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Abstract

In this research, the dynamics of double-head streamer discharge initiation,
propagation, interaction and breakdown in the air under different pressure values
were presented. The double-head streamer discharge dynamics were analysed
within a plane-to-plane electrode configuration. That was done through many
aspects proposed, such as electron density, electric field, space charge density and
streamer propagation speed. The simulation performed using ‘COMSOL
Multiphysics’ is based on the finite element method and was carried out with the
fluid model. The fluid model describes the movement of particle concentrations
using partial differential equations (PDEs) together with Poisson’s equation;
Poisson's equation and charge concentrations determine the electric field
distribution in space. According to the results, as the pressure increased from (1, 2
and 3atm), the evolution time of the streamer increased from (0.563 t016.29ns)
with the same breakdown voltage of 19kV. This means that the double-head
streamer discharge developed faster with the decrease in pressure.
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1. Introduction

Typically, atmospheric air is widely used as an insulating medium in many
overhead power lines and electrical equipment because it has a breakdown strength of
30 kV/cm [1]. In air with normal pressure, discharges typically take the shape of thin
plasma filaments, sometimes called streamers [2]. The formation of a discharge requires
two conditions: first, a sufficiently high electric field should be present in a sufficiently
large region. Second, free electrons should be present in this region. If no or few of
these electrons are present, the discharge may form with a significant delay or not at all
[3]. One can divide streamers into two groups: positive and negative. Negative
streamers grow in the opposite way from positive streamers, which spread along the
same direction of the electric field [3]. When negative and positive streamers are
combined, double-headed streamers are produced, which propagate simultaneously in
two directions [4]. Generally, double-head streamer discharges have four physically
dominant regions: (i) A ‘non-ionized outer area’ where the Poisson equation must be
solved, (ii) an electron avalanche zone, where electron seeds form multiple electron
avalanches, the electron avalanche enters the streamer domain when space charge
effects become important [5], (iii) The moving negative and positive streamer heads'
active space charge layer creates a non-zero net charge where ionization happens
quickly and the field is the strongest, and (iv) Equal-charged ionized channels; which
represent a quasi-neutral plasma conductor [5, 6].

Streamer physics may be studied, and experimental results can be explained with
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using numerical simulations [7]. Models and simulation methods for electrical
discharges have been developed for almost fifty years. Several models have been
created to investigate the spread of streamers; these models fall into four categories:
hybrid, kinetic, fluid, and particle models [8]. At standard temperature and pressure,
streamers in air contain at least of the order of 10’ electrons when they emerge from
avalanches through the build-up of a space charge layer [9, 10]; it is very difficult to
follow this growing number of electrons individually inside the streamer discharge
during the development [11]. For this reason, fluid models are used for most streamer
simulations [12]. The fluid model of double-head streamer discharges in this research
comprises a set of time-dependent highly non-linear partial differential equations
(PDEs) that describe charge transport by diffusion and drift under the effect of electric
field incorporating different reactions (e.g., electron attachment, ionization,
recombination etc. [13]). In this research, the effect of different pressure values (1atm,
2atm and 3atm) on the initiation and breakdown times, electron density, propagation
velocity, space charge density, and the electric field of the double-head streamer
discharge was studied.

2. Model of Simulation
2.1. Mathematical Model
The continuity equations, which account for electron mobility, generation, and
loss, positive and negative ions, and space-charge growth, are the simplest fluid model
equations for gaseous discharges. This set of equations is combined with Poisson's
equation to account for space-charge-induced electric field modulation [14]. The finite
element technique solves the three-species drift-diffusion model equations:

on

ate + V. (neUeE - Devne) =« nelHeEl - r[nelueEl - Bepnenp (1)
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These equations account for charged species drift under the electric field. The
equations' subscripts e, p, and n indicate electrons, positive and negative ions. Poisson's
equation for electric potential (V) determines electric field. From the solution of this
equation, the electric field values are obtained [15-17]:

V (—gpe VV) =€ (np — ng — nn) (4)

where: g, : Vacuum Permittivity (&, = 8.85 X 10712 F/m),s,: Relative permittivity
(e, = 1 for air).

2.1. Geometric Model
To simulate ‘the actual application’ environment of an insulating medium (air),
two plane electrodes separated by a distance d in the air are considered. Two-
dimensional axisymmetric (r, z dependent) is often used in the case of streamer
discharge in atmospheric pressure air. Fig.1 shows the cross-section of geometry; the
domain is cylindrically symmetric and is given by the rectangle [0, r] x [0, z] cm?. The
anode and cathode are perpendicular to the axisymmetric (r = 0). The vertical red
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broken line that runs from top to bottom is the axis of symmetry. The upper boundary is
the plane electrode, which is set as ‘the cathode’ and is grounded. The lower boundary
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or Computational ar
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is the planar electrode, which is set as ‘the anode’ and is subjected to a positive DC high
voltage. The remaining boundaries are ‘an open boundary’.
Figure 1: The cross section of the geometric model used in this simulation.

