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Abstract

This work is devoted to the modeling of streamer discharge,
propagation in liquid dielectrics (water) gap using the bubble theory.
This of the electrical discharge (streamer) propagating within a
dielectric liquid subjected to a divergent electric field, using finite
element method (in two dimensions). Solution of Laplace's equation
governs the voltage and electric field distributions within the
configuration, the electrode configuration a point (pin) - plane
configuration, the plasma channels were followed, step to step. The
results show that, the electrical discharge (streamer) indicates the
breakdown voltage required for a 3mm atmospheric pressure
dielectric liquid gap as 13 kV. Also, the electric potential and field
distributions shown agreement with the streamer growth, according
to the simulation development time.
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Introduction

The breakdown of insulating liquids
is not simple to explain and the
mechanism  responsible  for  the
initiation of breakdown is still open to
controversy. Many breakdown theories
have been put forward since the start of
research on this subject. Experimental
data on the electric breakdown of
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liquids that were accumulated, confirm
that there are several different
breakdown mechanisms that cannot be
described in the context of a unified
theory [1-4].

There are several reasons for lack of
a single theory. The complex nature of
liquids makes the theoretical analysis
more difficult than with glasses. Liquid
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quality is a critical issue. It is very
difficult to create a pure liquid
compared to a pure gas. It is generally
accepted that liquid purity plays a very
important role in the development of
final breakdown [1].

In the 1920 's [5], the theory that a
cavitation or the bubble process may
cause a breakdown in dielectric liquid
was proposed. Krasucki [6]. With the
development of high speed imaging
techniques, the streamer (bubble)
theory was put forward to explain the
breakdown processes in insulating
liquids. Kao [7] derived a
mathematical model of the breakdown
mechanism based on the formation of
gas bubbles in liquids. He assumed that
bubbles might be formed in a liquid for
the reasons such as, the gas which
accumulates in microscopic cavities
and hollows on the electrode surface.
From the liquid itself by local
evaporation on the surface of the
electrodes due to the action of

electrical current, dissociation of
molecules through collisions with
electrons or impurities. Due to

electrostatic forces overcoming the
surface tension. The electrostatic force
effect causes elongation of the bubble
in the electric field.

The streamer mechanism in liquids
occurs if the electric field is strong
enough, it is assumed that electron
avalanches can initiate in the liquid [8].
Chadband and Wright [9] suggested
that the cavity region (the bubble)
might be ionized plasma. Cherney and
Cross [10] concluded from their
experiments that with a solid-liquid
interface breakdown was caused by
relatively slower bubble growth by a
gaseous cavitation process, rather than
by very fast vaporous cavitation.

This paper is aimed at the
modeling of the streamers propagating
within a dielectric liquid (water)
submitted to a divergent electric field
(point-plane electrode configuration).
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The aim is to determine the initiation
propagation and  branching  of
streamers in the liquid gap (water).

Principles of the model

Many theories have been put the
initiation the growth of a streamer in
dielectric liquid [7, 11-14]. Confirm
that there are several different
breakdown mechanisms that cannot be
described in the context of a unified
theory [2, 15].

This model, here, was built based
on several assumptions to initiating the
growth of a streamer within the buffer
liquid. Many conditions have
suggested to the start and growth of the
streamer. Following are the basic
assumptions of the proposed model:

1- The simulation was implemented in
the two dimensional region of finite
elements. Some nodes of some
elements represent the electrodes,
while the others represent the dielectric
liquid between the electrodes.

2- The electric potential at all nodes of
all elements that belongs to the
dielectric is calculated by solving the
Laplace equation with the boundary
conditions on the electrodes and the
streamer discharge pattern.

3- The likelihood of initiation and
growth of a streamer can be satisfied
when

i- The local electric field (in the center
of finite element) is greater that a
threshold value [16]. The local electric
field will be calculated according to
the values of the voltage at the nodes
of each element. Also, the heat of
liquid evaporation (W) is greater than
the latent heat (L) [1, 17, 18].

