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Atmospheric-pressure surface dielectric barrier discharge (SDBD) has drawn significant
attention, and the influence on the SDBD characteristics of surface dielectric barrier
materials has been widely studied. In this work, a two-dimensional self-consistent fluid
model is built to investigate the effect of barrier material characteristics on SDBD by
introducing a linear permittivity distribution. It is demonstrated that a dielectric barrier with
graded permittivity can affect the SDBD by changing the electric field distribution near the
surface and speeding up the propagation of the streamer. The graded permittivity along
the layer of the dielectric barrier plays a significant role in improving the dynamic
characteristics of the SDBD.
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INTRODUCTION

Under conditions of low temperature, non-equilibrium, and atmospheric pressure, dielectric barrier
discharge (DBD) shows great advantages in many applications, such as materials processing,
environmental remediation, and flow control [1]. DBD has the advantage of generating stable
and uniform plasma, helping to avoid the transition to a high temperature arc with a constricted
channel [2]. The production of oxidizing species in the DBD application of activating water for
sanification such as hydrogen peroxide and ozone is efficient, giving the plasma antiseptic properties
[3]. It is found that the externally enforced electric potential is able to generate a drift of the heavy
species and electrons, leading to a charge density distribution which in turn creates distortions of the
electric potential distribution in the bulk of the plasma [4]. Compared with the DBD, the SDBD is
more efficient than the parallel plate volume DBD in the intended application of fluid dynamic
actuation [5]. The discharge propagates on the surface of the dielectric barrier, which is exposed to
the ambient gas. During propagation, reactive species are formed; in which ions play the dominant
role in flow control, such as controlling laminar to turbulent flow transitions [6–8]. As for the
influence of parameters, SDBDs with positive and negative polarity have been investigated [9–11].
Several kinds of SDBDs with different geometries and voltage polarities of multi-electrodes have been
studied to investigate the discharge dynamical characteristics [12]. For all voltage pulses, the
discharge has a channeled structure, and the discharge length decreases with increased epsilon
value [13]. The idea of using FGM for electric field optimization was proposed, and it was proved that
the introduction of FGM could alleviate the local electric field concentration [14]. Considering the
rapid development of 3D print technology, a non-linear functionally graded material (FGM) as a
dielectric barrier may become a reality, creating a space-varying electric field on the dielectric surface
[15]. The discharge becomesmore intense [16, 17] and the surface charge density is much higher [18]
with greater permittivity introduced into the dielectric. However, the issues of discharge uniformity
and plasma propagation parameters have not received much attention in SDBD with functionally
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graded material. The use of graded permittivity material may
provide a new way to control the SDBD plasma parameters. In
this work, the influence mechanism of the graded permittivity
dielectric barrier on SDBD is investigated in the light of both
surface and space species accumulation. The spatiotemporal
distributions of electron density and electric field are studied
as streamers propagate along the dielectric surface. The
aerodynamic characteristics are investigated and compared in
permittivity to uniform and graded distributions as well.

COMPUTATIONAL MODEL

Simulation Model and Governing Equations
The surface dielectric barrier discharge in this work is simplified
as a two-dimensional (2D) model, as depicted in Figure 1. The
simulation domain is 8 mm (length) × 3 mm (height) in Cartesian
x–y coordinates. The length of the ambient air and dielectric
barrier are 8 and 7 mm, respectively. The thickness of the gas gap
is 1.5 mm above the dielectric barrier and 3 mm above the rest.
The grounded electrode was placed on the right side of the
dielectric barrier, and the single exposed electrode with a high
voltage is on the upper left surface of the dielectric barrier. The
barrier dielectric is given a space-varying permittivity εr from 7.5
to 10.5, changed in linear or non-linear forms. The continuity
equation for both charged and neutral species is Eq. 1. The drift-
diffusion approximation for charged species is calculated by Eqs.
2, 3, and Eq. 4 is used to obtain diffusion flux for neutral species,
where e, −, +, and m represent electrons, negative ions, positive
ions, and neutral species. n is the number density, cm−3, and j is
the flux, cm−2 s−1.

