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ABSTRACT

The formation and propagation of pseudo-filamentary dielectric barrier discharge in atmospheric air are investigated through a 2D fluid
model. The discharge development can be divided into three stages: the volume streamer stage, the surface streamer stage, and the reverse
discharge stage. The simulations show that the streamer head becomes wider and the electron density of the volume streamer head increases
six times when the volume streamer interacts with the dielectric, and the volume streamer transforms into the surface streamer after the
interaction. Compared with volume streamers, surface streamers have a smaller radius, a higher electric field, and a higher electron density.
Furthermore, the parameters that may influence the discharge characteristics are also studied. It is found that a larger dielectric permittivity,
a thinner dielectric, or a shorter voltage rise time leads to earlier inception of volume streamers, faster propagation of surface streamers, and
higher current density. It is observed that the velocity of the surface streamer increases first, and then, decreases with the accumulated
charges on the surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120800

I. INTRODUCTION

As a source of low-temperature plasmas, dielectric barrier dis-
charge (DBD) has the characteristics of non-equilibrium, mild dis-
charge, and high electron energy. DBD has a simple discharge
structure with a dielectric layer on at least one electrode; the discharge
device has the advantages of easy sealing and low cost, which makes it
widely used in industrial fields such as surface treatment,1 ozone syn-
thesis,2 flow control,3 plasma medicine,4,5 and exhaust treatment.6

According to the discharge morphology, it can be divided into fila-
mentary mode and diffuse mode. The focus of this paper is on the fila-
mentary DBD governed by the streamer mechanism.

Filamentary discharges ignite at the rising and falling edges of the
applied voltage by the Laplacian field and the space charge field.7

Some macroscopic properties of filamentary DBD have been studied
experimentally.7–14 Merbahi et al. found that each filamentary dis-
charge spreads out like a funnel at the anode side,8 and Liu and Neiger
pointed out that the second discharge appeared almost at the same
location as the previous one, which shows the memory effect.15

Numerical simulations have also been widely used to investigate
microscopic properties, which are difficult to measure experimentally,

such as electron and ion density distribution, the time-spatial evolu-
tion of the electric field, and electron energy. To adapt to different
computational conditions and application objectives, computational
methods such as fluid simulations,16–21 circuit model-based simula-
tions,22–24 and PIC/MCC25 are mainly developed at present. Because
the results of fluid simulations are in good agreement with the experi-
ment,26 the simulation speed is fast, and the computational cost is low,
it is commonly used. Braun et al. first proposed a fluid model for
dielectric barrier discharge and divided the DBD development process
into four stages: Townsend phase, ionization wave or streamer phase,
cathode layer formation phase, and the decay phase.20 Many of the
subsequent simulation studies were based on it. Yurgelenas et al.
pointed out that the non-uniformly distributed surface charge is deci-
sive for the initiation of filament discharge through a 2D fluid simula-
tion by assuming a Gaussian distribution of surface charge on the
dielectric surface.16,17 Papageorghiou et al. considered a small transi-
tion region of permittivity near the dielectric in plane-parallel elec-
trode to ensure the numerical stability of the simulation27 and
compared the evolution of electric field when the permittivity changed
linear and sigmoid in the single filamentary discharge. Celestin et al.
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studied the effect of surface charges on the structure of the subsequent
discharges in a rod-plane electrode in Ar.28 Babaeva and Kushner
investigated the ion energy distribution on dielectric surfaces in plane-
parallel electrode; the ion energy was maximum when the discharge
channel formed, and it gradually decreased during the propagation of
the surface streamer, and it increased with the surface dielectric
permittivity.29

Most properties of the discharge plasma are controlled by voltage
excitation.30 The nanosecond pulsed discharge has received attention
over the recent decade,7,11 and the high electric fields at the rising slop
result in effective gas ionization, dissociation, and excitation, leading to
a big current and a fast response, which can be used in electrochemical
micromachining31 and plasma medicine.32,33 The main objective of
this work is to simulate the propagation of pseudo-filamentary nsDBD
and to investigate the effect of different parameters. A two-
dimensional fluid simulation model is used to analyze the develop-
ment of dielectric barrier discharge and the transition from volume
streamer to surface streamer, and to discuss the similarities and differ-
ences between these two stages. Then, dielectric permittivity, dielectric
thickness, and voltage rising rate are varied to study their effects on
the current, initiation, and propagation velocity.

