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Abstract

When a gas is overvolted at or near atmospheric pressure, it results in a streamer discharge
formation. Electrode geometries exert significant impact on the electrical breakdown of
gases by altering the spatial profile of the electric field. In many applications the efficient
generation of radicals is critical and is determined by the characteristics of the streamer
discharge. We examine the effect of electrode geometry on the streamer characteristics
and the production of radicals. This is performed for three different electrode geometries:
plane—plane, pin—plane, and pin-pin. A two-dimensional rotationally symmetric fluid
model is used for the streamer discharge simulation in the hydrogen/air gas mixture.
The spatial profile of electron density and the electric field for point electrodes show
significant differences when compared to plane electrodes. However, the efficiency of
radical generation shows similar trends for the electrode configurations studied. We
also present the results of spatial electrical energy density distribution which in turn
determines spatial excited species distribution. These results can inform the design of
specific applications.

Keywords: electrode geometry; streamer discharge; excited species; G-factors; nanosecond
pulse discharges; pin electrodes

1. Introduction

The excited species in a non-thermal plasma provides a highly reactive environment
at or near room temperature. The plasma chemical reactions form the basis for many
mature and emerging technologies [1-6]. There are many methods to create a non-thermal
plasma at atmospheric pressure by the electrical breakdown of gases, including high voltage
repetitive pulses, radio frequency (RF) discharges, and DC discharges [2,7-9]. Some of
the methods such as RF and DC are better suited for pressures lower than atmospheric
pressure [2]. At atmospheric or higher pressures, most discharges tend to form arcs as they
reach a steady state [10-12]. However, if the electrical discharge is terminated during the
transient phase, low temperature non-thermal plasmas can be obtained. In a dielectric-
barrier discharge (DBD), the electric field decreases in the gap due to the charging of the
dielectric leading to the extinction of the micro-discharges. In repetitive nanosecond pulsed
discharges, the pulse width is adjusted to avoid arc formation. During the transient phase
the discharge starts as an avalanche, and as the space charge starts to dominate the electric
field it turns into a streamer [13-18]. The transient phase of the electrical breakdown
at atmospheric pressure is responsible for the creation of excited species which are the
precursors for the plasma chemical conversion in most applications [19].
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Commonly used electrode geometries for creating a DC or pulsed electrical discharge
include plane—plane, point—plane, and point-point. The electrode geometry determines
the spatial electric field, which in turn influences the temporal evolution of the electrical
discharge. A large volume of work on streamers is available for the plane—plane geome-
try [13-16,20,21]. In our previous work, we investigated the fluid models appropriate for
streamer simulations, and radical production efficiency for plane—plane electrodes [22,23].
Point—plane electrode configuration is frequently used in atmospheric pressure plasma, par-
ticularly with a liquid surface acting as a plane electrode [24-29]. Yamazawa and Yamashita
have performed detailed calculation of the electric field for point—plane gaps using the
finite element method [25]. Bourdon et al. have reported on the influence of the electrode
set-up geometry on the characteristics of ionization fronts [26]. They found that the radius
of curvature of the tip of the point electrode and its exact shape have a negligible effect on
the discharge properties. They also observed that the propagation speed of the discharge
front is high close to the tip of the anode point and decreases further away from the tip. Sato
et al. have reported on the effects of voltage polarity for a pin-to-plane electrode geometry
in atmospheric pressure argon [27]. They concluded that low-voltage operations with
positive polarity applied to the pin electrode were useful for obtaining stable high electron
density plasma for atmospheric pressure argon. Fu et al. investigated the scaling laws of
various electrode configurations [28]. They concluded that gap geometry, which results in
local field enhancements, is of critical importance on the breakdown characteristics.