znj
zt

+ ∇ · jj � Sj, (1)
je,− � −μe,−Ene,− −De,−∇ne,−, (2)
j+ � μ+En+ −D+∇n+, (3)
jm � −Dm∇nm. (4)

In the equations above, E is the electric field vector, µ is
mobility, D is the diffusion coefficient, and Sj is the source of
species of species j (j = e, −, +), which can be derived from the

chemical reactions. The working gas is simplified as 80% N2

and 20% O2. The species and reactions in the model are given
in Table 1. The rate coefficients of electron impact reactions
are obtained by solving Boltzmann’s equation using
BOLSIG+1. Cross sections are taken from the Morgan,
TRINITI, and Phelps databases2–4. What’s more, the local
field approximation is applied when calculating parameters,
and the electron mean energy and electron transport
coefficient are given as a function of reduced electric field.
Transport coefficients for ions and neutrals were estimated
following Ref. [19].

The electric potential is found by:

∇ · (εr∇φ) � −ρ/ε0, (5)
where, φ and ρ are the electric potential and space charge density,
respectively, ε0 is the vacuum permittivity. εr is the relative
permittivity of the dielectric barrier. The main plasma
parameters, including dielectric surface charge, are calculated
in this work.

zσs
zt

� −e[(∑ j+ −∑ j− − je) · n], (6)
je · n � ( − μeEne − γ∑ j+) · n, (7)

where n is the unit vector perpendicular to the dielectric surface, γ
is the secondary emission coefficient, γ � 0.01. The secondary
emission electron energy is set at 2.5 eV, which is in the same as
the surface reactions.

Graded Dielectric Permittivity and
Boundaries
In a uniform electric field, the initial charged particle density is
uniformly distributed. In a non-uniform distorted electric
field, it is generally considered that the initial charged

FIGURE 1 | Two-dimensional model used for simulation.

1See http://www.bolsig.laplace.univ-tlse.fr/ for information about Bolsig+.
2See http://www.lxcat.net for Morgan database.
3See http://www.lxcat.net for TRINITI database.
4See http://www.lxcat.net for the Phelps database.
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particle density obeys a Gaussian distribution. For the non-
uniform field discharge of needle plate structure, it is often
assumed that the initial charged particles (electrons and
positive ions) follow the Gaussian distribution and that the
negative ion density is zero [20–22]. The initial electron
distribution is given by:

N0 e � Nmaxexp( − (x − x0)2
2σ2

− (y − y0)2
2σ2

), (8)

where Nmax = 1016 m−3, (x0, y0) = (0, 2 mm), σ = 62.5 µm. (x0, y0)
are the spatial coordinates of the needle electrode head. The
negative voltage applied is shown in Figure 2.

Considering the technical process and reliability of graded
material in 3D printing, several dielectric permittivity
distributions are proposed in the present work, as a
function of x along the length of the dielectric barrier
direction, as shown in Figure 3. Both ideal permittivity
and practical permittivity distributions are depicted as in
Figure 3, and the approximated function of ideal
permittivity is εp � 7.5 + 0.43x. Obviously, non-linear
distribution as a function of length along x direction is
introduced, and to be a comparison of uniform distribution
of dielectric permittivity, the case in the condition of εr � 7.5 is
studied as well.

Boundary conditions are given in Table 2.

TABLE 1 | Species and reactions.

Reaction Rate coefficient Threshold

e + O2 → e + O2 Bolsig+&Phelps database . . .

e + O2 → 2e + O2+ Bolsig+&Morgan database 12.06
e + N2 → e + N2 Bolsig+&Morgan database . . .

e + N2 → 2e + N2+ Bolsig+&Morgan database 15.6
e + N2+ → 2N 2.8 × 10−7 (0.026/Te)

0.5 . . .

e + N4+ → 2N2 2 × 10−6 (0.026/Te)
0.5 . . .

e + O2+ → 2O 1.2 × 10−8 Te
−0.5 . . .

