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Local electron mean energy profile of positive primary streamer
discharge with pin-plate electrodes in oxygen—nitrogen mixtures”
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Local electron mean energy (LEME) has a direct effect on the rates of collisional ionization of molecules and atoms
by electrons. Electron-impact ionization plays an important role and is the main process for the production of charged
particles in a primary streamer discharge. Detailed research on the LEME profile in a primary streamer discharge is
extremely important for a comprehensive understanding of the local physical mechanism of a streamer. In this study, the
LEME profile of the primary streamer discharge in oxygen—nitrogen mixtures with a pin-plate gap of 0.5 cm under an
impulse voltage is investigated using a fluid model. The fluid model includes the electron mean energy density equation, as
well as continuity equations for electrons and ions and Poisson’s electric field equation. The study finds that, except in the
initial stage of the primary streamer, the LEME in the primary streamer tip tends to increase as the oxygen—nitrogen mole
ratio increases and the pressure decreases. When the primary streamer bridges the gap, the LEME in the primary streamer
channel is smaller than the first ionization energies of oxygen and nitrogen. The LEME in the primary streamer channel
then decreases as the oxygen—nitrogen mole ratio increases and the pressure increases. The LEME in the primary streamer
tip is primarily dependent on the reduced electric field with mole ratios of oxygen—nitrogen given in the oxygen—nitrogen
mixtures.
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1. Introduction

Low-temperature, non-equilibrium plasmas produced by
gas discharges in air have recently received considerable atten-
tion because of their capability to enhance the reactivity of gas

flows for various applications'! =]

in ozone production, pollu-
tion control, disinfection, surface treatment, ignition, and so
on. Low-temperature, non-equilibrium plasmas from gas dis-
charges usually take the form of streamer trees characterized
by high electron and ion densities in a narrow channel ['”’
The concept of streamer discharge was introduced in
the 1930s to explain naturally occurring spark discharges.!'!]
Streamer discharges are also regarded as the initial phase of
spark discharges or the breakdown process of a gas, liquid,
or solid. The characteristic duration of streamer propagation
is relatively short. The streamer discharge is a nonlinear dy-
namics process of multi-field and multi-scale couplings.'%!3]
The temporal scales include the electron transport time, the
age of the excited particles, and the characteristic times for the
formation and propagation of a streamer. The spatial scales in-
clude the collisional mean-free-path of electrons, the radius of
the streamer channel, and the growth of interacting filamentary
streamers comprising thousands of streamer branches.!'?!
Great progress has been made in streamer discharge

research during the last ten years. For example, the
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research group of multi-scale-modelling and nonlinear-
dynamics (MAC3) led by Ebert has produced many significant
works that have enhanced and developed streamer research.!']
Although the streamer discharge in gases is a random process
from the physical viewpoint, according to research purposes,
the random process of a streamer is usually ignored. Due
to the missing out of the random process, three-dimensional
(3D) simulations do not bring new results with respect to two-
dimensional (2D) models. In fact, because 3D simulations of
streamer discharge remain computationally expensive, there
are still few 3D simulations. With the deepening of the study
of streamer discharge, a full 3D simulation with the random
process taken into account may be one of the main methods
to investigate streamer discharge, which will provide a com-
prehensive understanding of it. The present study is mainly
aimed at the local electron mean energy (LEME) profile of
positive primary streamer discharge, so the simplified 2D ax-
isymmetric model is a reasonable, acceptable, and a time-
saving option. Various models have recently been developed
to study streamer discharge. The main models include the
kinetic model (e.g., PIC/MCC),[g’M’”] the fluid modell'8:19]
(through calculations using the moments of the Bolzmann
equation),?%2!! and the hybrid kinetic—fluid model.[>>-2% Each
model has its own advantages and disadvantages. The kinetic
models provide the most detailed kinetic information on elec-
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trons, ions, and atoms in the conventional low-pressure plasma
discharges, but are very time-consuming.>*! The fluid models
are widely used to investigate low-temperature plasmas from
gas discharges.[>!?*3% The hybrid model combines the ad-
vantages of the kinetic and the fluid models. Recently, Li
et al. from MAC3 have made some progress in the applica-
tion of a hybrid kinetic—fluid model for streamer discharge
analysis.?>2%1 The hybrid kinetic—fluid model could be one
of the main models used in future streamer discharge studies,
but the fluid model is currently used for investigations. The
research on streamer discharges continues to focus on the an-
ode current, streamer propagation velocity, channel diameter,
electric field, and photoionization. However, the local elec-
tron mean energy density equation is usually ignored in most
studies.['3:19]