In this paper, we report the results of streamer formation and propagation in three
different electrode geometries: plane-plane, pin—plane and pin—pin. This was performed
for atmospheric pressure air-hydrogen fuel mixture. This particular gas composition was
chosen as an application of plasma in the control of combustion [30-34]. The combustion
kinetics of this gas mixture is well understood, and the efficient radical production is
important for the control of the combustion characteristics [7,31,35-40]. In this study, a first
order drift-diffusion fluid model for the streamers is used in two dimensions with rotational
symmetry [11]. Our emphasis in this article is to understand the effect of electrode geometry
on excited species production. We also look at the spatial extent of the energy density in a
streamer, since energy density is the determining factor of radical density.

2. Streamer Model and Numerical Method

During the transient phase of the electrical breakdown of gases, which is in the ns
timescale, the heavy particles do not gain energy, and the neutral gas and ion are at or near
room temperature. Due to heavier mass, the ion mobility is orders of magnitude lower
than electrons’, so the ions can be considered stationary compared to the lighter electrons
and the convective terms in the conservation equations for the ions can be ignored. In the
space-charge-dominated streamer type, discharge the ionization front propagates at speeds
several times higher than the local electron drift velocity and the plasma density forms steep
spatial gradients due to the rapid growth of ionization. The approach to the modeling of
streamers can be broadly characterized as fluid or kinetic [41-43]. The kinetic models solve
the Boltzmann equation along with the Poisson equation to determine the phase space of
particles, and are computationally expensive. A hybrid approach of particle-in-cell Monte
Carlo simulation along with a lumped solution of Poisson’s equation has been successfully
used for modeling stochastic fluctuations [20]. The first three moments of Boltzmann's
equation give the particle, momentum, and energy conservation equation used for fluid
models. In the second order fluid model, the energy equation is solved for local electron
mean energy. The transport properties and rates in a second order model are parameterized
using the local mean energy approximation (LMEA). The first order drift-diffusion fluid
model is based on local field (E/N) approximation (LFA). In an earlier publication, we have
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reported on the parametrization of fluid models, and found that at atmospheric pressure,
in molecular gases, the first order model works as well as the LMEA [22,43]. In this study,
the LFA model for an attaching gas is used for solving the following particle conservation
equations [12-14,44-47]:

% = —V.I.(E/N) +n.v;(E/N) —n.v,(E/N) + S (1)
ai’li .
a5 n.vi(E/N) + S @)
on,
oF neva(E/N) (3)

where 7, n;, and n, are the electron, positive ion, and negative ion densities, respectively,
v1 is the ionization frequency, and v, is the attachment frequency. For non-attaching gases
Equation (3) can be ignored as v, = 0. The quantity S represents various ion/electron
source or sink mechanisms, such as photoionization, recombination, or remnant space
charge in repetitive discharges. Assuming isothermal plasma and ideal gas law, the particle
flux can be obtained from the momentum conservation equation and is given by the
following [14,34]:

I.(E/N) = —nepe(E/N)E — D.(E/N)Vn, (4)

where y4, is the electron mobility, De is electron diffusion coefficient, and E is the electric
field vector.

The spatial distribution of the electric field E can be obtained from the solution of the
Poisson equation [3,14,34].

{VZCD = —qe(n; —ne —np) /€ 5)

E=-Vo

where @ is the electric potential, qe is the elementary charge, and ¢, is the free space
permittivity. The energy (eV) deposited in the gap during a time interval At can be found
from the following:

Ag(t) = AtjjﬂE 12 nepedr. (6)

The density of the generic radical produced by the electron impact excitation process is
shown in Equation (7) where the excitation frequency, vx(E/N), is spatially and temporally
dependent on the local field, E/N. At each time step, Equation (7) is used to calculate the
generation of the excited species “k” from the spatial electron density distribution and the
excitation frequency, which is a function of local field [19].