2.3. Initial and Boundary Condition
To avoid the long formation stages of streamers and, therefore, initiating a
streamer discharge directly, a quasi-neutral plasma spot containing an equal number of
charge carriers [18] (electrons and positive ions of Gaussian shape) can be introduced in
the middle of the gap to start the double head streamer [19]. These seeds are very
important in uniform fields [20]. Charge carriers increase the electron density in the
high-field area [21]. The seed plasma had the shape [19]:

(5

Z

(5)

This seed has a length (s,) of 2 mm and a width (s,) of 2 mm [21]. A peak density
n, of 10 cm™ [22], and ny, denotes a uniform background electron density with
values 10° cm™ [22]. The boundary conditions for each of the Partial Differential
Equations (PDEs) are listed in Fig. 1. The variables used in the simulations of double
head-streamer discharge in the air are shown in Table 1.

Ne(r,2)|=o = np(r' z)|t=0 = Npk + Noexp[—(

Table 1: Variables used in the simulations of the double-head streamer discharge in the air.

Properties unit Functions
a cm™ 3500 exp(—1.65 x 105 E~1) The ionization coefficient
[23].
n cm’ 15 exp(—2.5 x 10* E~1 The attachment coefficient [23].
Bep cm’s™ Electron-ion recombination 2 x 1077 [24].
Bup cm’s™ lon-ion recombination 2 x 1077 [24].
DelL cm’s? 1800 The longitudinal direction diffusion coefficients
[23].
DeT cm’s’ 2190 The transverse direction diffusion coefficients [23].
e cm?.Vis? The mobility of electron 2.9 x 103/ P [25].
Wi cm”. Vst The mobility of ion 2.6 x 103/ P [25].
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2.4. Mesh Generation

The fluid model applied to streamers needs to have a very small mesh to capture
the steep gradients; it also needs to cover a vast area to consider application-relevant
geometry [26]. A narrow, curved, charged layer is present at the front of a streamer. To
continue developing the streamer, this charged layer must be resolved as best as
possible because it is responsible for producing the electric field that is needed. A small
mesh size for the computational grid is required due to the thinness of the charged layer
[27]. Fig. 2a shows the simulation region divided into several fine grids, with the most
suitable grid structure applied close to the symmetry line. In areas distant from the
symmetry axis, a coarse network structure was employed, which significantly increased
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the precision of numerical computations [28]. The mesh zoom and the precision of
some mesh entanglement in this model are shown in Fig. 2b.
Figure 2: Two-dimensional axisymmetric diagrams (a) mesh map area (b) zooms of the mesh.

3. Results and Discussion

The results revealed the effect of pressure values on the initiation and breakdown
times, electrons density, propagation velocity, space charge density, and the strength of
electric field of the double-head streamer discharge.

3.1. The Electrons Concentration

Fig. 3 shows the electron density for the initiation stage of the double-head
streamer discharge for the various pressure values. From the figure, a short inception
stage can be seen close to the middle of the air gap; the applied voltage created an
electric field that caused the seed of positive ions and electrons to be absorbed into the
middle of the gap, leaving behind positive and negative space charges which initiated
the double-head streamer discharge. For the pressures latm, 2atm and 3atm, the double-
head streamer was initiated at 0.563, 1.1056, and 1.629 ns, respectively.

Fig. 4 shows the electron density for the propagation stage of the double head
streamer discharge in air for the different values of pressure, this stage takes most of the
time. For the pressure latm, the double head streamer propagated in (1.126 to 3.941) ns
and the electron density at the positive streamer head 1.02x10™ cm™ as opposed
1.735x10™ cm™ for the negative streamer head. When the pressure increased to 2atm;
the double head streamer propagated in (2.213 to 7.7455) ns and the electron density at
the positive streamer head 1.08x10* cm™ as opposed to 1.95x10" cm™ for the negative
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streamer head. With more increased in pressure to 3atm; the double head streamer
propagated in (3.258 to 13.032) ns and the electron density at the positive streamer head
1.08x10™ cm™ as opposed to 2.45x10" cm™ for the negative streamer head.

t=4.504 ns t=9.9585 ns t=14.661 ns

a 9.4x108cm>

8.9 x 1083 cm3

1.67 x 10**cm™? 1.43 x 10" cm™3

A

Shil Ly vl .-
Figure 3: Two-dimensional surface plots of the electron density (the inception stage) of a
double-head streamer discharge extending between plane-to-plane electrodes.

Vi

t=0.563 ns t=1.1065 ns t=1.629 ns

0.6 x10%cm™® . 0.5x10%cm3

Figure 4: Two-dimensional surface plots of the electron density (the propagation stage) of a
double-head streamer discharge extending between Plane-to-Plane electrodes.

