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Abstract—Simulation analysis plays an important role in
Systems Theory nowadays. In order to reveal the
mechanism of space charge injection and generation in the
process of liquid dielectric breakdown, the discharge of
transformer oil between needle-plane electrodes under high
electric field is studied. Based on the 2-D hydrodynamic
model and Poisson equation of electric field, the system
simulation model of oil discharge by different charge
generation mechanism is established, based on which the
inception and propagation process of discharge is
simulated by COMSOL. By system simulation, the
temporal and spatial distribution of the electric field
intensity, space charge density, electric potential and
temperature of transformer oil is obtained and deeply
analyzed. The simulation results prove that the space
charge generated by metal field emission and ionic
disassociation are neither of the major factor for streamer
formation in transformer oil, while the Zener molecular
ionization and impact ionization are the major factors. Our
research improves the understanding of the inception,
propagation and breakdown process for discharge in
transformer oil, and also the ionization mechanism in the
liquid dielectric.

Keywords—systems  theory, system  simulation,

hydrodynamic model, COMSOL, space charge
SYSTEM simulation is a set of techniques that allows
computers to imitate the operations of various real-world
tasks or processes through simulation. Modern computers and
super-computers are used to generate numeric models for the
purpose of describing or displaying complex interaction among
multiple variables within a system. Simulation analysis plays
an important role in Systems Theory nowadays. System
simulation plays an important role in science and technology
research, such as physics, chemistry, electronics, etc. Many
microscopic systems can only be observed and measured in a

macroscopic way, but the microscopic observation can’t be
implemented. System simulation is currently one powerful way

I. INTRODUCTION
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to achieve this. In electrical engineering, the transformer oil is
widely applied in high voltage electrical equipments as
excellent dielectric for insulation and cooling. The electrical
insulation quality determines the whole reliability performance
of such equipments. The space charge generated under high
electric field has a great impact on its electric field distribution,
which is one of the most important factors causing the
degrading or invalidation of insulation performance. Research
has been carried out for the space charge generation and
transportation, and its influence on the insulation performance
of liquid dielectric. Traditional method is the measurement of
macroscopic quantity such as magnitude of discharge and the
macroscopic quantity of electromagnetic wave, light and sound
radiated in the process of discharge by experiment equipment.
However, this method faces great difficulty in revealing the
temporal and spatial evolution of charged particle and electric
field.

In recent years, more and more researchers simulate the
discharge process, the space charge produce and propagation in
transformer oil by numerical simulation. In these researches,
the hydrodynamic equations are established for charge carrier.
The finite-element method is utilized to implement the
numerical solution of the charge carriers convective-diffusion
equation, and the Poisson equation of the electric field[1].Li
Yuan, et. AL study by simulation the influence of various
voltage magnitude, the pulse rising edge, the interval between
electrodes on the form of steamer discharge, field intensity and
the space charge density distribution[2]. Wang Qi, et, al.
establish the two-phase fluid model for the discharge of liquid
dielectric, and study by simulation the inception and
propagation of the steamer between needle-plane electrodes
under nanosecond pulse[3]. Jouya Jadidian implements the
simulation study on the space charge transportation and
breakdown mechanism[4].

However, current research literature only considers Zener
molecular ionization in space charge generation. The metal
field emission, ionic disassociation, molecular ionization and
electron ionization are not considered. All of these take effect in
the space charge generation. In this paper, the transformer oil is
studied based on 2-D fluid dynamic model. Simulation is
implemented for the evolution of field intensity, space charge
density and temperature distribution with various charge
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generation mechanism mentioned before.

The main contribution of this paper is that it proves that the
space charge generated by field emission and ionic
disassociation are neither of the major mechanism for streamer
discharge formation in transformer oil, while the Zener
molecular ionization and impact ionization are the major
factors for steamer formation. Our research improves the
understanding of the inception, propagation and breakdown
process for discharge in transformer oil, and also the ionization
mechanism in the liquid dielectric.

II. THEORETICAL FRAMEWORK

Under the electric field of high voltage, large amount of
space charge will be generated, which causes the discharge and
even breakdown of the dielectric. The causation of space
charge includes metal field emission, ionic disassociation,
Zener molecular ionization, and impact ionization.

