z; 1s the timc when this bond arose. Thus, if the

released energy 1s greater than a certain critical value, a
new leader segment 1s formed.

4. CALCULATIONS

The potential of electric field ¢ 1s calculated at every time
step by solving the Laplace equation

2 2
gf+gf=0 (3)
x* Oy

with boundary conditions on the electrodes and the leader
structure. A standard iterative method 1s used for
calculation of potential for all lattice nodes of two-
dimensional square lattuce. The simulation was carried out
in a rectangular area on lattices up to 100 x 100. A
positive impulse voltage with short rise time 1s applied to
a rod—plane electrode system (fig. 2). The mean value of
electric field projection between two neighbor nodes of
the latuce (for example i, j and i, j—1) 1s calculated as
follows

Pi,; =P

4
P (4)

EHHEJ —

where h 1s the distance between these nodes. Al every

time step, new streamer bonds can be added to the
structure, and some of the existent streamer bonds can

transform (o new leader segments.
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Figure 2. Impulse voltage with shorl rise time.



In all simulations arbitrary units were used. To introduce
physical units it is necessary to choose a reciprocally
complementary set of scales for space, voltage and timc.
These three scales can be determined from reliable
experimental data for each particular case that 18 to be
simulated.

5. RESULTS

One of the conductive patterns of discharges obtaincd for
a rod—plane configuration by using the stochastic model 1s
shown in figure 3. Thick lines show leader structure,
while thin lines show streamers. It 1s convenient to use the
valuc E, =V /d where V is the applied voltage and d 18

the gap distance. In fact, E, is the mean value of electric
ficld along the gap.

gl

#1

Figure 3. Typical pattern of discharge obtained using
stochastic model. £, =0.2, £« =1 and g= 0.08.

The histogram of the times to breakdown #z 1s shown
figure 4. The results were obtained at the time step T =

0.05. The number of trials was Ny = 40.
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Figure 4. Distribution of times to breakdown. E, = 0.2,
Ex =1and g =0.09.
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The distributions of times of first corona inccption #; for

different values ol the parameter g are shown 1n figure 5.
The number of trials was N, = 74 (a) and 70 (b). The time
step was 1 = 0.005.
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Figure 5. Distribution of the inception times of first

corona. E;=0.2, Ex =1, g=0.09 (a) and 0.07 (b).

6. CONCLUSIONS

The discrete stochastic model used in this paper for
simulation of breakdown in long gaps under positive
impulse voltage describes main features of breakdown
such as statistical time lag, random place of orgin,
asymmetry and non-reproducibility of the conductive
structure, etc. It can be used iIn principle for the
determination of the Vs; breakdown voltage for certain

geometry of a gap.

This requires the calibration of the parameters of the
model, together with the introduction of some
improvements. The first way is to introducc a constant
voltage drop along the streamer and leader channels |7, 8],
because in reality leader channel have a finite
conductivity, hence, it is not equipotential. The second
way is to introduce a finite conductivity along streamer
and leader channels and to calculatc the clectric ficld by
solving Poisson’s equation together with the equation of
electric charge flow along the branches of conducting
structure [3-6]. In this case streamers influence thc
distribution of the electric field as in reality, because of
the positive space charge accumulated in their heads.

A next point that we have to pay attention to, is the
criterion for streamer-to-leader transition. The nccessary



energy for Joule heating of the gas is transferred in a more
complcx way than it is supposcd in cquation (2). In any
casc the critical energy can be calculated, because it 1s
known that the transition occurs when the gas heats up o
temperature about 1500 K [16-19].

After the introduction of listed above improvements, it 1s
possible to use proposed model for the determination of

breakdown voltage distribution under applied voltage ol
any shapc (DC, AC, impulsc, ctc).
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