II. SIMULATION MODEL

A plasma solver PASSKEy (PArallel Streamer Solver with
KinEtics) code coupling plasma and hydrodynamics has been used in
this work. To simulate the discharge results under extremely inhomo-
geneous fields, the geometry is designed as a coaxial cylinder, which is
widely used in industrial applications such as surface modification.31

The simulations are performed in artificial air (20% O2 and 80% N2)
in the atmospheric pressure. A two-dimensional axisymmetric model
is established (see Fig. 1). The inner cylinder is the anode (the radius

R0 is 1mm), and the outer ring is the cathode (the inner R1 and outer
radius R2 are 2 and 2.5mm, respectively), with a dielectric layer of
0.5mm and a permittivity of 4. The air gap is 1mm. A pulsed voltage
amplitude of 6 kV, rise time of 10 ns, and 40 ns full width at half maxi-
mum are applied to the high-voltage electrode. In this geometric
assumption, the discharge is filamentary on the cross section and is a
disk discharge in space. However, the characteristics of discharge are
similar to the filamentary discharge. Therefore, the discharge simu-
lated in this work is called pseudo-filamentary DBD.

Initial plasma density with Gaussian distribution is set on the anode
surface to enable the pseudo-filamentary discharge to start smoothly, as
shown in Eq. (1). The initial plasma has 0.2mm on the R axis. The volt-
age starts at a higher value (3 kV) to facilitate streamer initiation,

ne0 ¼ np ¼ 1015� exp � R-10�3

7:5�10�5

� �2

� Z-10�3

3�10�5

� �2
 !

þ 1010 m�3ð Þ: (1)

The boundary conditions are summarized in Table I. The kinetic
scheme can be seen in Table II, and this scheme contains 15 species,
including charged, neutral, and excited species, and 34 reactions.

The detailed numerical method and validations of PASSKEy can
be found in Refs. 26 and 40. The equations are briefly introduced here.
First, the continuity equations combined with the drift-diffusion equa-
tions were solved to get the number density of different species,

@ni
@t
þr � Ci ¼ Si þ Sph; i ¼ 1; 2;…;Ntotal; (2)

Ci ¼ �Dirni � ðqi=jqijÞlini$U; i ¼ 1; 2;…;Ncharge; (3)

where U is the electrical potential, ni is the number density of species,
and qi is the charge of species. Si is the source term for detailed

FIG. 1. Geometry used for simulation of a
single DBD pseudo-filament. Gray is the
high-voltage electrode (anode), yellow is
the dielectric, and black is the ground
electrode.

TABLE I. Boundary conditions in the simulation. The secondary electron emission coefficient c is set to 0.01 for both metals and dielectrics.

Metal Dielectric Open boundary

Potential Anode: u¼U(t) Cathode: u¼ 0 @u/@t¼ 0 � � �
Flow toward boundary @Ue/@n¼ 0, @Ui/@n¼ 0 charge accumulation @Ue/@n¼ 0, @Ui/@n¼ 0
Flow away from the boundary Ue¼�cUi, Ui¼ 0 Ue¼�cUi, Ui¼ 0 @Ue/@n¼ 0, @Ui/@n¼ 0
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chemical reactions. Sph is the photoionization source term for electrons
and oxygen ions. Di and li are the diffusion coefficient and the mobil-
ity of charged species i. Ci is the flux of species. For the transport equa-
tions, an explicit UNO3 scheme (third order in time and space)
coupled with the Strang operator for spatial splitting is used41 to solve
the drift term, an explicit second order central discretization scheme is
used to solve the diffusion term, while for chemistry, the stabilized
Runge–Kutta–Chebyshev scheme is used.42 The photoionization
model is based on the assumption that the major contribution to the
rate of photoionization comes from the radiation in the spectral range
98–102.5 nm, and the photoionization source term Sph is calculated by
Helmholtz equations,

Sph ¼
X
j

Sjph; (4)

r2Sjph � ðkipO2Þ
2Sjph ¼ �Ajp

2
O2
IðRÞ; (5)

gðRÞ
pO2

¼ ðpO2RÞ
X
j

Aje
�kipO2R; (6)

where pO2 is the partial pressure of O2, I(R)is the ionization source

rate, gðRÞpO2
is the photoionization function, kj and Aj are fitting coeffi-

cients for photoionization functions obtained in experiments and
taken from Ref. 43.

TABLE II. Kinetic scheme in the simulation.

No. Reaction Rate constanta Ref.

