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Student: Cheng, Kai-Wen Advisor: Dr. Wu, Jong-Shinn
Department of Mechanical Engineering

National Chiao-Tung University

Abstract

A simulation. of parallel-plate dielectric barrier discharge (DBD) using pure
nitrogen and N»/O; gas driven by a realistic distorted-sinusoidal voltage power source
(60 kHz) is studied. The simulated current-voltage characteristic results quantitatively
agree with experimental measurements.

In the pure nitrogen simulations, N4* ion density is the dominant charged species,
which is unlike most glow discharges. The discharge transforms from Townsend-like
to filamentary-like (microdischarge) as gap distance is more than 1.0 mm, which was
also observed in the experiment. All densities of charged and neutral species increase
exponentially with increasing applied peak voltages in the range of 6.2-8.6 kV. The
higher permittivity of the dielectric material is, the larger the discharge current and the
longer the period of gas breakdown are. In addition, the quantity of accumulated
charge at each electrode increases with increasing permittivity of the dielectric
material. Finally, the increase of dielectric thickness from 1.0 to 2.0 mm greatly
reduces the densities of all species and also the plasma absorbed power.

When trace amount of oxygen is introduced in nitrogen plasma, the dominate

charged species are N,* and O, with densities about 10'® m™. The neutral species



densities of N,(A’%:) and atomic nitrogen are approximately 4 x 10" m®and 1 x

10%* m™ respectively, which agree well with experiments. The oxygen addition can
significantly decrease the electron density from the order of 10*" m™ down to 10 m?
as the fraction of trace oxygen increases from 0.003 % to 0.1 %. In addition, the
calculated photon radiations are compared against the measured spectra. The spectral
bands of second positive system (SPS) of N, NOy-system and ON,-excimer are
selected for comparison. Results reveal that the simulations and experiments show the
similar trend with oxygen addition, in which the quantity of radiation increases
rapidly first, peaks at some oxygen addition and then followed by a slow decrease.

Recommendations for future research are also outlined at the end of this thesis.
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Chapter 1 Introduction

1.1 Background and Motivation

A frame work of the background and motivation is revealed in Figure 1. 1. Three
categories of basic concept for plasma are introduced: characteristics of the plasma,
characteristics of the atmospheric pressure glow discharge and features of the

dielectric-barrier discharges.

1.1.1 Characteristics of the Plasma

The term "plasma" was coined by lrving Langmuirin 1928, who was the
pioneers in gas.discharges and defined plasma to be a region containing balanced

charges of ions and electrons not influenced by its boundaries.

1.1.1.1 Definition of Plasmas

The plasma state is often referred to as the fourth state of matter. It is distinct
from other lower-energy states of matter; most.commonly solid, liquid, and gas. Much
of the visible matter in the universe is in the plasma state.

A plasma is a collection of free charged particles moving in random directions
that is, on the average, electrically neutral. Plasmas are ionized gases. Hence, they
consist of positive (and negative) ions and electrons, as well as neutral species. The
ionization degree can vary from 100% (fully ionized gases) to very low values (e.g.

le-4~1e-6; partially ionized gases).
1.1.1.2 Type of Plasmas

We can distinguish two main groups of plasma in Table 1, i.e. the


http://en.wikipedia.org/wiki/Irving_Langmuir
http://en.wikipedia.org/wiki/States_of_matter
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Gas

high-temperature plasmas and the so-called low-temperature plasmas. Further, based
on the relative temperatures of the electrons, ions and neutrals, low-temperature
plasmas are classified as "thermal” or "non-thermal”. Thermal plasmas have electrons
and the heavy particles at the same temperature, i.e., they are in thermal equilibrium
with each other. Non-thermal plasmas on the other hand have the ions and neutrals at
a much lower temperature. Because of the large difference in mass, the electrons
come to thermodynamic equilibrium amongst themselves much faster than they come
into equilibrium with the ions or neutral atoms. For this reason, the "ion temperature™
may be very different from (usually lower than) the "electron temperature™. This is
especially common in weakly ionized technological plasmas, where the ions are often

near the ambient temperature.

1.1.1.3 Applications of Plasmas

Plasmas have been utilized in many well-established industrial applications (e.g.
for surface modification, lasers, lighting, among others). In the following, we will
describe some of the most widespread applications:

First, surface treatment.and modification with the possibility to treat (and to coat)
a surface at low temperature and at pressure close to atmospheric is an important
advantage for industrial applications. The operating gases included air, He, N2, N, +
0,, Ar, CF4, NHs, Cl,, etc. Second, ozone is a potent germicide and one of the
strongest known oxidants. The main applications of ozone generation are in water
treatment (drinking water plants using ozone for disinfection) and in pulp bleaching.
The operating gases include dried clean air or dry oxygen. Third, plasma is used to
provide reactive species such as N»*, O.*, O(*D), O(3P), N(*S) in pollution control
applications. These species initially formed by electron collisions in the

microdischarge filaments subsequently provide a number of reaction paths to generate


http://en.wikipedia.org/wiki/Electron_temperature
http://en.wikipedia.org/wiki/Ambient_temperature

additional O and OH. These radicals can subsequently react with hazardous
compounds to form non-hazardous or less hazardous substances such as O,, O3, CO,
CO;, H20,. Fourth, gas discharges are also used for laser applications, more
specifically as gas lasers (e.g. high speed welding and cutting of metal plates and
other materials is the main application of silent discharge CO2 laser). Fifth, The
lamps especially used for high-speed printing on heat sensitive substrates. Large
numbers of xenon excimer lamps are now routinely used for ‘‘UV cleaning” of
substrates in display and semiconductor manufacturing. Finally, plasma display
panels (PDPs) displays utilizing Xe VUV radiation to excite phosphors are the most

recent addition to dielectric-barrier discharge applications.