In low-temperature, non-equilibrium plasma discharges,
the LEME is very important for understanding the local mech-
anisms of streamer discharge. For example, the propagation
velocities of ion-acoustic waves, the electronic mean free path
in plasma, the electron diffusion coefficients, conductivity,
and thermal conductivity are calculated based on the LEME
or the electron temperature equaling the LEME multiplied
by 2/3.3!1 Moreover, electrons cause the energy transfer in
streamer discharge. The collision ionization by electrons is the
main process for the production of charged particles in low-
temperature, non-equilibrium plasmas from gas discharges.
The rate coefficients for electron impact ionization, as well as
the electron diffusion coefficient and mobility, are generally
functions of the LEME.*"! Although the LEME is important
in the analysis of low-temperature, non-equilibrium plasmas
from gas discharges, the current understanding of the LEME
in streamer discharges remains incomplete. The streamer dis-
charge usually includes a primary steamer and a secondary
streamer. This study aims to examine the LEME profile of the
positive primary streamer discharge with pin-plate electrodes
in an oxygen—nitrogen mixture. This paper is arranged as fol-
lows. Section 2 presents a brief description of the model. Sec-
tion 3 presents the results and discussion. Section 4 presents
the summary and conclusion.

2. Mathematical model
2.1. Governing equations

The electron conservation and the LEME density equa-
tions are given by!20-21,30]

aa”; +V.-T.=R., 1)
I'.=—u.En.— V (Dene); (2)
d &

gﬂ%a+V11=—dva+e;A$&, 3)
I'e =ne€Ue Vo —DVneE, 4

where n, is the electron density; I is the electron density
flux; Re is the electron production/destruction rate attributed
to ionization or recombination, the photoionization processes,
and the secondary emission processes on the cathode; e and
D, are the electron mobility and diffusion coefficients, respec-
tively; € is the LEME; I is the electron energy flux; e is
the unit charge; A&’ is the energy lost per electron in an in-
elastic collision described by gas reaction i; R; is the rate of
progress of reaction i with electron participation; ye and D¢
are the electron energy mobility and diffusion coefficients, re-
spectively; and ¢ is the electrostatic potential. The aforemen-
tioned transport coefficients of electrons are obtained by solv-
ing the Boltzmann equation [2%-3?]

The governing equations for ions and neutral particles are

given by!!®!
an ) N
1 = Rion + Rohoto = Rice — Rree, )
on;, N
atk = Ratt — R?em (6)
Iny ci i
(9t = Rrec + Rre(; - Rion - RphOlO - Ratta (7)

where n,f, n; , and n, represent positive ions, negative ions,
and neutral particles, respectively; Rion, Rphotos Rféc, Ririec, and
Ray are the rates of ionization, photoionization, electron—ion,
ion—ion recombination, and electron attachment, respectively.
The Rpnoto is given by!!8:33]
L Py

4m p+py

Rpholo =

/d%L"zh(\rm\p), ®)
|r — 7|
where 7 is the observation point, 7 is the source point, p,
is the quenching pressure of the singlet state of N,, p is the
gas pressure, and i (|r — 7| p) is the absorption function of
the photoionizing radiation. The Eddington approximation
method is used to calculate Rppoto.*¥
According to the local field approximation of the electric
field, the electric field in the discharge gap is calculated using

Poisson’s equation! 333

eVip=—e (Zn,j -y —ne> ; (€
k k

where € is approximately the permittivity of air.

2.2. Boundary conditions

Figure 1(a) shows a schematic diagram of the primary
streamer discharge device. The discharge of an oxygen—
nitrogen mixture at an atmospheric pressure is sustained by an
impulse voltage. Only half of the geometry is simulated be-
cause of the symmetry. Figure 1(b) shows the computational
domain for the primary streamer discharge of a positive pin-
plane gap. Line a—b is the symmetry axis. The boundary a—

f—e represents the anode. The boundary b—c is the grounded

015203-2



Chin. Phys. B Vol. 22, No. 1 (2013) 015203

substrate. Zero-charge boundary conditions [n - (eV @) = 0]
are used at boundary c—d—e.?® The electron flux at the elec-

trode is expressed as!>°!