AN () = At[[ [ ne(r,z, Hu(B/N)dr @)

The electrode geometries investigated consist of plane—plane, pin—plane and pin-
pin configurations. The set of Equations (1)~(5) was solved numerically using a two-
dimensional finite difference method assuming rotational symmetry. The flux-corrected
transport (FCT) method proposed by Boris and Book was used for the convective term of
electron density [48,49]. This method is particularly suitable for handling the steep density
gradients and strong field changes encountered in streamer propagation. An eight-order
scheme was used to find the high-order flux, and the donor cell for the low-order scheme.
The details of the method as applied to streamers have been extensively reported [13-16].
Poisson’s equation is solved for the electric potential by successive over-relaxation (SOR)
method [50]. This iterative method converges rapidly as the perturbation in charge density
is small compared to the previous time step. For gap distance d, a suitably chosen large
radial distance R, and an applied voltage V, the boundary conditions on ®(r,z) in the
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cylindrical domain 0 < z <d and 0 <r <Rare ®(r,s1) =V, O(r,s7) =0, Baii 0= 0, and
r=

PR, z) = %. The surface contours of the two parallel plate electrodes are represented by
s1, and s,.

3. Results and Discussions

In order to compare the results of the three different electrode configurations, we kept
the shortest distance between the two electrodes the same for all three cases: the plane-
to-plane electrode separation was 3.5 mm, the pin-tip-to-plane separation was 3.5 mm,
and the pin tip to the other pin tip was 3.5 mm. All the results presented here are for an
applied voltage of 15 kV for the three different electrode configurations. The pin electrode
comprised a cylinder 1 mm in diameter and 0.75 mm in height with a semi hemispherical
top of 1 mm diameter. Similar electrode configurations have been reported by other
investigators [24]. A non-uniform mesh both in the z and r directions was used with a finer
mesh near the electrode tip. The smallest mesh size was 5 um. There was a wide parameter
range over which the simulations could be performed. Bourdon et al. reported numerical
studies of the effect of electrode set-up geometry on the morphology of the ionization
wave at atmospheric pressure air [26]. They concluded that the radius of curvature of
the electrode tip (100-1000 pm) and the shape of the electrode (rod or hyperbola) had
negligible influence on streamer properties. Although a parametric study would be useful,
the simulations presented here were performed for only one geometry for each of the three
electrode configurations. Therefore, it is difficult to draw general quantitative conclusions.
However, our goal is to achieve a qualitative understanding of the electrode geometry
effect on streamer properties and radical production.

The transition from avalanche to steamer discharge requires the buildup space charge.
Therefore, for the streamer simulations, we bypassed the avalanche phase by placing a neu-
tral plasma on either electrode. Once the streamer develops, the properties of the streamer
propagation do not depend on this initial charge [13,14]. A Gaussian-shaped neutral plasma
was placed on one of the electrodes. The shape of the initial distribution along the radial
and axile direction is given as n,(z, 1) = 1018exp(—((z — zo)z/0.001)exp(—1’2/0.001)/m3
where z, is the tip position for pin electrodes. In the case of the pin—pin electrodes, initial
plasma was placed on both tips. This configuration produced a streamer discharge whose
properties are characterized in this study. Due to numerical instabilities, the simulations
were stopped when the streamer bridged the gap. The “S” term in Equations (1) and (2)
represents the source of free electrons. In air, the mechanism of photoionization is attributed
to the 98-102.5 nm emission from excited nitrogen molecules by electron impact which
can ionize an oxygen molecule [21]. The determination of photoionization requires the
cross-section data, which is not readily available for gas mixtures. The most commonly
used cross-section data is a 1970 article by Penny and Hummert where they report the
photoionization measurements in air, oxygen and nitrogen [51]. There are several reports
on the use of Penny and Hummert data for the study of streamers in air and nitrogen. These
studies concentrated on detailed aspects of streamers, such as branching [52,53]. Wei et al.
studied streamer discharge in humid air [54]. They concluded that the photoionization
rate is about three orders of magnitude lower than electron impact ionization. Therefore,
photoionization had negligible influence in the propagation of streamers. In this work, to
overcome this problem, the photoionization term “S” in Equations (1) and (2) was sim-
ulated by a very low-density spatially uniform neutral plasma. A constant background
charge of 10'! /m? was added to simulate the photoionization. These assumptions have
been widely studied and their impact on the generation and propagation of streamers is
not critical for the study of radical generation for different applications [13,14,16].
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The results presented here are for air-hydrogen mixture for an equivalence ratio of
& =1 (N2 58%, Oy 14%, Hj 28%), which is the ratio between the oxygen and hydrogen in
the gas that is required for complete stoichiometric combustion. Since a first order fluid
model is being used, the electron mobility, the diffusion constant and the rate constants
of electron impact processes are obtained as a function of the reduced electric field (E/N)
from an open-source Boltzmann equation solver, BOLSIG+, for the gas composition of
interest [55]. The electron impact cross-sections for the gas mixture (N, O,, and Hj) under
study are available at Ixcat.net, which is the most up-to-date database [56].