2e + O2+ → e + O2 4 × 10−12 . . .

e + N2 + O2 → N2 + O2
− 1.24 × 10−31 Tg

−0.5 . . .

e + O2 → O+ O− Bolsig+&Phelps database 3.6
e + N2 + O → N2 + O− 1.0 × 10−31 . . .

e + O2 + N2 → N2 + O2
− Bolsig+&Phelps database −0.43

N + N2+ → N2 + N+ 2.4 × 10−15 Tg . . .

O2 + e + N2+ → N2 + O2 6.0 × 10−27 Teg
−1.5 . . .

O2
− + O → O− + O2 1.5 × 10−10 Tg

0.5 . . .

O− + O → e + O2 2.0 × 10−10 Tg
0.5 . . .

O2+ + 2O2 → O2 + O4+ 2.4 × 10−−30 . . .

O2 + O4+ → O2+ + 2O2 3.3 × 10−16 Tg
−4.0exp (−5,030/Tg) . . .

e + O4+ → 2O2 1.4 × 10−−6 (0.026/Te)
0.5 . . .

O2 + N4+ → O2 + N2 + N2+ 2.5 × 10−10 . . .

O2 + N2+ → O2
+ + N2 5.0 × 10−11 Tg

−0.8 . . .

O2 + N4+ → O2
+ + 2N2 4.0 × 10−10 . . .

N2 + O4+ → O2
+ + O2 + N2 1.0 × 10−5 exp (−5,400/Tg) . . .

O2
+ + O2 + O− → 2O2 + O 2.0 × 10−25 Tg

−2.5 . . .

O2
+ + N2 + O− → O2 + O + N2 2.0 × 10−25 Tg

−2.5 . . .

O2
+ + O2 + O− → O3 + O2 2.0 × 10−25 Tg

−2.5 . . .

O2
+ + N2 + O− → O3 + N2 2.0 × 10−25 Tg

−2.5 . . .

O2
+ + O2

− + O2 → 3O2 2.0 × 10−25 Tg
−2.5 . . .

O2
+ + O2

− + N2 → 2O2 + N2 2.0 × 10−25 Tg
−2.5 . . .

O4
+ + O− + O2 → 3O2 + O 2.0 × 10−25 Tg

−2.5 . . .

O4
+ + O− + N2 → 2O2 + O + N2 1.0 × 10−25 Tg

−2.5 . . .

O4
+ + O2

− + N2 → 3O2 + N2 1.0 × 10−25 Tg
−2.5 . . .

N2
+ + O− + O2 → N2 + O+ O2 2.0 × 10−25 Tg

−2.5 . . .

N2
+ + O− + N2 → N2 + O+ N2 2.0 × 10−25 Tg

−2.5 . . .

N2
++ O2

− + O2 → N2 + 2O2 2.0 × 10−25 Tg
−2.5 . . .

N2
++ O2

− + N2 → N2 + O2 +N2 2.0 × 10−25 Tg
−2.5 . . .

O4
+ + O → O2+ + O3 3 × 10−10 . . .

O− + O2 → e + O3 5 × 10−15 (Tg/300)
0.5 . . .

O2
− + O → e + O3 1.5 × 10−10 (Tg/300)

0.5 . . .

O− + O4+ → O3 + O2 4 × 10−7 . . .

O+ O2 + N2 → O3 + N2 1.1 × 10−34 exp (510/Tg) . . .

O+ 2O2 → O3 + O2 6 × 10−34 (Tg/300)
−2.8 . . .

O2 + 2O → O3 + O 3.4 × 10−34 (Tg/300)
−1.2 . . .

O+ O2 + O3 → 2O3 2.3 × 10−35 exp (−1,057/Tg) . . .

O+ O3 → 2O2 8 × 10−12 exp (−2060/Tg) . . .