A. Metal Field Emission

This mechanism is the emission of electrons from a solid or a
liquid surface into another phase under a high electric field. It
occurs due to electrons tunneling through a deformed potential
barrier at the interface. According to Fowler-Nordheim theory,
the electron current density Je produced by electrons tunneling
through a metal surface into vacuum is described as:
3

(15

where E is the electric ﬁeld intensity on the metal surface.

=154 x107%V/V?, B, =6.87 x 10%V1V/m. ¢ is
the electric field and the work function of the metal, and Agis
the decrease value of the maximum height of potential barrier at
the metal interface, expressed by 3 79 x 104||§ |°‘5. t(Ag/¢) and

; (1)

e

e (M’)

v( Ag/¢ ) can be determined by related forms. Their
approximate values are:
2 A Ag Ap, 2
B =110 A=) =095-(=) )
¢ ¢ ¢

When field emission occurs from a metal immersed in a
dielectric liquid, it is necessary to account for the difference
between energy of the electron in the liquid and vacuum[5].
The work function of the metal in vacuum should be replaced
by the apparent work function g and here the value 3.9¢V is

used[6].

B. Field induced lonic Disassociation

The research of Onsager indicates that the neutral ion-pairs
will be disassociated by electric field, which causes the change
of free ion density in oil. The production rate g of the

positive/negative ion density in the disassociation process is
given as:

Gy (E) = ‘{ﬁ} Ke-F(ED ®
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where e is the magnitude of electron charge(1.6x107°C). o is
the conductivity of the oil( 1x10"°S/m ). g u are the

F(E)=

migration rates of negative ions( 1x10°m’-V'-s")and positive

ions( 1x10°m*-V~"-s™). K is the recombination rate of positive

and negative ions in the dielectric (1.64 x10™"m?s *') &is the
permittivity of the oil (2.2). k is the Boltzmann
constant( 1.3807x10%J/K ). T is the thermodynamic
temperature of the dielectric. I, is the first modified Bessel
function[7].

Besides, there is also the recombination of free ions density
under the electric field, which decreases the amount of positive
and negative ion. The decrease rate G, of ion density is:

n.n, Ky

4)
e

where n, and n, are the density of positive and negative ions
respectively. K, is the recombination coefficients of positive

3S—1 ),

C. Zener Molecular lonization

G, =

and negative ions (1.64 x 107"

Zener molecular ionization is a direct ionization mechanism,
in which the oil molecule is directly ionized to electron and
positive ion. According to the Zener theory, the production rate
G, of electron/positive ion density by field-induced tunneling

z’m'an’

ionization is:
2n0a|E|
h eh’|g|
where h is Planck' s constant ( 6.62617x10*J-s), a is the

molecular distance(3x10°m), m" is the free space electron
mass( 9.1x107'Kg ), No is the number density of ionizable

(6)

_ e
G, (E)= exp( )

molecules( 1x10%/m’), A is the ionization potential of the
liquid dielectric(7.5eV)[8].

D. Impact ionization

Impact ionization means when the electrons with enough
energy hits the gas molecule or atom, their valence electron is
released and positive ion appears. It is an important theory
which explains the gas breakdown mechanism. In liquid
dielectric, the average free path length of electron is much
shorter than that in the gas discharge. The impact ionization is
not easy to happen, so the probability of avalanche is relatively
low,. However, in the discharge of liquid dielectric, there exists
low density area caused by molecular ionization, or gas-phase
streamer channel in which impact ionization may happen.
Based on the Thomson impact ionization theory, the production
rate of electron density by impact ionization in the gas-phase
streamer channel under high field is given as follows:

Geo (E) = N o |
™
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where n,is the densities of electron and f4,qp is the migration
rates of electron( 1x10°n7-V'.s" ). ¢, is the electron impact

ionization coefficient. A, and B, are related proportion
coefficients with the value 25/m and 2 X 107 V/m
respectively[9].

III. SYSTEM SIMULATION MODEL OF DISCHARGE FOR

TRANSFORMER OIL
A. The Geometry of Needle-plane Electrodes
According to the test method of breakdown voltage in
transformer oil (IEC Std.60897), the 2-D axial symmetric
model is established[10]. The discharge system of transformer

oil is shown in Fig.1. 2 is the needle electrode the curvature
radius of which is 40 g m. 5 is the plane electrode and the

distance between two electrodes is 1 mm. 3 and 4 are the
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Fig.1 The structure of needle-plate electrodes and meshes
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simulation boundary. 1 is the axis of symmetry. Because the
discharge is mainly concentrated near the axis 1 of the needle
electrode, the numerical gradient in this region is very large. In
order to ensure the accuracy and convergence of the numerical
calculation, the meshed geometry of this part is extremely
precise. However, the meshed geometry of other regions is
relatively sparse to reduce the amount of calculation[11]. The
structure of meshes used in this simulation experiment is also
shown in Fig. 1.