W, = R IZ At (D
Also
L=p.Va.Co(T).AT (2)

when Rg is resistance streamer, Is is
current streamer, At time duration of
jump, L is the energy to heat liquid [J],
p is the mass density liquid (kg/m®),
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Va is the Volume of bubble [m?],
Cy(T) is the heat capacity of liquid
(J/kgK) and AT is the temperature
change (K).

li- The electric field value (Eqp) at the
streamer tip is greater than a threshold
value [19].

Eiip = 2Vo/(roln 4 ( - %Z) 3)

where Vy is the applied voltage, d is
the gap length and s is the length of the
streamer channel and ro is the radius of
the streamer channel.

iii- The electric field of the bubble
(Ep) is greater than a threshold value
[20].

- 3gr o

Eb - 2€r +1 Eloc. (4)
when Ejq. is the local electric field and
er IS the relative permittivity of the
dielectric.

iv- All the streamer branches were
followed for one step only, because
they, at all conditions, will decay. And
only the main will bridge the gap
between electrodes.

Simulation and results

To validate our model, consider
a pin-plane electrode geometry,
submerged in an insulating (water) of
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relative  permittivity 78.6  and
submitted to different applied voltages,
the radius of streamer channel
r=5 um and the conductivity of
channel = 0.1 (Q.m)™*. The model to be
implemented, a computer simulation
must be executed within a pin-plane
electrode arrangement, Fig. 1. The pin
(anode) is of 10 mm length. The plane
(cathode) is about 13 mm diameter,
and the distance between the electrodes
is the liquid gap length of 3 mm. A
positive DC high voltage was applied
to the pin (Vo= 13, 15, 18, 20 and
23 kV) while the plane was grounded.
Laplace's equation governs the voltage
and electric field distributions within
the arrangement. So, finite element
method (in two dimensions) was used
as a good tool to solve Laplace's
equation in the complicated
arrangement (the solution region as in
Fig. 2). The program was written with
Fortran 77 language. It was used to do
the calculations that are needed to
predict the voltage and electric field
distributions within the water gap
between the electrodes. As well as and
to simulate the path and branching of
the streamer within the simulation
area.

- anode

J

3mm

I Cathode
A

13 mm

Fig.1: Longitudinal cross section of pin - plane configuration.
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(a)

(b)

Fig.2: The grid for the pin - plane arrangement, a) a complete grid for the longitudinal
cross section of the configuration, b) enlargement of the region around the tip of the pin

electrode.

The Results

The simulation was carried out
within the electrode arrangement of a
water gap of 5 mm length to show the
initiation and growth of the streamer
from the anode (pin) to the cathode
(plane). The aim is to determine the
breakdown voltage of the water gap,
show the streamer branching and the
effect applied voltage Vo on the
branching streamer and the time (Atar)
required to arrive the plain pole.

1. The streamer development
between the electrodes
The  streamer initiation and

development was followed within the
solution region between the two
electrodes. A streamer is initiated at
the elements that have values that
consensus with the conditions; First,
the local electric field is greater than
the threshold value (7.4 kV/mm) [21],
and the energy injected by the electric
field is sufficient to cause the
evaporation of the liquid, then form the
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bubble [1, 15]. Second, the electric
field inside the bubble is greater than
the threshold (10 kV/mm) [16], the last
condition; the electric field at the head
of the streamer greater than the
threshold (200 kV/mm) [5, 22].

The breakdown voltage gap was
expecting at the minimum applied
voltage value that grows streamer
pattern to the gap channel. The value
of the water gap of 3mm in this work
was achieved at 13 kV.