T+ %

1
—(2ae—1)ueE-nne+§ve,mne , (10)

where m is the boundary normal vector, }. is the fraction
of electrons reflected by the surface of electrode (sometimes
called the classical secondary emission coefficient), and ve ¢ =
\/m is the electron thermal Velocity.ng] The a. is
equal to 1 when the electron flux is directed toward the elec-
trode and zero otherwise. The electron energy density flux Iy

to the electrodes (boundaries a—f—e and b—c) isl>’]

1
I n= gve,thé‘ne. (11

Because of reactions at the electrode surface, the ions and un-
stable neutral particles are quenched and transformed into sta-
ble neutral particles, which then return to the pin-plate gap
(For example, N;“ — N», O; — 02,0, = 07,0 — 0,). The
ion fluxes at the electrode are expressed as'*®!

- [8kgT
n-n:%/ m}i,- n, (12)

where I and n; are the flux density and the particle number
of species i, respectively; 7; is the surface interaction coeffi-
cient, which specifies the probability that species i will react
at the surface; and m; is the ion mass of species i. At boundary
c—d—e, the normal gradients of all species densities are zero.
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Fig. 1. Geometric model used in the simulation. (a) Schematic diagram

of the pin-plate streamer discharge; (b) computational domain.

2.3. Numerical algorithm

The model used in this study has a two-dimensional axial
symmetry configuration, as shown in Fig. 1(b). The model
is implemented using a COMSOL Multiphysics® package
based on the finite-element method. A fully implicit time-
marching method is used for the transport equations and the
Poisson equation. All numerical experiments are conducted
using a computer with two 3.4 GHz Intel(R) 17-2600 proces-
sors in 64-bit mode running in parallel and 16 GB memory,
all running on Windows 7. The primary streamer discharge

occurs in the vicinity of the primary streamer tip and propa-
gates along the axial direction. Therefore, a very fine unstruc-
tured mesh (Fig. 2) is used around the needle head and along
the axial symmetry line. The mesh parameters are shown in
Table 1. The quality of the elements of the mesh is an impor-
tant consideration.[*® Based on Table 1, the minimum element
quality and the average element quality are 0.8503 and 0.9846,
respectively.
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Fig. 2. Unstructured mesh used.

Table 1. Mesh statistics.

Mesh parameter Value
Triangular elements 39,854
Edge elements 1,000
Minimum element quality 0.8503
Average element quality 0.9846
Element area ratio 0.01044
Mesh area/m? 2.187x1073

2.4. Plasma chemistry

Chemical reaction schemes are important for streamer
discharge simulations. Sentman et al**) and Gordillo—
Vazquez*?! recently used complex chemical reaction schemes
when the characteristic duration of the discharge reaches tens
of microseconds or even tens of seconds. However, the char-
acteristic duration of a primary streamer only lasts several
nanoseconds. Based on the time scales of primary stream-
ers and according to Pancheshnyi’s research,!'8! the degrees
of excitation, dissociation, and ionization of oxygen—nitrogen
mixture are relatively low, and the heating of the primary
streamer channel is negligible. Therefore, the chemical reac-
tion schemes reported in the current study include e, N{ ,0F,
O3 N2, Nj, Of, O5, O and Os, as well as 18 reactions with
their participation.

1) Electron impact ionization processes

Rl: e+Ny —2e+NJ, ki(g), Agf = 12.06 eV, (13)
R2: e+0; —2e+0;, ke), A& =15.6eV. (14)
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The rate coefficients k; (&) and k;(€) are calculated from col-
lision cross-section data using the Boltzmann equation.!?!
2) Charge-transfer processes

R3:NJ +Ny+M — Ny +M, ks =5x10"*" ml/s, (15)
R4:NJ +0; = Of +Na, kg =6x 107" m3/s, (16)
R5:NJ +0; = Of +2Ny, ks =2.5x10""%m’/s, (17)
R6:2Ny +0F — OF Ny + Ny, kg =9 x 107 m®/s, (18)
R7:05 Ny + Ny — 05 +2Ny, k7 =4.3x 107" m?/5,(19)
R8:0J N, + 0, = Of +Na, kg=1x10""m?/s, (20)
R9:0f +02+M — Of +M, ko =2.4x 10" m®/s. (21)