R1 eþN2! Nþ2 þ eþ e f(r,e) 34
R2 eþO2! Oþ2 þ eþ e f(r,e) 34
R3 eþN2! eþN2(A3Ru) f(r,e) 34
R4 eþN2! eþN2(B3Pg) f(r,e) 34
R5 eþN2! eþN2(C3Pu) f(r,e) 34
R6 eþO2! eþOþO f(r,e) 35,36
R7 eþO2! eþOþO(1D) f(r,e) 35,36
R8 N2

þþN2þM! Nþ4 þM 5� 10�29 35,37
R9 N4

þþO2!O2
þþN2þN2 2.5� 10�10 35,37

R10 Nþ2 þO2!O2
þþN2 6� 10�11 35,37

R11 O2
þþN2þN2! Oþ2 N2þN2 9� 10�31 37

R12 Oþ2 N2þN2! Oþ2 þN2þN2 4.3� 10�10 37
R13 Oþ2 N2þO2! Oþ4 þN2 1� 10�9 37
R14 Oþ2 þO2þM! Oþ4 þM 2.4� 10�30 35,37
R15 eþO2þO2! O�2 þO2 2� 10�29 � (300/Te) 37
R16 eþO2!O�þO f(r,e) 36
R17 O�þO!O2þ e 5� 10�10 38
R18 O�2 þO! O2þOþ e 1.5� 10�10 39
R19 eþNþ4 !N2þN2(C3Pu) 2� 10�6 � (300/Te)

0.5 35
R20 eþNþ2 !NþNþ 2.25 eV 2.8� 10�7 � (300/Te)

0.5 38
R21 eþOþ4 !OþOþO2 1.4� 10�6 � (300/Te)

0.5 35,37
R22 eþOþ2 !OþOþ 5.0 eV 2� 10�7 � (300/Te) 35,37
R23 O�2 þOþ4 !O2þO2þO2 1� 10�7 37
R24 O�2 þOþ4 þM! O2þO2þO2þM 2� 10�25 � (300/Tgas)

3.2 37
R25 O�2 þOþ2 þM! O2þO2þM 2� 10�25 � (300/Tgas)

3.2 37
R26 O�þNþ2 !OþNþN 1� 10�7 38
R27 N2(C3Pu)þN2! N2(B3Pg,v)þN2 1� 10�11 35
R28 N2(C3Pu)þO2!N2þOþO(1D) 3� 10�10 35
R29 N2(C3Pu)!N2þ hv 2.38� 107 37
R30 N2(B3Pg)þO2!N2þOþO 3� 10�10 35
R31 N2(B3Pg)þN2 !N2(A3Ru)þN2(v) 1� 10�11 35
R32 N2(A3Ru)þO2!N2þOþO 2.5� 10�12 � (Tgas/300)

0.5 35
R33 O(1D)þO2!OþO2 3.3� 10�11 � exp(67/Tgas) 35
R34 O(1D)þN2!OþN2 1.8� 10�11 � exp(107/Tgas) 35

aRate constants are given in s�1, cm3 s�1, and cm6 s�1. Electron temperature Te is given in K. Gas temperature Tgas is given in K.
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Second, Poisson’s equations were solved to get the distribution of
potential and electric field,

�rðerUÞ ¼
XNch

i¼1
qini: (7)

Poisson’s equation and Helmholtz equations are solved by a pre-
conditioned conjugate-gradient solver, and a semi-implicit time inte-
gration scheme was used for Poisson’s equation.44–47 The charge flux
flowing toward the dielectric is stored in the edge of the mesh cell, and
the detailed numerical realization method of dielectric–gas interface is
as follows. At the dielectric–gas interface, the electric potential is con-
tinuous, but the axial electric field is not. If there is a deposition of sur-
face charges on a dielectric surface, the jump condition for normal
electric field E on the interface of two dielectrics of permittivity e1
(defined in cell i, j) and e2 (defined in cell iþ 1, j) with surface charges
q located at the interface between the two dielectrics is Eq. (8). If there
is no surface charge, q¼ 0,

�e1E1 þ e2E2 ¼ q: (8)

The traditional Poisson’s equation (7) is integrated over the vol-
ume element Vi,j of the cell (i, j) using the Gauss–Ostrogradsky theo-
rem, as shown in Eq. (9), and in combination with Eq. (8), the product
of e and the flux of the electric field on the surface of the dielectric
without and with surface charge can be obtained as Eqs. (10a) and
(10b), þ

S

ðeð�rUÞÞ � ndS ¼ Vi;jq ¼ f ðEÞ; (9)

f1 Eð Þ ¼ Siþ1=2;j
e2e1 Ui � Uiþ1ð Þ

e2 xiþ1=2 � xið Þ þ e1 xiþ1 � xiþ1=2ð Þ
; (10a)

f2 Eð Þ ¼ Siþ1=2;j
e2e1 Ui � Uiþ1ð Þ

e2 xiþ1=2 � xið Þ þ e1 xiþ1 � xiþ1=2ð Þ

� Siþ1=2;j
q xiþ1=2 � xið Þ xiþ1 � xiþ1=2ð Þ

e2 xiþ1=2 � xið Þ þ e1 xiþ1 � xiþ1=2ð Þ
: (10b)

When the surface charge is included, an additional source about
the surface charge density q is added to the right-hand side of the
equation only at the point (i, j) and (iþ 1, j).