Note: Units: Two-body reaction rate coefficient (cm3 s−1). Three-body reaction rate coefficient (cm6 s−1). Electron temperature Te (eV). Gas (heavy particle) temperature Tg (K). Ratio of
electron temperature to gas temperature Teg = Te(K)/Tg(K) = Te(eV)/Tg(eV).
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RESULTS AND DISCUSSION

Species Density Distribution and Electric
Field
The spatial distribution of electron density with dielectric barrier
permittivity εr � 7.5 and εp are shown in Figure 4. A streamer
starts after the applied voltage rises to about −10 kV, at about
10 ns. Within the first 10 ns, the discharge transfers from a
corona-like to a streamer-like discharge, mainly due to the
upper side of the applied voltage. The negative discharge
streamer propagates along the surface of the dielectric barrier,
but the streamer starting positions with uniform permittivity εr �
7.5 seem to be farther than those with graded permittivity εp. This
also means that the streamer starts at an earlier time on the
graded dielectric barrier in this case. Streamer approximately
driven by high electric field, both of the direction and magnitude.
The magnitude of electric field strength near the surface of the
dielectric barrier has not changed greatly due to the graded
permittivity. As a comparison, the direction of electric field
strength is much different in graded dielectric than in the
uniform distribution of permittivity, as is depicted in
Figure 5B. Near the surface inside the dielectric with
permittivity εp1 and εp2, there is
εp1Ep1 · sin(δ1) � εp2Ep2 · sin(δ2), where δ1(δ2) are the angles
between Ep1(Ep2) and x direction. According to the given graded
permittivity in Figure 3, the graded permittivity increases with
the length of the dielectric barrier in the x-direction, thus,
εp2 > εp1. As a consequence, δ2 is smaller than δ1, which
means the direction of electric field strength is concentrated
on the streamer propagation direction, introducing
functionally graded material. Besides, compared with
Figure 5A, it shows a little rise in electric field magnitude in
Figure 5B. At 25 ns, before the falloff of the negative voltage
pulse, the streamer reaches 2.3 mmwith uniform permittivity and
almost 3 mmwith graded permittivity. This may provide a longer
propagation of streamer controlling without changing the electric
field magnitude greatly.

Figure 6 shows the spatial distribution of surface charge
density with uniform and graded permittivity. The charge
density along the dielectric barrier has a wider distribution
range under the condition of graded permittivity. The Ey

component is shown in Figure 7, as the propagation of the
streamer changes the sign and the surface charge decreases in
accumulation when the Ey component falls to zero. The slower-
drifting ions, including,N+

4 , N
+
2 significantly change the charge

polarity on the surface layer of the dielectric barrier. The charges
on the surface generate a strong electric field, leading to the new
ionization of the gas. The charge density keeps increasing during
the falloff stage of applied voltage and corresponds to the
propagation of the streamer. It can be found that surface
charge density is much higher with the graded permittivity
applied. As depicted in Figures 5B, 7, the usage of graded
permittivity dielectric changes the electric field component
softly, with almost no distortion of it. But the surface charge
density is considerably increased; this may benefit some

FIGURE 2 | Negative pulsed voltage applied to the electrode.

FIGURE 3 | Dielectric permittivity distributions.

TABLE 2 | Boundary conditions on potential φ and species density (Ne, Np, Nn) in
Figure 1A.

No. Ne Np Nn Potential u

DE 0 0 0 0
HIFG 0 0 0 Va
FE Eq. 7 zNp

zx � 0 zNn
zx � 0 . . .

AH, IJ, BC zNe
zx � 0 zNp

zx � 0 zNn
zx � 0 zφ

zx � 0

AB, CD zNe
zy � 0 zNp

zy � 0 zNn
zy � 0 zφ

zy � 0

where Ne, Np, and Nn are the electron densities, positive ion density, and negative ion
density, respectively.
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FIGURE 4 | The spatial distribution of electron density with dielectric barrier εr =7.5 (A) and εp (B).

FIGURE 5 | electric field distribution with uniform permittivity (A) and graded permittivity (B).