B. System Simulation Model
(1) The Simulation Model of Oil Discharge by Metal Field
Emission
At the negative electrode, the electrons induced by field
emission inject into the transformer oil. Some of the electrons
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attach to neutral species, and negative ions are formed.
Therefore, two kinds of charged particles exist in this discharge
process only by metal field emission. Equation (9) and equation
(10) are the transportation equations of electrons and negative
ions. Equation (11) is the Poisson equation of electric field and
equation (12) is the heat diffusion equation, which is used to
investigate the temperature rise of oil in the process of
discharge. They consist of the simulation model of oil
discharge by metal field emission.

an V'nelueé =_n_e
ot Ta (9)
an”—V nuE= e
ot (A (10)
V.E=-vy i
¢ (1)
LI VT:—(k VT+E-J)
ot PC, (12)

where nn are the densities of electron and negative ion. g,z
are the migration rates of electron( 1x10*n?-v.s™) and negative
ion(1x10°mv='s?). T, V, p,G,kK; refers to the temperature,

flow velocity(Om/s), density (880kg/m3), specific heat
(1.7%x10%J / (kg - K) ), and thermal conductivity of transformer

0il(0.13W /(m - K)). J is the density of current, expressed by

J= (_ne/ue —-n
are reduced by the attachment process in which ¢ is the

W44, )E - n,/z,1s the rate at which electrons density

constant of electron attachment time(2 x107S) .
(2) The Simulation Model of Oil Discharge by Ionic
Disassociation

Weakly bonded neutral ion-pairs in oil are disassociated into
free positive and negative ions due to the electric field, and the
recombination process of free ions are also accompanied.
Therefore, two kinds of charged particles exist in this discharge
process only by ionic disassociation. Equation (13) and
equation (14) are the transportation equations of negative and
positive ions particles. GD(|E|) and G, are the generation and

recombination rate of charged particles density by ionic
disassociation  which is discussed in section IL.B. The
simulation model of ionic disassociation is as follows:

o(Ep+Gs
(13)

%+V-npypE:—GD(|E|)—GR
a (14)

V.-E=-V¥V Mty
g (15)

LR =—(k VT +E-J)

a G, (16)

where n,.n,are the densities of negative and positive ion. 4, 4,

are the migration rates of negative ion( 1x10°n?v'.s') and
positive ion( 1x10°n?-v.s'). In this model, J is expressed by

(npfup 7nnfun) E .
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(3) The Simulation Model of Oil Discharge by Zener Molecular
Ionization

The discharge process in liquid dielectrics is described by the
convection and diffusion equations of charged particles and the
Poisson equation of electric field. Equations (17), (18) and (19)
are the convection and diffusion equations of charged particles,
and equation (20) is Poisson equation about electric field. They
are strongly coupled equations about electric field and charged
particles. Equation (21) is the heat diffusion equation, [12].

- - n.n R
ane_v'neﬂeE:_Gl(|E|)_ £ Pe_n_e
ot e T, (17)
a]” H%E:_m_;’_&
ot e 7, (18)
on _ _ nnR_nnR
—L4+Von u E:GI(|E|)+ PT P, PR
ot pep e e (19)
n n n
V.E=_vy = oM+l
J (20)
ﬂ+ -VT =—(k VT +E- J)
a 1)

where Roes R, ar€ the recombmatlon coefficients of positive

ions and electrons( 1.64x10""m’™" ), positive ions and

negative ions(1.64 x10™"m?s™"). In this mode, J is the density
of current, expressed by J-= ( oy =Ny fty =, ﬂn) The

generation rate of charged particles density by Zener molecular
ionization field is expressed by G, (|E|), which is discussed in

Section II.C.
(4) The Simulation Model of Impact Ionization in the gas-phase
streamer channel