Figures 1-3 show the images of the magnitude of the electric field and electron density
for the three different electrode configurations. The initial charge was placed on the anode
for plane-plane and pin—plane electrodes. This produces a cathode-directed streamer with
electron drift which is opposite to the propagation of the ionization front. In the pin—pin
electrodes, since an initial charge was placed on both the electrodes, a cathode-directed and
an anode-directed streamer were formed. In the pin—pin electrode, the cathode-directed
steamer had higher field enhancement and the front had higher density compared to the
anode-directed streamer. This has been shown to be the case for plane—plane electrodes in
previously reported results [11,14]. The images for point electrodes show radial profiles
that are sharper at the tip. The radial extent of the streamer in the plane-to-plane electrodes
is larger than either the pin—plane or pin—pin electrodes. The electron density in the pin
electrodes is high along the axis and the tip. This can be attributed to the uniformly applied
field for the plane-to-plane geometry, whereas the applied field for a point electrode radially
decreases further away from the axis [23].

Magnitude of electric field (V/m)
1.7ns %108

Radial distance (mm)
o =
I
Radial distance (mm)
1
= o s

0 0.5 1 1.5 2 25 3 3.B5 0 0.5 1 1.5 2 25 3 3
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Distance from anode (mm) Distance from anode (mm)
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Figure 1. The cross-sectional image of a plane—plane electrode geometry at different times for a
cathode-directed streamer: (a) electric field magnitude, and (b) electron density. The applied voltage
was 15 kV at atmospheric pressure.
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Figure 2. The cross-sectional image of a pin—plane electrode geometry at different times for a cathode-
directed streamer: (a) electric field magnitude, and (b) electron density. The applied voltage was
15 kV at atmospheric pressure.
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Figure 3. The cross-sectional image of a pin—pin electrode geometry at different times for cathode-
and anode-directed streamers: (a) electric field magnitude, and (b) electron density. The applied
voltage was 15 kV at atmospheric pressure.

The sharp changes in the electron density and the electric field at the streamer front is
best illustrated by the streak images of the axial electron density and the axial electric field
shown in Figure 4. In the images, the color bars have different scales as the densities and
field have different orders of magnitude for the three electrode geometries. The streamer
formation and speed are higher for the pin electrodes compared to the plane electrodes.
The axial electric field ahead of the streamer front in the streak image for the plane-to-plane
electrode shows a slower decay compared to the other electrodes.

In Figure 5, the electric field and the electron density along the axis are shown for
the three electrode configurations. These plots are for an instant in time of the streak
images. For comparison, these snapshots were at time instances when the streamer reached
approximately the halfway distance in the gap. In all cases, there is a steep gradient of both
the electron density and the electric field at the ionization front. However, the drop of the
electric field outside the streamer body in the plane—plane electrode is slower compared
to the other two, which can also be observed in the streak images. This is also evident in
the image of electric field, shown in Figure 1, where the field forms a wider band around
the streamer front. This is due to the decrease in the applied field away from the tip of the
pin electrodes.