Fig. 3 shows the streamer initiation
and development between the two
electrodes for the minimum breakdown
voltage. The figure shows the initiation
of the streamer at the head of the pin
because of the highest values of the
electric field. It is found that the
initiation time is 1.71 ps and the
required time for the streamer growth
to embankment the gap between the
two electrodes and reach the plane is
4.04 ps. Also, the streamer follows a
path further away from the center of
the opposite pole.
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Fig. 3: The streamer development with the time within pin - plane arrangement in applied

voltage of V =13 kV.

2. Electric and field
distributions

At first, it must know the voltage
distribution as well as the field
distribution, after the solution of
Laplace’s equation gives the voltage at
every node on the mesh.

Fig. 4 and 5 show the simulation
pictures of the voltage and electric
field distributions development with
time. It determined to support the
growth of the streamer and traced the
path according to voltage and electric
field distribution development.

potential
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These figures indicate clearly the
movement of the region of the highest
voltages and the highest electric field
according to the streamer growth. The
plots for the magnitude of the electric
field can identify the weak region
where the breakdown may begin. In
this case, the weak region was
identified to be the region where the
magnitude of the electric field is the
highest, and from this region the
breakdown will initiate.
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t=1.71813usec. itr.1  t=2.30415psec, itr.2  t= 2.49882psec, itr.3  t= 2.53958psec, itr.d

t=2.54849psec, itr.5 t=2.89097yse, itr6  t=3.05753psec, itr.7 t=3.26577psec, itr.8
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i=4:0413usec, it
Fig. 4. The voltage distribution with the time within pin - plane configuration applied
voltage of V =13 kV.

t=1.71813sec, itr.1 t=2.30415psec, itr.2  t= 2.49882usec, itr.3 t= 2.53958psec, itr.d

t= 2.54849psec, itr.5  t=2.89097psec, itr.6  t=3.05753psec, itr.7 t=3.26577psec, itr.8

t=3.5530usec. itr.9  t=3.61268psec, itr.10  t=3.93079psec, itr.11 t=4.00550psec, itr.12

t=4.0413psec, itr.13

Fig. 5: Magnitude distribution to the electric field distribution with the time within pin -
plane configuration in applied voltage of V = 13 kV.
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3. Streamer branching

The simulation was reiterated at the
same mesh, but with different applied
voltages (13, 15, 18, 20 and 23 kV).
That is to clarification the effect of
applied voltage on the streamer
branching as in Fig. 6.

From Fig. 6 the one can notice that,
the number of branches increases with
the increasing of the applied voltage
due to the increased number of
elements inside mesh that is realized
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condition of the growth of streamers
inside liquid. Also, the streamer
growth with the shortest distance
between the electrodes with the
increase of the voltages on the anode
(pin), which leads to a decrease (Atar).
This is consistent with studied many
experiential and theoretical researches
[23, 24]. Table 1, shows the number of
branches and arriving time at each
applied voltage.

.
4
&
A
V=13KV, t=4.0413usec,
np=58, int.=13

V=20KV, 1=3.00883 psec,
np=207, int.=13

V=15KV, 1=3.4212 psec,
np=101, int.=13

=

|

_;-l"".

V=18KV, t=3.1201 psec,
np=150, int.=13

V=23KV, t=2.904307 psec,
np=256, int.=13

Fig. 6: The propagation and branched structures of streamers (at each time step) for
different applied voltage within pin - plane arrangement.

Table 1: The arriving time and the number of branches at each applied voltage.

Applied Arriving
voltage time (Atay) No. of branches
(kv) (Hs)
Dielectric liquid 13 4.04 58
(Water) :
15 3.42 101
18 3.12 150
20 3.00 207
23 2.90 256
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Conclusions

From the results that were obtained
by the simulation, the following
conclusions can be presented as below:
1- The use of the computer, based on
bubble model, can give good results
when compared with the experimental
procedures without expensive devices.
2- The higher electric field value is at
the shape edge, explains the initiation
of the streamer.
3- The number of branches and their
positions depend on the applied
voltage value.
4- The streamer velocity increases
with the increasing of the applied
voltage.
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