III. RESULTS AND DISCUSSION
A. The evolution of dielectric barrier discharge

The voltage and current profiles are shown in Fig. 2. Va is the
applied voltage, starting from 3kV. Vd is the voltage across the dielec-
tric. In the modeling, the current is calculated as an integral of fluxes
of negative and positive charges through the surface of the anode. The
displacement current, which depicts the change rate of the electric dis-
placement field (D), is not calculated in our simulation, because it does
not help describe the discharge characteristics and does not affect the
discharge results. It can be seen that the current pulse is generated on
the rising and falling edges of the voltage pulses, corresponding to two
discharges, which is consistent with the results in early experiments of
nanosecond pulsed dielectric barrier discharge,9,15 whether the dis-
charge is the diffuse mode at atmosphere with a special designed DBD

configuration9 or in the filamentary mode at low pressure (50 mbar)
with the knife-plane configuration.15

The discharge development can be divided into three stages: (I)
the volume streamer stage (before 4.2 ns), (II) the surface streamer
stage (4.2–25ns), and (III) the reverse discharge stage (25–55 ns).

(I) The volume streamer stage. Va and the current are both in
their rising phase, but Vd is a small value. The current peaks
at about 4.2 ns with a value of 0.41 A/mm. At the same
time, the volume streamer breaks down the air gap (Fig. 3,
4.2 ns), and Vd starts increasing. Electrons flow into the
anode and shrink toward the streamer around 2.5 ns, and
the electron density in the non-streamer region (that is Z
> 1.2mm and Z < 0.8mm) near the anode decreases
from �2.6 � 1016 m�3 at 2 ns to �1.5 � 1016 m�3 at 2.5 ns,
resulting in a slight drop in current and a local current
peak.

(II) The surface streamer stage. After the volume streamer
breakdown, surface streamers form and propagate along the
dielectric surface, as shown in Figs. 3 and 4. During the sur-
face streamer stage, Va is almost constant, the current grad-
ually decreases to 0, and Vd increases to 5.7 kV at the end of
this stage. This is caused by a decreasing electric field in the
gap. The accumulation of positive ions on the surface forms
a space charge field that weakens the electric field in the gap
and enhances the electric field in the dielectric (Fig. 4).
Therefore, discharges gradually extinguish with a gradually
decreasing current.

(III) The reverse discharge stage. The cause of the reverse dis-
charge is different from that of the first discharge (before
25 ns, both the volume and the surface streamer stage). The
first discharge is ignited because the voltage across the gap
reaches the breakdown threshold, while the reverse dis-
charge is ignited because the space charge field is very
strong when Va drops. The reverse discharge occurs at

FIG. 2. Waveform of voltage and current. The black line is the current waveform.
The red line is the applied voltage, 6 kV amplitude, 10 ns is the rise time, and 40 ns
full width at half maximum. The blue line is the voltage across the dielectric.
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FIG. 3. Streamer development process before 17 ns. The air gap is 1 mm. The dielectric layer is 0.5 mm with Er¼ 4.
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FIG. 4. Spatial distribution of the electric field before 17 ns.
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25 ns, at the falling edge of Va. The amplitude of the reverse
discharge current is 0.073 A/mm, smaller than that of the
first discharge (0.41 A/mm), which is consistent with the
results of the one-dimensional helium simulation48 and
the results in plane-parallel electrodes under airflow in the
experiment.49 In addition, the reverse discharge current has
a duration of 30 ns, longer than that of the first one (23
ns).50 We believe that the long voltage drop time is to blame
for this.

The discharge transforms from a volume streamer to a surface
streamer when the volume streamer interacts with the dielectric.
Figure 5 shows the electron density evolution of the volume streamer
head when it interacts with the dielectric. The head is in the shape of a
water drop when the streamer propagates in the gas gap. When the
volume streamer arrives at the dielectric, it deflects and continues
propagating along the dielectric. Electrons move from the collision
point to both positive and negative directions of the Z axis, and they
gradually develop into surface streamers, as shown in Fig. 5 (5.8ns).
At the same time, the maximum electron density increases �six times
in our cases (from �1� 1020 to �7� 1020 m�3), and the head
becomes wider (maximum diameter from 0.22 to 0.27mm) with a flat
shape. In addition, a sheath layer about 6lm is formed between the
surface streamer and the dielectric, in which the electric field is gener-
ally larger than 1500Td, and the maximum is above 2000Td. During
this process, the dielectric acts as a capacitor to accumulate charged
ions, forming the space charge field that weakens the total electric field.
Thus, avoiding the generation of more severe discharges and forming
a more stable discharge.