3) Reaction of positive ions, negative ions, and neutral
particles

R10:0; +e — 20,

kio = 1.4 x 10712 (300/7)%° m® /s, (22)
R11:0;5 +e — 20,
ki =2x 10712 (300/T.) m®/s, (23)

R12:0; +0, —30,, kip=1x10""m’/s (24)
R13:0; +0; +M — 30, + M,

kiz =2x 10737 mb/s, (25)
R14:0; +0; +M — 20, + M,

kig =2x 10737 mb/s, (26)
R15:0+0y+M — O3+ M,

kis =2.5x 1074 mS/s, (27)
R16:2e+N; — e+ Ny,

kig = 5.651 x 107277, 98 m® /s, (28)
R17:e+ N5 + Ny — 2Ny,

ki7 = 6.07 x 1073*7,725 m%/s. (29)

4) Electron attachment process

R18:20; +e — O, + 02,
kig =2 x 1071 (300/T;) m%/s. (30)

The rate coefficients k3—k g are found in the literature.l'8:41-431
The electron temperature T; is given by T, = 2&/3 and is pre-
sented in units of K.

3. Results and discussion

Based on Pancheshnyi’s work,!'8] the plasma cloud of the
initial primary streamer exhibits a Gaussian distribution in the
space close to the pin electrode

+ ne (rvz)‘t:() = Zn;r (I’,Z)
i

Yo )
J =0

= moexp |~ (r/0,)” = (2= 20)/0.)°| 31)

t=0

39 O0;= 0.1 mm, 6, = 0.05 mm, ne (V’Z)’

where ng = 10" cm™
n; (r,z), and nl+ (r,z) denote the electron, negative ion, and
positive ion densities, respectively, and subscript i denotes
N;r s O;r s 02+ No, NI, and OI. The electron density is sig-
nificantly greater than the negative ion density at ¢t = 0 ns, that
1S, ne > Zn;.

Ono et al®! reported observations of cathode-directed
primary streamers in air-filled, point-plane gaps that are 0.5 cm
in length. He found that the primary streamer reaches the cath-
ode in 7 ns. For comparison, the current study uses the same
conditions as those used by Ono. The atmospheric pressure
is set at 300 K. An applied voltage V (¢) with an amplitude of
24 kV is used as the impulse voltage. The rise time of V (¢)
is set to 0.05 ps, and with a 0.2 ps decay, which is half of
the peak value. The radius of the positive pin electrode is set
to 0.3 mm, and the pin-plate gap is set to 0.5 cm. To facil-
itate calculations, the air is simplified to an oxygen—nitrogen
mixture with an oxygen to nitrogen ratio of 2:8.

3.1. Electric field distribution and streamer propagation
velocity

A comparison between the electric field and the streamer
velocity is performed to verify the validity of the model. The
electrons in the primary streamer are accelerated by an elec-
tric field. The electrons move toward the pin anode, and some
are consumed at the anode or in the primary streamer chan-
nel. The positive ions move toward the cathode, but their
velocities are substantially lower than those of the electrons.
As a result, the positive charge density becomes greater than
the negative charge density in the primary streamer head, as
shown in Fig. 3. According to the local approximation of the
electric field,?!33) the electric field of the primary streamer
head is strengthened, as shown in Figs. 4 and 5. The electric
field at the primary streamer head ranges from 1x107 V/m
to 1.83x107 V/m. The electric field near the plane cathode
ranges from 1.3x10% V/m to 3.9x10° V/m. In Ref. [19], the
electric field at a primary streamer tip with a 0.1 cm gap was
a constant of approximately 2x 107 V/m, and the electric field
near the cathode ranged from 1x10° V/m to 3x10® V/m.
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Fig. 3. Charge density distribution along the axis of symmetry.
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Fig. 4. Electric field distribution along the axis of symmetry.

Based on Ono’s workl?l the average velocity of pri-
mary streamers is approximately 7.14x10°> m/s in air-filled,
point-plane gaps that are 0.5 cm in length. In the current

study, the primary streamer bridges the whole gap in 6.9 ns,
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as shown in Fig. 5(c), and its average velocity is approxi-
mately 7.2x10° m/s under the same conditions as those in
Ono’s experiment.’] The velocities of streamer propagations
reported in the existing literature are approximately 10® m/s,
but the results under similar conditions may differ by up to an

(441 Therefore, only general comparisons

order of magnitude.
with numerical results of streamer propagation velocities are
performed in the current study. Based on Luque’s definition
of streamer radius,*’! the primary streamer radii in the current
study are shown in Fig. 6. The primary streamer mean radius
reported in this paper is approximately 0.358 mm (with a di-
ameter of 0.716 mm). The mean velocity of primary streamer
propagation calculated with the completely empirical relation

proposed by Briels ez al.*% is 2.56x 10° m/s.