The temperature of oil rises due to thermal diffusion in oil
discharge. When the temperature is up to threshold, gas-phase
area is identified[13].The simulation model in the gas-phase
streamer channel is as follows:

on = =
ate -V neluerE = _GGP(|E|)
(22)
ann -V 'nnlunGpE =0
E=G..(E
pn s (ED o0
V.E=_yy =Mt 25)
g
LR =—(k VT +E-J)
ot PC, (26)

where GGP(]E|) is the generation rate of charged particles by
impact ionization, which is discussed in ILD. 41, o, 11,60, 42,60

are the migration rates of electron( 1x10°n?.V".s'), negative
ion( 1x107n?v'.s?) and positive ion( 1x10"n?-v'.s?) in the
gas-phase streamer channel. J is the density of current,
expressed by J :(npﬂp —n.u, _nn:un) E.
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C. Boundary conditions

The interaction between particle flow and dielectric interface
is very important to the discharge. When considering the
boundary conditions, it is necessary to ensure the stability of
calculation and the rationality of physics. As to the simulation
area in Fig. 1, the boundary conditions are set as follows.

(1) Boundary conditions for Poisson equation

The symmetry axis 1 is set as r = 0. The needle electrode is
set as V as shown in fig.2 and fig.3, which is the hyperbolic
tangent function given by equation (27). The potential of plane
electrode is zero. The outer boundary 3 and 4 are set as the zero
charge boundary,n- N = 0.

V, =490 x tanh(1x10t)kV 27

(2) Boundary conditions for the convection and diffusion

equations
The symmetry axis 1 is set as r = 0. Both the needle and plane
electrodes are under convection diffusion condition

n.(_DVnX)zo. The outer boundary 3 and 4 are set as the

conditions of zero charge boundary n-N =0, N :nxluE.When

the effect of field emission on discharge is studied, Equation (1)
is the boundary condition of needle electrode.

(3) Boundary conditions for the heat diffusion equation

The symmetry axis 1 is set as r=0. The electrodes and outer
boundaries are set as thermal insulation boundary
-n-(-kvT)=0.

IV. SYSTEM SIMULATION RESULT AND ANALYSIS

A. The Effect of Metal Field Emission on Transformer Oil
Discharge

To induce the metal field emission, at least 10% /m electric
field is needed near the needle. For that, -90kV pulse voltage is
applied on the needle electrode. By simulation in COMSOL, he
temporal and spatial evolution of electric field intensity, space
charge density, and oil temperature along the symmetry axisl
are analyzed. The axis 1 is shown in Fig.1.

Fig.4 shows the distribution of electric field intensity along
the axis 1 by metal field emission at 10ns, 60ns and 120ns
under above discharge condition. It is shown that, the field
intensity at different time reaches the maximum at the needle,
and all the electric field distributions are similar with the
original. This proves that, even under maximum electric field,
the electron density is very low by the tunneling effect. The
electric field generated by metal field emission is not sufficient
to bring change to the original electric field.

Fig.5 shows the distribution of space charge density along
the axis 1 by metal field emission at 0, 10ns, 60ns and 120ns
under above discharge condition. This charge density is three
orders lower than that in the streamer discharge described in
[14]. Therefore, even the electric field is much higher than that
needed to induced steamer, it cannot generate large amount of
charged particles. The result proves that the metal field
emission is not a main factor inducing steamer.
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Fig.6 shows the distribution of temperature along the axis 1
by metal field emission at 0, 10ns, 60ns and 120ns under above
discharge condition. It is shown that there is no significant
temperature change. Only a few degrees rise occurs near the
needle. This can also prove that field emission is not a main
factor for discharge.

B. The effect of ionic disassociation on transformer oil
discharge

Simulation is carried out to investigate the ionic
disassociation in the inception and propagation of discharge.
For that, +90kV pulse is applied on the needle electrode. The
temporal and spatial evolution of electric field intensity, space
charge density, and oil temperature along the symmetry axisl
are calculated only by the ionic disassociation.

Fig.7 shows the distribution of electric field along the axis 1
by ionic disassociation at 10ns, 60ns and120ns. It indicates that
the peak position of field intensity is not at the pin-point all the
time. It moves away from pin-point towards the plane
electrodes. Free ions are generated by ionic disassociation,
which generates additional electric field and changes the whole
field distribution dynamically, but such field only occurs near
the pin-point. The overall global distribution of the electric
field is not significantly changed.
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Fig.7 the distribution of electric field along the axis 1by ionic
disassociation at 10ns, 60ns and120ns

The field-related ionic disassociation generates positive and
negative ions. Fig. 8 shows the distribution of space charge
density along the axis 1 by ionic disassociation at 0,10ns, 60ns
and120ns under +90kV pulse voltage. This time-variant
character exists only near the pin-point, just like the electric
field discussed above.