There are several differences between volume streamers and sur-
face streamers.

(A) Their shapes are different. The volume streamer has a growing
diameter during the propagation. It is in the shape of a water
drop, and the maximum diameter is 0.22mm just before inter-
acting with the dielectric. While the surface streamer is flat, the
maximum diameter is 0.06mm, much smaller than the volume
streamer.

(B) The electric field distributions are different. Figure 6(a) shows
the electric field evolution in the volume streamer (Z¼ 1mm).
The head electric field is 712 Td at 2.6 ns, and a gradual
decrease happens as the streamer propagates toward the dielec-
tric. Then, the electric field becomes stronger when the
streamer is very close to the dielectric after 3.8 ns, and it rises
sharply to about 1300 Td when the volume streamer interacts
with the dielectric at 4.2 ns. The change of the head electric
field is related to the initial plasma density. As shown in Fig. 3,
a “bottleneck” is formed in the volume streamer at
Z¼ 1.2mm, it provides a large electron density and a large
electric field so that the volume streamer can develop forward,
especially when it is just formed. At 2.6 ns, the streamer is in
the bottleneck area, and the head electric field reaches the local
maximum (712 Td) at 1.23mm, indicating that the volume
streamer is formed. The electrons are mainly generated by the
bottleneck in this stage. Then from 2.6 to 3.8 ns, the streamer
head gradually moves away from the bottleneck, and the head
electric field gradually decreases with the development of the
volume streamer. The head of the streamer expands, and the
electrons are mainly generated by the head. Finally, the
head electric field increases after 3.8 ns due to potential com-
pression when the streamer approaches the cathode dielectric.
Figure 6(b) shows the surface streamer’s electric field evolution,
which is obtained from R¼ 1.985mm. The strongest electric

FIG. 5. Spatial distribution of electron density and electric field when the volume streamer crosses the gap and interacts with the dielectric.
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field also appears at the head (about 1200 Td). It is worth not-
ing that the maximum electric field of the surface streamer is
twice that of the volume streamer. During the propagation of
the surface streamer, the electric field increases slightly first
and then decreases, which is consistent with the results of
plane-parallel DBD in Refs. 25 and 29.

(C) The electron densities are different. The electron density of the
surface streamer is higher, as shown in Fig. 3; the maximum
electron density of the volume streamer is about 3 � 1020 m�3,
while the maximum electron density of the surface streamer is
about 7 � 1020 m�3. This is due to the different ionization
strength at the streamer head. When the electric field doubles,
the ionization strength increases by an order of magnitude. In
other words, the difference in electric field leads to the differ-
ence in electron density between the volume streamer and the
surface streamer.

(D) The velocities are different. Figure 7 shows the streamers veloc-
ities in two stages. Although their velocities are in the same
order of magnitude, their propagation processes are different.
For the volume streamer [Fig. 7(a)], the closer the volume
streamer gets to the dielectric, the faster the velocity. For the
surface streamer [Fig. 7(b)], the velocity can be divided into
three phases: initial phase (4.2–5 ns), propagation phase (5–10
ns), and stagnate phase (above 10 ns). In the initial phase, the
velocity increases to 0.32mm�ns�1 with the diffusion of the
volume streamer. In the propagation phase, it propagates from
1.24 to 1.91mm with an average propagating velocity of
0.134mm�ns�1, and the velocity becomes slower when more
and more space charges are accumulated on the dielectric sur-
face. Similar trends in velocity, which grows up first and then
slows down, are also observed in nanosecond surface dielectric
barrier discharge (nSDBD).26 But this can hardly be observed

FIG. 7. Position of streamer head and its
velocity of (a) volume streamer and (b)
surface streamer. (c) Volume streamer
velocity vs its length. (d) Surface streamer
velocity vs its length.

FIG. 6. Electric field strength changing
process of (a) volume streamer and (b)
surface streamer.
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in experiment because the rising phase of surface streamer
velocity only lasts about 1 ns, and it is very difficult to diagnose
this phenomenon during such a short time in experiments. In
the stagnate phase, the streamer does not move forward, and
the electron density decreases, as shown in Fig. 3. During the
whole discharge process, the velocity of the surface streamer is
smaller than that of the volume streamer, which is similar to
the simulation results of Papagorghiou et al.27

B. The effect of different parameters

In this section, we systematically study the effect of several
parameters on the dielectric barrier discharge: the dielectric permittiv-
ity, the dielectric thickness, and the voltage rising rate. Their values are
shown in Table III.