Fig. 5 shows the electron density for the interaction stage of the double-head
streamer discharge in the air for the different pressure values. It can be seen that the
negative streamer reached the anode and interacted with it. For the 1atm pressure, the
negative streamer crossed the inter-electrode space of 0.25 cm in 4.504 ns with an
electron density of 1.67x10™ cm™, corresponding to an average speed estimated at
about 0.56 mm/nm. When the pressure increased to 2atm, the negative streamer crossed
the inter-electrode space of 0.25 cm in 9.9585 ns with an electron density of 1.43x10™
cm, corresponding to an average speed of about 0.35 mm/ns. At 3atm pressure, the
negative streamer crossed the inter-electrode space of 0.25 cm in 14.661 ns with an
electron density of 1.24x10* cm™, corresponding to an average speed of about
0.17mm/ns.
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t=3.941 ns t=7.7455 ns t=13.032 ns
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Figure 5: Two-dimensional surface plots of the electron density (the interaction stage) of a
double-head streamer discharge extending between Plane-to-Plane electrodes.

1.735 x 103 cm—3

Fig. 6 shows the electrons density for the breakdown stage of the double head
streamer discharge for different values of pressure. In this stage, the propagation of the
cathode-directed streamer is only possible because it is given a high enough background
electron density. The breakdown stage has occurred as the enhanced region of the
electric field reaches the cathode. The electron density for the positive streamer does not
reach the cathode, as ‘electrical breakdown’ had occurred. For 1atm, the 0.5cm air gap
between plane and plane will be broken down after 5.63 ns. The positive streamer
crosses the inter-electrode space of 0.244 cm with the electron number density
2.01x10* cm, which corresponds to an average speed estimated at about 0.44 mm/ns.
For 2atm, the 0.5cm air gap between plane and plane will be broken down after
11.065ns. The positive streamer crosses the inter-electrode space of 0.244 cm with the
electron number density 2.69x10* cm™, which corresponds to an average speed
estimated at about 0.22 mm/ns. For 3atm, the 0.5 cm air gap between plane and plane
will be broken down after 16.29 ns. The positive streamer crosses the inter-electrode
space of 0.244 cm with the electron number density 2.89x10™ cm™, which corresponds
to an average speed estimated at about 0.15 mm/ns.

t=5.63 ns t=11.065 ns t=16.29 ns

NP C 2.8 x 10HEm—

1.6 x 1024 cm-3 R 1.34 x 104cm-3 1.16 x 10 cm—3
db ¥ e 4i
Figure 6: Two-Dimensional surface plots of the electron’s density (the breakdown
stage) of a double-head streamer discharge extending between Plane-to-Plane

electrodes.
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3.2. Electric Field Strength

The electric field intensity graphs of the double-head streamer discharge growth
under 1, 2 and 3 atm pressures are shown in Fig. 7a—c. Every curve in the diagram
illustrates how the electric field intensity changed along the axisymmetric path from the
start of the double-head streamer discharge until the breakdown point. This graphic
shows how the impact ionization, collision, and drift of charged particles were
accelerated during the double-head streamer discharge process as the pressure was
increased. The impact ionization enhances the discharge intensity in the head area of the
positive and negative streamers. The net space charge also grew, causing the external
electric field to shift more noticeably due to the negative and positive space charges. It
can be seen that for each pressure value, the electric field in the positive streamer head
was higher than that in the negative streamer head, while the electric field in the
negative streamer channel was higher than that in the positive streamer channel.

Line Graph: Electric field, z component (V/m)
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Figure 7: The electric field intensity along the axis for (a) 1atm (b) 2atm and (c) 3atm
pressures.
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3.3. Space Charge Distribution

One-dimension graphs of the space charge density of the double-head streamer
discharge growth at 1, 2 and 3 atm pressures are displayed in Fig. 8. Each curve
displays the variation in the space charge density along the axis of symmetry from the
start of the double-head streamer discharge to the breakdown point. The positive net
charge is greater than the negative net charge. The maximum of the positive net charge
density is approximately ten times greater than that of the negative net charge density

because of the attaching effect.

Space charge density (C/m°)

Space charge density (C/m®)

Space charge density (G/m’?)

Figure 8: The space charge distribution along the axisymmetric for (a) 1atm (b) 2atm and (c)
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. Conclusions

The simulation's results lead us to the following conclusions:
As air pressure decreases, the double-head streamer discharge develops more
quickly.
For each value of pressure, the electron density of the negative streamer head is
smaller than that of the positive streamer head, and the electron concentration
decreases with a decrease in air pressure.
The results indicate that the decrease in pressure has a minimal effect on the electric
field. The streamer head's field strength increases with air pressure.
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