2.0
- 1.5 7
g g
> =
s 1.0 [
o o
= =
R 0.5 R

—0.001 0 0.001
(c)

Fig. 5. (color online) Electric field distributions over an axial cross-section at (a) 3 ns, (b) 5 ns, and (c) 6.9 ns.
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Fig. 6. Radii of the primary streamer channel.

Figure 7 shows the velocity of the primary streamer prop-
agation calculated from the model using the discharge parame-
ters in Fig. 3. The velocity of the primary streamer propagation
increases over time 7, reaching approximately 3.00x 10 m/s
at t = 6.9 ns. The aforementioned velocity—time (v—) char-
acteristic is similar to that observed by Sigmond.[*”! Sigmond
reported streak photographic observations of cathode-directed
primary streamers in air-filled, point-plane gaps that are 0.5 cm

and 1.0 cm in length. He found that primary streamer ve-
locities increase as the distance from the cathode decreases,
reaching approximately 1x10° cm/s at the plane cathode. The
primary streamer velocity at the plane cathode reported in the
current study is larger than that reported by Sigmond. Based

[48] the differences between the streamer

on Winands’ work,
velocity at the plane cathode in the current paper and that re-
ported by Sigmond“’! may have been influenced by the ap-

plied electric field and/or the voltage rise rate.
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Velocity of streamer/106 m-s—!

Fig. 7. Velocity of the primary streamer propagation.
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The electric field distribution and the velocity of the pri-
mary streamer propagation obtained in the current study coin-
cide with those of the other studies. Therefore, the model and
the calculations used in the current study are valid.

3.2. Effect of oxygen and nitrogen mole ratio on the LEME
profile

Figure 8 shows the calculated LEME and the reduced
electric field in the primary streamer tip, which satisfy all the
conditions in Subsection 3.1 except for the oxygen and nitro-
gen mole ratio. The effect of the oxygen and nitrogen mole
ratio on the LEME profile is ignored when the z coordinate of
the streamer tip ranges from 4.6 mm to 5 mm, as shown in
Fig. 8(a). The LEME in the primary streamer tip increases as
the oxygen and nitrogen mole ratio increases when the z coor-
dinate of the streamer tip ranges from 0.42 mm to 4.6 mm. The
reason for the aforementioned behavior is that the electron-
energy loss in the impact ionization process increases as the
oxygen and nitrogen mole ratio increases, because oxygen has
a smaller first ionization energy compared with that of nitro-
gen. In Ref. [47], Sigmond estimated that the LEME in the
streamer head ranges from 12 eV to 16 eV and the reduced
electric field of the streamer head ranges from 400 Td to 600
Td in the air streamer discharge. Air is regarded as an oxygen—
nitrogen mixture with an oxygen and nitrogen mole ratio of
approximately 2:8. In the current study, the LEME in the
streamer head ranges from 13.9 eV to 21.9 eV in the region
where the z coordinate of streamer tip ranges from 0.42 mm to
4.6 mm with the reduced electric field ranging from 430 Td to
800 Td, as shown in Fig. 8. The LEME-reduced electric field
(2-E/N) characteristic coincides with Sigmond’s studies.

When the oxygen and nitrogen mole ratio is 3:7, the
LEME in the primary streamer tip reaches 35 eV and has a
reduced electric field of 1300 Td, as shown in Fig. 8(b). The
resulting values are slightly large for a primary streamer dis-
charge. The slightly large values are likely attained because
the kinetic scheme of the primary streamer reported in this
study does not include the excitation process of gas molecules.
The electron-energy loss in the kinetic scheme is smaller than
that in the actual discharge process. A smaller electron-energy
loss results in a larger LEME in the primary streamer. There-
fore, the LEME is an important factor to be considered when
the complete kinetic scheme for oxygen—nitrogen mixtures
is simplified to the reasonable kinetic scheme of a primary
streamer. When the oxygen and nitrogen mole ratio is 1:9, the
maximum value of the LEME in the primary streamer head
is only 16.1 eV, with a reduced electric field of 500 Td, as
shown in Fig. 8(b). In the region where the z coordinate of
the streamer tip ranges from 1.8 mm to 4.6 mm, the differ-
ence between the LEMESs obtained with oxygen and nitrogen
mole ratios of 2:8 and 1:9 is nearly a constant value of 2.8 eV.