1. The effect of dielectric permittivity

The dielectric permittivity (Er) is set as 2, 3, and 4, respectively, to
study its effect on DBD. In addition, the dielectric thickness is 0.5mm,
and the voltage rising rate is 0.6 kV/ns.

a. Effect on the discharge current. Figure 8 shows the different cur-
rent profiles. The volume streamer breaks down the gap earlier (from 5.1
to 4.2ns) when the dielectric permittivity increases. Furthermore, the
current peak value almost doubles when the permittivity doubles. The
proportional relationship between current and permittivity is also veri-
fied at low pressure in plane-parallel configuration.51 Changing the rela-
tive permittivity will not directly affect the electric field at the head of the
volume streamer, but will directly affect the value and spatial distribution
of the Laplacian field. In particular, when the filamentary streamer is not
yet formed, the space charge field is small and the Laplacian field plays a
major role in promoting the ionization. Figure 9(a) shows the potential

and Laplacian field distribution of Z¼ 1mm at 3ns (i.e., the moment
when the current starts increasing), and Fig. 9(b) shows that at the time
of breakdown (i.e., the moment when the current reaches its peak). The
potential goes down faster, and the Laplacian field increases when the
permittivity is larger. Collisions between species are more intense, and
electron mobility is larger. Therefore, the current increases with the
permittivity.

b. Effect on the inception of volume streamer. The maximum elec-
tron density increases to 2� 1019 m�3 when the permittivity increases
to 4 at 1.4 ns, but the electron density is below 5� 1018 m�3 when the
permittivity is 2, as shown in Fig. 10. The discharge ignites earlier
when the permittivity increases. In the non-ignited case, the DBD
arrangement can be interpreted as two capacitors connected in series,
one is the dielectric capacitance Cd and the other is the gas gap capaci-
tance Cg. The coaxial cylindrical capacitor can be calculated by the fol-
lowing equations:

Cd ¼
Q
Vd
¼ 2pe0erL

lnR2 � lnR1
; (11a)

FIG. 8. Current vs time for dielectrics with relative permittivities Er of 2, 3, and 4.

FIG. 9. Potential and Laplacian field distri-
bution of Z¼ 1mm (a) at 3 ns and (b) at
the time of breakdown with relative permit-
tivities Er of 2, 3, and 4.

TABLE III. Parameters and their values.

Section
Dielectric

permittivity (Er)
Dielectric

thickness (D)
Voltage rising

rate (vr)

1 (2, 3, 4) 0.5mm 0.6 kV/ns
2 4 (0.5, 0.6, 0.8) mm 0.6 kV/ns
3 4 0.5mm (0.4, 0.6, 1.2) kV/ns
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Cg ¼
Q
Vg
¼ 2pe0L

lnR1 � lnR0
; (11b)

where R1 and R2 are the inner and outer radii of the outer ring, respec-
tively, R0 is the radius of the inner cylinder, and L is the length of the
cylinder. The capacitance increases linearly with the permittivity when
the geometric parameters are the same. The dielectric capacitance Cd

becomes larger, while the gas gap capacitance Cg keeps constant when
the permittivity increases from 2 to 4. Therefore, the voltage across the
gas gap Vg is higher, and the voltage across the dielectric Vd is lower
(as shown in Fig. 11), resulting in the electric field being stronger
before the volume streamer formed, which is the main reason that the
discharge ignites earlier with a larger permittivity.

c. Effect on the electric field. Since relative permittivity will lead to
the change of discharge initiation and velocity, the electric field and
electron density distribution at the same position is compared
(Z¼ 1.6mm), as shown in Fig. 12. The electric field in the sheath near
the heads grows up from 1000 to 2000Td with an increasing permit-
tivity from 2 to 4. A similar trend of the electric field has been observed
in the streamer discharge mode of DBD at 100 mbar in Ref. 51. This
can be explained in terms of capacitive charging. Dielectric capacitors
with large capacity charge slower, and more concentrated voltage is
available for the surface streamer head and sheath, resulting in the
electric field being stronger. The distribution of electron density on the
surface of a dielectric is shown in Fig. 12(b) that the larger the relative
permittivity, the larger the electron density.