FIGURE 6 | Surface charge density. FIGURE 7 | Ey component.
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applications such as plasma catalysis [23], which create more
intense reaction rates and reactive molecules.

What’s more, surface charge density increases with the graded
permittivity, which is inflected by the length along the dielectric.
With the development of discharge, the streamer slides over the
surface of the dielectric barrier, driven by the increasing electric
field caused by the graded permittivity in the form of step-rise.
The graded permittivity applied in this case, as presented, is more
obviously in a changing electric field. The tiny adjustment by the
graded permittivity dielectric barrier may result in continuously
extended discharge propagation and more surface charge density
(Figure 6).

To understand the influence of graded permittivity on some
reactive molecules, the spatiotemporal evolution of N+

4 , N
+
2 ion

densities is shown in Figures 8, 9, respectively. It can be found
that positive ions N+

2 are always produced in regions of high
electric fields. This is mainly due to the possible ionization. From
Figures 8A, B, it shows a higher ionization rate where N+

2 is
relatively concentrated with the application of graded
permittivity dielectric. Compared with the distribution of N+

2 ,

the density of reactive species N+
4 shows a relatively uniform

distribution along the streamer. N+
4 is produced from the

recombination and association reactions in which the species
N+

2 will be consumed, sinceN+
2 is produced mainly in the head of

the streamer. In the aspect of the early stage during the upper side
of voltage, the distance between the concentration of N+

2(N+
4 )

and the high voltage electrode is shorter with the graded dielectric
barrier, and the density is higher. This indicates the production
rates of two species are faster, the usage of graded permittivity
dielectric may speed up the reaction rates. In the late stage of
discharge development, a reversal density of N+

2 and N+
4 appears

near the negative high voltage electrode, mainly due to the drift
process.

The higher density and producing rates ofN+
2 andN

+
4 , caused

by the introduction of graded permittivity, will benefit the plasma
catalysis such as the application of synthesis of Ammonia [24].
Ni/ γ-Al2O3 enhance plasma-promoted NH3 production and
favors surface-adsorbed NHx species. N+

2 and N+
4 on the

surface of the catalyst Ni/ γ-Al2O3 can be regarded as the
catalytic efficiency of plasma. As the dominant species,

FIGURE 8 | The spatiotemporal evolution of N4
+ density with uniform permittivity (A) and graded permittivity (B) dielectric barrier.

FIGURE 9 | The spatiotemporal evolution of N2
+ density with uniform permittivity (A) and graded permittivity (B) dielectric barrier.
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including N+
2 and N+

4 , the introduction of graded permittivity to
the solid catalyst will promote a faster synthesis rate of NH3.

Contours of Momentum Sources (Body
Force) With Uniform Permittivity and
Graded Permittivity
As for the aerodynamic applications, the momentum source due
to the charged particles’ collisions with neutral gas molecules
(body force) is given by [10]

F � e(ni − n− − ne)E, (9)
where E is the electric field vector, e represents elementary charge,
and ni, n− and ne are the positive ion density, negative ion density,
and electron density, respectively. Figure 10 depicts the contours
of a momentum source with uniform permittivity and one with
graded permittivity. As is depicted in Figure 10A, the contours of
the momentum source (volumetric force) show different signs
inside and outside the streamer body, and are almost
concentrated in the head of the streamer and a thin layer near
the dielectric surface. In the thin layer near the surface, the sign of

a body force is always in negative territory, and positive in the
outer areas. This outcome is in accord with that in Ref. [10].
Compared with the gravity force in the atmospheric air, it is about
104 times greater. Thus, the body force in the layer, which is
perpendicular to the contours, drags the streamer slide along the
dielectric surface. The non-linear structure of the contours of the
momentum source is always accompanied by a complex vortex,
and as the propagation of the streamer, this kind of vortex moves
along the dielectric surface barrier. The flow conditions will be
significantly changed due to the existence of the vortex.