However, the difference between the reduced electric fields ob-
tained from oxygen and nitrogen mole ratios of 2:8 and 1:9 in-
creases as the distance from the cathode decreases, as shown in
Fig. 8(b). In the region where the z coordinate of the streamer
tip ranges from 0.42 mm to 1.8 mm, which is the region near
the cathode surface, the LEME increases as the distance from
the cathode decreases. The aforementioned behavior may be
attributed to the effect of the cathode on the discharge, i.e., the
electric field near the cathode surface is strengthened because
of the space charge in the cathode surface.
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Fig. 8. (color online) (a) LEME and (b) reduced electric field in the
primary streamer tip.

Figure 9 shows the LEME and the reduced electric field
profiles along the axis of symmetry when the primary streamer
bridges the gap. The LEME in the primary streamer channel
ranges from 4.47 eV to 6 eV, and the reduced electric field
ranges from 28.4 Td to 62 Td. The LEME in the primary
streamer channel slightly increases as the oxygen and nitrogen
mole ratio decreases. As reported in our previous paper,*’]
although the proportion of N; (approximately 78%) is signif-
icantly higher than that of O, (approximately 22%) in air, in
a streamer discharge, the main contributor to electron produc-
tion is the ionization of O,. Therefore, the electron density
in the primary streamer channel increases as the oxygen and
nitrogen mole ratio increases. In Eq. (3), the electron energy
loss/gain attributed to inelastic collisions is given by

Iy Iy
ey AgR; = eZASf’k;nen,-,

i=1 i=1

(32)

where k; and n; are the reaction rate coefficient and the back-
ground gas density, respectively. Although the mean-electron-
energy loss in the oxygen—nitrogen mixture decreases as the
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oxygen and nitrogen mole ratio increases, the total energy
transfer e A&fknen; increases because the electron density
significantly increases. Therefore, in the primary streamer
channel, the total energy transfer increases as the oxygen and
nitrogen mole ratio increases, and the LEME in the primary
streamer channel decreases, as shown in Fig. 9(a). In the re-
gion of 2.3 mm to 5 mm away from the cathode, the variations
in the LEMEs at different oxygen and nitrogen mole ratios are
similar, with intervals of approximately 0.43 eV and 0.13 eV,
respectively. However, Fig. 9(b) shows that the reduced elec-
tric field in the region of 2.3 mm to 5 mm away from the cath-
ode, with an oxygen and nitrogen mole ratio of 1:9, is approx-
imately equal to that with an oxygen and nitrogen mole ratio
of 2:8 and is 7.32 Td smaller than that with an oxygen and ni-
trogen mole ratio of 3:7. Because of the effect of streamer tip
charge, fluctuation in the LEME and a reduced electric field
are observed in the region of 1.4 mm to 2.3 mm away from
the cathode. Figures 8(a) and 9(a) show that the LEME in the
primary streamer tip is larger than the first ionization energies
of oxygen and nitrogen. Therefore, the impact ionizations of
nitrogen and oxygen molecules mainly occur in the primary
streamer head.

LEME/eV

W~

60

50

40

30

(E/N)/Td
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1 2 3 4 5

Distance from the cathode/mm

Fig. 9. (color online) (a) LEME and (b) reduced electric field profiles
along the axis of symmetry for primary streamers bridging the gap.