d. Effect on surface streamer velocity. Figure 13(a) shows the posi-
tion of the streamer head with different permittivities. The volume
streamer interacts with the dielectric earlier with a larger permittivity.
The surface streamer tends to be stable after 10ns. The maximum dis-
tance that the surface streamer could reach increases by 0.05mm (from
1.88 to 1.93mm) when the permittivity increases from 2 to 4. Figure
13(b) shows the streamer velocity. The inflection points occur at
Z¼ 1.3mm in all three cases, within 1ns of surface streamer initiation.
The change of surface streamer velocity is closely related to the electric
field. Take Er¼ 4 as an example, the electric field increases first and then
decreases, and reaches its maximum at 5.2ns (Fig. 6). Therefore, the sur-
face streamers get faster with increasing electric field, and then gradually
decrease with decreasing electric field. In addition, the velocities of sur-
face streamers increase with permittivity. The same relationship between
permittivity and the surface streamer velocity is also reported in Ref. 52
when the permittivity changes from 2 to 5, although their configuration
is a pin-plane electrode with a horizontal dielectric in between.

2. The effect of dielectric thickness

The dielectric thickness (D) is set to 0.5, 0.6, and 0.8mm, respec-
tively, to study its effect on DBD. In addition, the dielectric permittiv-
ity is 4, and the voltage rising rate is 0.6 kV/ns.

a. Effect on the discharge current. Figure 14 shows the current
profiles with different dielectric thicknesses. A higher discharge peak

FIG. 11. Voltage across (a) the dielectric
and (b) the gas gap with relative permittiv-
ities Er of 2, 3, and 4.

FIG. 10. Spatial distribution of electron at 1.4 ns with relative permittivities Er of 2, 3, and 4.
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FIG. 13. (a) Position of surface streamer
head vs time (b) streamer velocities vs
their position for different relative dielectric
permittivities.

FIG. 12. Electric field distribution and electron density distribution of the surface streamers when the streamer heads are at Z¼ 1.6 mm with relative permittivities Er of 2, 3,
and 4.
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and an earlier breakdown appear when the thickness decreases. The
effect mechanism is the same as that of the permittivity, and this is
also related to the Laplacian field. The potential goes down faster,
and the Laplacian field is larger with the thinner dielectric, as
shown in Fig. 15. The collisions will be more intense, and electron
mobility will be faster in a large field, directly resulting in larger
current.

b. Effect on the inception of volume streamer. The electron density
decreases by about an order of magnitude (from 2� 1019 to 4� 1018

m�3) when the dielectric thickness increases from 0.5 to 0.8mm at
1.4 ns, as shown in Fig. 16. It means the volume streamer will ignite
later when the dielectric thickness increases to 0.8mm. This can also
be explained by the capacitance properties of DBD before discharge
igniting. The dielectric capacitance Cd becomes smaller, while the gas
gap capacitance Cg remains constant when the dielectric thickness
increases, as shown in Eq. (11). Therefore, the voltage across the gas
gap Vg is lower (as shown in Fig. 17), resulting in the electric field in
the gap being weaker before the volume streamer developed, so the
discharge ignites later.

c. Effect on surface streamer velocity. Figure 18 shows the velocity
with different dielectric thicknesses. The maximum distance that the
surface streamer could reach decreases with increasing dielectric thick-
ness [Fig. 18(a)]. The velocity also increases when the dielectric thick-
ness is thinner [Fig. 18(b)]. It can be seen that the inflection points
occur at almost the same position (Z� 1.3mm) when the dielectric
thickness is 0.5 or 0.6mm, but it occurs at 1.25mmwhen the thickness
is 0.8mm.

3. The effect of voltage rising rate

The voltage rising rate (vr) is set as 0.4, 0.6, and 1.2 kV/ns, respec-
tively, to study its effect on the discharge. In addition, the dielectric
permittivity is 4, and the dielectric thickness is 0.5mm.

a. Effect on the discharge current. Figure 19 shows the variation of
the current profile. A faster rising rate leads to an earlier breakdown in
the gap and a larger current peak, this is almost universal.48,53,54

FIG. 14. Current vs time for dielectrics with a thickness of 0.5, 0.6, and 0.8 mm.

FIG. 15. Potential and Laplacian field dis-
tribution of Z¼ 1 mm (a) at 3 ns and (b) at
the time of breakdown with a thickness of
0.5, 0.6, and 0.8 mm.