Electron density (numberlma)

0.5 1 1.5

Electric field (V/m))

Distance from anode (mm)

2
0.5 1 1.5 2
time (ns)

@)
Figure 4. Cont.
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Figure 4. Streak images of the axial electron density and the axial electric field: (a) plane—plane
geometry, (b) pin—plane geometry, and (c) pin—pin geometry. The simulation conditions are the same
as in Figure 1, Figure 2, and Figure 3, respectively. Note: the color bar scaling is different for each plot.
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Figure 5. Electron density and electric field on axis. (a) Plane—plane electrodes at 1.8 ns; (b) pin—
plane at 1.1 ns; (c) pin—pin at 1.0 ns. The time instances were chosen when the streamers reached
approximately the middle of the gap.

The plots in Figure 6 show the total energy deposited in the gas as a function of
time. These plots are for the duration it takes the streamers to bridge the gap for the three
electrode geometries which are different. The pin—pin is simulated for the duration when
the cathode- and anode-directed streamers meet close to the middle distance of the gap.
Due to the field enhancement at the tip of both the pin—plane and the pin—pin electrodes,
a larger amount of electrical energy is coupled with the discharge in the early phase of
the streamer development in comparison to the plane—plane discharge. However, with
time, the plane—plane electrode develops a larger volume (see Figure 1), and this results in
greater coupling of electrical energy.
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Figure 6. Time evolution of the discharge energy for the three electrode geometries.

For combustion applications, the production of dissociated oxygen and hydrogen
is important in determining ignition delays. These radicals are generated by electron
collision excitation to repulsive electron states. The important products include oxygen
and hydrogen atoms. A subset of the reactions leading directly to these products are listed
below [57,58].

e+0y = 0 (A’S)) +e— OCP)+O(CP) +e¢ )
e+0y o 02(B’%;, ) +e— OCP)+O('D) +e 9)
e+Hy o Hy(VPLf) +e— H(*S)+ H(*S) +e (10)
etHy - Hy(B'S) +e— H('S) + H('S) +e (11)

For efficiency comparison, a measure that is often used where radical production
is critical for the application is the G-factor, which is defined as the number of excited
species produced by electron impact for every 100 eV input of electrical energy [3]. The
electron impact rates (Equations (8)—(11)) are obtained from the solution of Boltzmann
equation with BOSLIG+. Figure 7 shows the total dissociation rates for the oxygen and
hydrogen molecules as functions of the reduced electric field, which are used to determine
the densities. During the simulation, Equation (6) is used to determine the electrical energy
deposited over the entire volume in a time interval At. A time integral is performed to
determine the cumulative energy at an instant in time. Similarly, Equation (7) is used to
determine the radical concentration over the entire volume for a time interval At. The
cumulative density at any instant in time is obtained by time integration. We assume
there is no convective loss or gain of energy in the ns time scale. The ratio of the radical
density to the energy input gives the G-factor at that instant in time. Figure 8 shows the
G-factors for oxygen and hydrogen atom production for different electrode geometries as a
function of time. Since the threshold energy for the electron impact processes leading to
hydrogen dissociation are higher than oxygen dissociation, the G-factor will be lower than
the G-factor for oxygen atom production. The trends for hydrogen atom and oxygen atom
production are very similar for all three electrodes. Since the streamer formation from the
initial charge distribution takes about 0.2 ns, the plots are shown to start at that time. The
G-factor of the important dissociation products for combustion is almost constant during
the streamer propagation. This observation was noted in one of our earlier publications [23].
Although the reduced electric field at the streamer front increases with time (Figures 1-3)
for all three electrode geometries, the rates for most electron impact processes start to flatten
at such high fields (see Figure 7). This reduces the impact of radical production due to
high field enhancement. Also, the bulk of the electrons are under a low electric field due
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to shielding which favors low-threshold energy processes such as vibrational excitation.
The electrode geometry does not influence the energy partitioning, and the species’ density
primarily depends on the energy deposited in the volume of the gas. Therefore, the G-factor
can be defined as a macroscopic property of the streamer which, once evaluated, can be
used to determine the radical density from the electrical energy density of the discharge for
chemical conversion simulations for different electrode arrangements.