The numbers on the right side of the contours are the
x-coordinates of the streamer head, as shown in Figure 10. It
is obvious from Figure 10B that the contours cover a wider range
on the dielectric surface and propagate at a faster speed. The
graded permittivity introduced in themodel shows an intense and
speeded-up momentum exchange between charged ions,
electrons, and neural molecules in the ambient air. Local
vortex caused by body force is considered to be the possible
way of cooling down of the temperature and a kind of diffusion
effect to the streamer propagation. The longer propagation of
vortex means that, with the same negative voltage pulse applied,
the flow-field control along the dielectric surface seems to be

FIGURE 10 | Contours of momentum source with dielectric barrier of uniform permittivity (A) and graded permittivity (B).

FIGURE 11 | Different thickness of graded permittivity layer.
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more efficient. The “ionization wind” will slide faster and
generate more thrust force on the surface of the functionally
graded material dielectric barrier.

The Influence of Thickness on Graded
Permittivity Dielectric Layer
The 2-D model of different dielectric barrier layer thickness is
shown in Figure 11, in order to investigate the influence of
thickness of linear permittivity dielectric layer on SDBD, the
thickness of graded permittivity dielectric barrier is reduced to 0.5
mm, and the rest of the dielectric barrier is in the uniform
permittivityεr � 7.5. The 0.5 and 1.5 mm in the figure
represent the thickness of the graded permittivity layer. The
boundary conditions and negative voltage pulse applied to the
model are the same as in Figure 1 and Figure 2. The graded
permittivity applied here is still the εp as in Figure 3.

The number on the right side of the streamer head is the x
coordinate of it. Figure 12 depicts the spatial distribution of
electron density with a layer of thin thickness. Compared with
Figure 4B, it depicts a shorter distance of propagation in
Figure 12, but somewhat at 30 ns (falloff of the negative
voltage pulse), in the similar position of the streamer head.
But the reversal of electron density distribution pointing at the
high voltage electrode is suppressed, which can be seen in
Figure 12. As indicated in Figure 5B, the graded permittivity
dielectric affects the streamer propagation by enhancing the
electric field distribution, and it mainly takes place along the
surface of the dielectric barrier. As a consequence, with the same
voltage applied, the electric field would not be dramatically
changed in the Ey component, which can also be identified
from Figure 13. Figure 13 shows the Ey component of
different layer thicknesses with graded permittivity. The
magnitude of Ey component is a little higher with the
thickness of 1.5 mm of graded permittivity dielectric barrier
than with the thickness of 0.5 mm. Figure 14 shows the

instantaneous distribution of surface charge density at 20, 25,
and 30 ns with a layer of very thin thickness. TheEy component is
negative over the surface with a high enough charge, as shown in
Figure 14. This shows that the thickness of the graded
permittivity dielectric layer will not significantly change the
surface charge density along the barrier surface, of which is
correlated with the Ey component.

CONCLUSION

In this work, a 2-D model was developed to study surface
dielectric barrier discharge with functionally graded material
under the condition of a single negative nanosecond voltage
pulse being applied.

FIGURE 12 | Electron density distribution on thinner layer of graded
permittivity.

FIGURE 13 | Ey component on the surface of thinner layer of graded
permittivity.

FIGURE 14 | Surface charge density thinner layer of graded permittivity.
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1) The dielectric layer with graded permittivity can influence SDBD
characteristics by enhancing the electric field Ex component,
mainly in its direction, and changing of Ey component which is
correlated to the surface charge density. The thickness of the
layer seems to have little influence on the electric field.

2) The propagation of streamer has a longer distance in step-rise
graded permittivity dielectric barrier of all thickness of the
layer, compared with that in uniform constant permittivity.
The distribution of electrons and reactive species tends to be a
wider range on the surface, which can provide a better
application experience for the catalyst industry.

3) The contours of the momentum source are studied, and it
predicts a more complex structure in the head of the streamer
with a graded permittivity dielectric barrier surface and faster
propagation. The direction of body force seems to point

oppositely to the surface. It is enhanced in the propagation
direction compared with the reported results for the positive
voltage in the literature.
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