E-ISSN: 1998-4464

28

Volume 15, 2021

50

GOD0E-B
6.0000E-B
1 2000E-7

45
40
35
30
25
20

15 !

The disenty of space charge/C/m”™3

10

)

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.00:
The distance to the plane electrode/m

Fig.8 the distribution of space charge density along the axis 1 by
ionic disassociation at 0,10ns, 60ns and120ns

]

Fig.9 shows the distribution of temperature along the axis 1
by ionic disassociation at 0,10ns, 60ns and 120ns. It shows that,
except the small temperature increase near the needle electrode,
there is no obvious global change. It proves that ionic
disassociation is not a main factor for steamer discharge.
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Fig.9 the distribution of temperature along the axis 1 by ionic
disassociation at 0,10ns, 60ns and 120ns

C. The effect of Zener molecular ionization on transformer oil
discharge

The Zener molecular ionization is studied in the inception
and propagation of discharge in transformer oil. The pulse
voltage of +90kV is applied on the needle-plane electrode. The
temporal and spatial evolution of electric field intensity, space
charge density, and oil temperature along the axisl are
analyzed by simulation only for Zener molecular ionization.

Fig.10 shows the temporal and spatial distribution of the
electric field intensity in the oil at 10ns, 60ns, 120ns under
above discharge condition. It is obvious that is a traditional

streamer which propagates along the axisl towards the plane
electrode and finally breaks down.Fig.11 shows the distribution
of electric field intensity along the axis 1 by Zener molecular
ionization at 0, 10ns, 60ns and 120ns. At t=0., the pulse voltage
is just applied. At that time, the electric field distribution is
Laplace without the influence of space charge the peak of
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Fig.10 The temporal and spatial distribution of the electric field
intensity in the oil by Zener molecular ionization at 10ns, 60ns, 120ns
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Fig.12 shows the distribution of space charge along the axis
1 by Zener molecular ionization at 10ns, 60ns and 100ns under
above discharge condition. The oil molecules near the
needle-point are ionized into positive ions and electrons.
Because the mobility of electrons is higher, the electrons rush to
the positive electrode fast. Thus an area of positive charge is
formed by the remained positive ions at the front of the electron
collapse. An additional field formed by these space charges
significantly affects the original field inside the streamer
plasma. The field ahead of the streamer is enhanced, which
makes it much easier for the ionization of oil molecules in that
area. This facilitates the propagation of the streamer channel
towards the other electrode.
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Fig. 13 is the distribution of temperature along the axis 1 by
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Zener molecular ionization at 10ns, 60ns and 100ns under the
above discharge condition. It is shown that the overall
temperature of the oil is significantly increased by Zener
molecular ionization. The reason is that, under the high voltage,
large amount of charged particles are generated, which induces
large discharge current and heat. This makes the considerable
increase of oil temperature. This proves that the major factor for
streaming discharge is the Zener molecular ionization.
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Fig.13 the distribution of temperature along the axis 1
by Zener molecular ionization at 10ns, 60ns and 100ns

Fig. 14 shows the distribution of electric potential along the
axis 1 by Zener molecular ionization at 10ns, 60ns and 100ns
under the above discharge configuration. It is shown that the
fall of electric potential in the streaming channel is about 10
V/m, while the value measured in practical experiment is about
10° V/m. The reason of such mismatch is that, although the
Zener molecular ionization is the major factor for oil discharge,
it is not the only.
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D. The effect of impact ionization on transformer oil
discharge by simulation

In order to get more comprehensive analysis of streamer
inception and propagation, it is necessary to investigate the
impact ionization in gas-phase streamer channel.

Fig. 15 shows the field intensity distribution along the
symmetry axis considering the impact ionization in gas-phase
streaming channel at time t=22ns. It is shown that the tail part
of the streamer channel is gas-phase area, where the field
intensity is about 15x10°% /m. It is much lower than that at the
front part of the streamer (5x10°V /m). This is because the
mobility of free charge carrier (electron and ion) in the
gas-phase area is higher than that in the liquid-phase area. It
means that the conductivity is higher in the gas-phase part at the
tail of the streaming than that in the liquid part at the front. In
another word, the electric field is weaker in the gas-phase part
than in the liquid-phase part. This simulation result accords will
with the practical experiment [15]. Therefore, the impact
ionization in the gas-phase streamer channel is also a main
factor inducing streamer discharge.