%107 18

(2}

w

=S

——Hydrogen
——Oxygen

Dissociation rate (m3/s)
N w

-

o
[=)

200 400 600 800
Reduced electric field (Td)

Figure 7. Dissociation rates for hydrogen and oxygen as a function of reduced electric field. The gas
composition was Ny 58%, O, 14%, and Hj 28%.
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0 0.5 1 1.5 2 2.5
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Figure 8. Hydrogen and oxygen G-factors for plane—plane, pin—plane and pin—pin electrode geometry.

From an application viewpoint, besides the G-factors of specific species, the spatial
distribution may also be relevant. In this context, the spatial distribution of the electrical
energy in the streamer would be useful. There are no reported results in the literature on
the spatial energy distribution in a streamer discharge. Figure 9 shows the spatial energy
distribution for the three electrode arrangements. The instantaneous power (eV/ (m3s))
deposited at a special location is determined from |E |2 1,1, where | E| and ne are space
dependent. This quantity is integrated over time, assuming no convective gain or loss of
energy in the time scale of ns. The time instances shown in Figure 9 are the same as in
Figure 5, when the streamer reaches approximately the midpoint of the gap length. The
plane—plane electrode system shows a wider radial spread of the energy deposition because
of the uniformity of the applied field. For the pin electrode geometries, the higher energy
deposition is along the axis and the pin electrode tip. Since the applied field is highest near
the tip of the pin electrode, the energy deposition would also be high there.
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Figure 9. Spatial distribution of the energy density for the three electrode geometries.

In applications such as plasma-assisted combustion, the ignition kernel development
will not only depend on the energy density but also the volume. From the spatial energy
distribution at any given time, the volume associated with energy density can be estimated.
This can be performed by discretizing the energy density and adding the volumes associated
with it. Figure 10 shows the plot of the volume associated with energy density for the three
electrode geometries. These plots were generated from Figure 9 by discretizing the energy
density and counting the volume associated with each energy density bin. The bulk of
the energy density is below 3 mJ/cm? for all the electrodes. This can also be seen in the
images of the energy density in Figure 9, where the bulk of the streamer is in the energy
density range from 2 to 4 mJ/cm?. The point-to-point geometry due to the high field region
near the point electrode shows larger volumes with higher energy density. Although these
results are for a very limited range of parameters, they give a qualitative understanding of
the influence of electrode geometry. For design purposes, a more detailed analysis would
be required to establish a quantitative assessment of the volume associated with energy
density for different applied voltages and the pulse width of the applied voltage.

«107° Volume versus energy density

5 -

&4t ——Plane-plane
I ——Pin-plane
&) i
~ Pin-pin
o3
=
=
Sap

1 -
0
0 2 4 6 8 10

Energy density (mecma)

Figure 10. The volume associated with the energy density for a streamer in three different electrode
geometries.

4. Conclusions

At atmospheric pressure, the transient phase of the discharge is modeled as a steamer.
The electrode geometry determines the spatial electric field which in turn influences the
temporal evolution of the electrical discharge. For a plane—plane geometry the applied
field is spatially uniform, whereas for pin electrodes it is highest at the tip. The streamer
propagation in a plane—plane geometry has a wider radial profile compared to the pin
electrodes. The excited species production efficiency, G-factors, is very similar in the three
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electrode geometries investigated. Similarly to that reported in an earlier publication for
plane—plane geometry, the G-factors remain fairly constant once the streamer is developed
for all three electrode types [23]. From a design perspective, for an application, the electrical
energy coupling with the discharge can be used to obtain a good estimate of the excited
species concentration. The other important factor is the spatial distribution of the energy.
From the simulations, the volume associated with energy density was obtained. The pin
geometries show regions with higher densities compared to plane geometries.
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