3.3. Effect of pressure on the LEME profile

Figure 10 shows the LEMEs in the primary streamer tip
and channel obtained from Eq. (3), satisfying all the conditions
of Subsection 3.1 except for pressure. The effect of pressure
on the LEME profile in the region of 4.6 mm to 5 mm away
from the cathode is ignored. In the area of 1.8 mm to 4.6 mm

away from the cathode, the LEME in the primary streamer tip
increases as the pressure decreases. The electron-mean-free-
path increases as the pressure decreases, and the electrons ob-
tain more energy from the applied electric field. Therefore,
the LEME in the primary streamer tip increases. The LEME
in the primary streamer tip at 1 atm is approximately equal to
that at 0.75 atm and is smaller than that at 0.5 atm in the region
of 0 mm to 1.8 mm away from the cathode. The LEME in the
primary streamer tip in the regions from 0 mm to 1.8 mm and
from 4.6 mm to 5 mm away from the cathode is the result of
the combined effect of the electrode and the gas pressure.
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Distance from the cathode/mm

Fig. 10. (color online) LEME profiles in the primary streamer head
with an oxygen and nitrogen mole ratio of 2:8: (a) LEME in the pri-
mary streamer head; (b) LEME in the primary streamer channel.

The LEME in the primary streamer tip reaches 30 eV at
0.5 atm, which is considerably larger than that at 1 atm and
0.75 atm. The 30 eV LEME is also slightly large for a primary
streamer discharge. A large value is obtained because the ki-
netic scheme of the primary streamer reported in this study
does not include the excitation process of gas molecules.

When the primary streamers bridge the gap, the LEME
value in the primary streamer channel ranges from 4.5 eV to
7 eV. In the region of 1.8 mm to 5 mm away from the cath-
ode, the difference between the LEMEs at 1 atm and 0.75 atm
is approximately a constant of 1.17 eV. However, the differ-
ence between the LEMEs at 0.5 atm and 0.75 atm decreases
from 2.08 eV to 0.66 eV when the distance from the cathode
decreases. The LEME appears to fluctuate in the region of
0.6 mm to 1.8 mm away from the cathode.

The electric field and the reduced electric field distribu-
tions in the primary streamer tip are shown in Fig. 11. Based
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on Figs. 10(a) and 11(a), the LEME in the primary streamer
tip does not depend greatly on the electric field. However, the
variation tendency of the LEME in the primary streamer tip
is consistent with that of the reduced electric field as the pres-
sure decreases, as shown in Figs. 10(a) and 11(b). The reduced
electric field reflects the potential difference of the electron-
mean-free-path and also determines the energy that the elec-
trons obtain from the applied electric field on the electron-

mean-free-path with the multi-component mole ratio given.[*’]
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Fig. 11. (color online) (a) Electric field and (b) reduced electric field in
the primary streamer tip with an oxygen and nitrogen mole ratio of 2:8.

4. Conclusions

The current study presented a detailed computational
analysis of the pin-plate primary streamer discharge of a 5 mm
pin-plate gap filled with oxygen—nitrogen mixture under an
impulse voltage. The calculations gave detailed predictions
of charge densities and electric fields as functions of time and
position. The comparison of the electric field and streamer ve-
locity obtained in the current study with the experimental and
simulation results from the literature showed that the computa-
tional analysis of the primary streamer reported in the current
study is valid. Furthermore, the effects of oxygen—nitrogen
mole ratio and gas pressure on the LEME were investigated in
oxygen—nitrogen mixtures with a pin-plate gap of 0.5 cm. The
results are summarized as follows.

The LEME in the primary streamer tip increases as the
oxygen—nitrogen mole ratio increases in the region of 0 mm to
4.6 mm away from the cathode. However, the LEME in the
primary streamer channel increases as the oxygen—nitrogen
mole ration decreases in the region of 2.3 mm to 5 mm away

from the cathode. During the initial stage of the primary

streamer, the effect of the oxygen—nitrogen mole ratio on the
LEME in the primary streamer tip is ignored. In the primary
streamer channel, the LEME ranges from 4.47 eV to 6 eV
when the primary streamers bridge the gap.

The LEMES in the primary streamer tip and channel in-
crease as the pressure decreases in the region of 1.8 mm to
4.6 mm away from the cathode and in the region of 1.8 mm
to 5 mm away from the cathode. The LEME in the primary
streamer tip depends on the reduced electric field at fixed
oxygen—nitrogen mole ratios.

The LEME increases to more than 30 eV as the gas pres-
sure decreases or as the oxygen and nitrogen mole ratio in-
creases. The aforementioned LEME value is slightly large for
a primary streamer discharge. The slightly large value may
have been obtained because the kinetic scheme does not in-
clude the excitation process of gas molecules. Future stud-
ies are recommended to determine how to simplify the kinetic
scheme of a primary streamer under complex ambient condi-
tions, such as electrical equipment insulation at high altitudes,
i.e., at lower gas pressures.
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