Fig.16 shows the electric potential distribution along the axis
1 considering the impact ionization in the gas-phase streamer
channel. It shows that the decrease of electric potential is

10°V /m in the streamer channel, which is lower than that in
the Zener molecular ionization. As analyzed before, the
conductivity in gas-phase area is higher, which corresponds to a
smaller potential fall in that area. This simulation result accords
well with practical experiment [16].
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V. DISCUSSION

In this paper, three different mechanisms of charge
generation are studied by simulation to evaluate their influence
on the streaming discharge in transformer oil under high
electric field. In the simulation of metal field emission and ionic
disassociation, the oil temperature does not significantly
increase and basically keeps around 300K. The reason is that
only a few amount of charge is generated near the negative
electrode including the electron and the free ions. The small
discharge current induced by direct migration of such charge
particles can only release a small amount of heat, which is not
sufficient to cause significant change of oil temperature.
Therefore, the metal field emission and ionic disassociation are
neither the main factor inducing streamer discharge.

We establish the discharge model of Zener molecular
ionization mechanism based on the Zener mode theory, and
study its effect on streamer discharge. The spatial and temporal
distribution of field intensity, space charge density, oil
temperature and electric potential are obtained by simulation of
our model. The simulation results indicate that large amount of
space charge is generated near the needle-point, which
significantly enhances the field intensity of that area. The peak
of field intensity moves along the axial line towards the plane
electrode, which forms the ionization wave along the axis 1.
Such mechanism boosts the propagation of streamer discharge,
and eventually leads to breakdown of the liquid dielectric.
Large amount of charged particles are generated in this process,
and the large discharge current releases lots of heat. The oil
temperature increases significantly, which indicates that the
field ionization is the major factor of discharging in transformer
oil.

Besides, another factor should be considered that the electron
impact discharge in low density area of streamer also has
impact on the discharge, which is similar to the discharge in gas.
We establish a liquid-gas two-phase model for its simulation.
The space charge density and electric potential is calculated,
and their spatial and temporal distribution is obtained by
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simulation, which accords well with the practical experiments.
Therefore, it is proved that the electron impact ionization is also
an important factor in transformer oil discharge.

VI. CONCLUSION

Systems simulation is a set of techniques that allows
computers to imitate the operations of various real-world tasks
or processes through simulation. Modermn computers and
super-computers are used to generate numeric models for the
purpose of describing or displaying complex interaction among
multiple variables within a system. Simulation analysis plays
an important role in Systems Theory nowadays. In this paper,
the 2-D axial symmetric field model is established for the
simulation of the discharge between needle-plane electrodes in
transformer oil under pulse voltage. The influence of metal
field emission, ionic disassociation, Zener molecular ionization
and impact ionization on the discharge injection and
propagation is investigated respectively. The simulation results
show a very low density of electron caused by tunneling effect
even under the largest field intensity. Such weak density of
space charge is not sufficient to ring notable change to the field
distribution. It can only cause weak discharge near the needle,
but cannot make the discharge propagate towards the plane
electrode to form the streamer. Therefore, the metal field
emission is not the major factor of discharge.

On the other hand, the ionic disassociation generates a
certain amount of free ions. The field induced by those free ions
is added to the original main field. But this effect is limited
locally near the needle-point, and the ionization wave cannot be
formed towards the plane electrode. The streamer discharge
cannot be formed only by this effect, and it is not the major
factor which determines the streamer discharge.

In the system simulation, it is revealed that the Zener
molecular ionization generates large amount of space charge,
which can significantly enhance the initial discharging. The
enhanced electric field boosts the formation of ionization wave,
which induces the ionization propagation along the axial line
towards the plane electrode. The streaming is formed and
eventually penetrates the internal between the needle-plane
electrodes. The breakdown causes large discharge current, and
the heat released makes a significant rising of the oil
temperature. Therefore, it is conclude that the Zener molecular
ionization is the dominating factor for streaming discharge in
oil. Moreover, in the simulation it is observed that a gas-phase
area of low density is formed by molecular ionization. There
exists impact ionization by electron in this area, and the
simulation results accord closely with practical experiments.
Therefore, the impact ionization by electron is another
important factor of streamer discharge.
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