FIG. 16. Spatial distribution of electrons at
1.4 ns with a dielectric thickness of 0.5,
0.6, and 0.8 mm.
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A faster rising rate leads to a higher applied voltage and a stronger
Laplacian field at the same moment on the rising edge of Va.
Therefore, the ionization and excitation become much more intense.
The species are also more active, which directly facilitates the ioniza-
tion and excitation in turn. As a result, the electron density is higher,
the current increases more rapidly, and the amplitude is higher.

b. Effect on the inception of volume streamer and the voltage at the
breakdown. The volume streamers ignite at 0.9, 1.4, and 1.9 ns,

respectively, with different voltage rising rates, as shown in
Fig. 20. The faster voltage rising rate results in earlier ignition of
the volume streamer. This is because the electric field can reach
the initial field of the volume streamer earlier when the voltage
rises faster. It is interesting that the ignition voltage is 4.90, 4.65,
and 4.50 kV, respectively, it decreases slightly as the voltage rising
rate decreases. In addition, the time when the volume streamer
breaks down the gap is 3.8, 4.2, and 4.6 ns, respectively (Fig. 19),
and the corresponding voltages are 5.8, 5.5, and 5.3 kV. It can be

FIG. 17. Voltage across (a) the dielectric
and (b) the gas gap with a thickness of
0.5, 0.65, and 0.8 mm.

FIG. 18. (a) Position of surface streamer
head vs time (b) streamer velocities vs
their position with a dielectric thickness of
0.5, 0.6, and 0.8 mm.

FIG. 19. (a) Voltage and (b) current vs
time with a voltage rising rate of 0.4, 0.6,
and 1.2 kV/ns.
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concluded that voltage at breakdown increases with the increase
in voltage rising rate.

The diameter of the volume streamer is also affected by the rate
of voltage rise as shown in Fig. 21; the diameter increases with the
increase in the voltage rising rate, which is consistent with Ref. 55. The
difference in voltage rise rate is small (they are in the same order of
magnitude), so the difference in the diameter is small.

c. Effect on surface streamer velocity. Figure 22 shows that the sur-
face streamer develops faster with an increasing rising rate. As we dis-
cussed above, this is because the applied voltage is larger and the
reduced electric field is stronger, and the collisions, ionization, and exci-
tation aremore intense. A similar dependence of the volume streamer is
investigated in a point-to-plane electrode configuration,54 that the
velocity of the volume streamer is faster when the voltage rises faster.

FIG. 20. Electron density distribution at the beginning of discharge with a voltage rising rate of 0.4, 0.6, and 1.2 kV/ns.

FIG. 21. Electron density distribution at the breakdown with a voltage rising rate of 0.4, 0.6, and 1.2 kV/ns.

FIG. 22. (a) Position of surface streamer
head vs time (b) streamer velocities vs
their position with a voltage rising rate of
0.4, 0.6, and 1.2 kV/ns.
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In addition, the inflection points occur closer to the collision point
(Z¼ 1mm) when the rise time increases. However, it can be seen that
the maximum distance the surface streamer could reach is almost the
same in all three cases [Fig. 22(a)].

IV. CONCLUSION

A 2D fluid model is established, and the formation and propaga-
tion of pseudo-filamentary dielectric barrier discharge in atmospheric
air are investigated. The discharge cell is a coaxial cylinder with an air
gap of 1mm. The pulsed voltage with 6 kV amplitude, 10 ns rise time,
and 40ns full width at half maximum are applied to the high-voltage
electrode. The conclusions can be summarized as follows:

(a) Discharge development can be divided into three stages: the
volume streamer stage, the surface streamer stage, and the
reverse discharge stage. Discharge gradually extinguishes in
the surface streamer stage. The reverse discharge is ignited at
the falling edge of the applied voltage. And the current peak
of the reverse discharge is smaller than that of the first one.

(b) The volume streamer head becomes wider, the velocity is
faster, and the electron density increases when the volume
streamer interacts with the dielectric. Then, it develops into
the surface streamer and propagates in both directions along
the dielectric. Surface streamers have a smaller radius, a
higher electric field, and a higher electron density, and their
velocity increases first and then decreases.

(c) The dielectric permittivity, dielectric thickness, and voltage
rising rate have effects on the current density, the inception,
and the surface streamer velocity. First, a larger dielectric per-
mittivity, a thinner dielectric, or a faster voltage rise rate leads
to a higher current density, because the Laplacian field is
stronger in these three cases, which facilitates the ionization
and excitation. Second, it leads to the earlier inception of vol-
ume streamers, because of the capacitance characteristics of
DBD and the evolution of the electric field. The dielectric
capacitance Cd becomes larger with a larger dielectric permit-
tivity or a thinner dielectric which enhances the electric field
indirectly. And the electric field can reach the initial field of
the volume streamer earlier when the voltage rises faster.
Third, it also leads to a faster propagation of the surface
streamer.
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