1.1.2 Characteristics of the Atmospheric Pressure Glow Discharge

When the applied voltage exceeds the breakdown strength of the ambient gas, an
avalanche is formed. During the short breakdown period, the non-conducting gas
becomes conductive and, as a result, generates different kinds of plasmas. The
understanding of Kinetic processes in plasmas of atmospheric gases is of great interest
in various branches of modern physics and chemistry, such as discharge physics,
plasma chemistry, chemistry and optics of the atmosphere. In order to get the
appropriate plasma parameters, the experimental and theoretical investigations are
quite important tools for understanding the plasma properties.

The measurements in a discharge at atmospheric pressure are related to light
intensity (spectroscopic measurements and short exposure time photo) and electrical
characteristics (measurements of the discharge current and construction of the
Lissajous figures). But spectroscopic or electric diagnostics have the limitation in the
investigations of discharge behavior such as distribution of electric field and plasma

particle density over discharge gap. Recently, simulation has become an important



method in understanding the plasma physics and chemistry of gas discharges since the
direct quantitative measurements inside the discharge volume are either very difficult
or very costly. Not only can an efficient and accurate modeling provide detailed
plasma physics and chemistry within complex gas discharges, but also may it be used

as an optimization tool for designing a new plasma source.

1.1.3 Features of the Dielectric-Barrier Discharges (DBD)

1.1.3.1 Structures

A sketch of dielectric barrier discharge is showed Figure 1. 2. The DBD usually
IS generated in the space between two electrodes covered with the insulating dielectric
material. The most frequently used dielectric materials being Pyrex, quartz, polymers
and ceramics, in_some applications additional protective or functional coatings are
applied. When the applied voltage exceeds the breakdown strength of the ambient gas,
an avalanche is formed. Sources that operate under vacuum are at a disadvantage with
respect to those that operate at 1 atm because of the-increased capital costs and the

requirement for batch processing of workpieces associated with vacuum systems.

1.1.3.2 Advantages

Types of non-equilibrium atmospheric-pressure plasma (APP) are generally
classified based on the power sources, which may include radio frequency (RF)
capacitively coupled discharge, AC dielectric barrier discharge (DBD) and microwave
discharge. Among these, the parallel-plate DBD driven by AC power supply (10-100
kHz) may represent one of the most attractive discharges because of: 1) its easier
implementation as compared with low-pressure plasmas, 2) low operational cost 3)

possibility of the production of homogeneous plasma, 4) lower working temperature.



1.1.3.3 Applications

Dielectric-barrier discharges, or simply barrier discharges, have been known for
more than a century. First experimental investigations were reported in 1857. The
DBD at atmospheric pressure driven by a alternating current power source has been
widely used in various industrial fields, such as surface treatment, thin film deposition,
pollution control, plasma display cell production. The DBD is generated in the space

between two electrodes, which were covered with insulating dielectric layers.

1.2 Literature Survey

Recently, atmospheric-pressure plasma (APP) has attracted considerable
attention, mainly because, unlike-low-pressure plasmas, APP does not require the use
of vacuum equipment and it is increasingly used in modern science and technology
applications. In the following we focus on introducing the AP DBD literature surveys
which are restricted along this line. A frame work of the literature survey is revealed

in Figure 1. 3.

1.2.1 Atmospheric Pressure Dielectric-barrier Discharges

Dielectric-barrier discharges, or simply barrier discharges, have been known for
more than a century. First experimental investigations were reported by Siemens in
1800s [Kogelschatz, 2003]. DBD used in the industry usually operate at 1 atm,
therefore we focus the plasma in the atmospheric operating pressure. Depending on
discharge conditions and geometry, the DBD may appear in two discharge forms:
homogeneous and filamentary.

The filamentary discharge consists of a large number of narrow (about 100pm)

filaments stochastically distributed over the electrode area. The discharge current has



the form of multiple peaks (microdischarges), about 10 ns in duration. There is a large
number of works where filamentary discharge (a most common form of the DBD) has
been simulated, for example [Papageorghiou et al., 2009]. Most of the works are
devoted to the study of a single microdischarge on the basis of a fluid model.

Under certain conditions (for example, frequency and applied voltage...), DBD
is homogeneous along the plane of the electrodes. The homogeneous discharge allows
one to treat surfaces more uniformly. The homogeneous barrier discharge was
obtained in helium [Massines et al., 1998; Mangolini et al., 2002], neon [Trunec et al.,
2001], nitrogen [Tepper et al., 2000; Segur et al., 2000], air [Tepper et al., 2000] and
other gases. The homogeneous discharge is realized in two forms: Townsend and
glow discharge.

The glow form (atmospheric-pressure glow discharge) is characterized by higher
discharge current (hundreds of milliamperes) and abrupt alteration of the electric field
in the discharge gap. On the contrary, the discharge current in the Townsend
discharge is much smaller (units of milliamperes) and the electric field is practically
homogeneous along the discharge axis. This Townsend of the homogeneous discharge
was observed in most working gases-[Mangolini et al., 2002; Tepper et al., 2000;
Mangolini et al., 2002]. In the present research, we take nitrogen as the working gas,
because the homogeneous barrier discharge in nitrogen appears mostly as a Townsend

discharge.

1.2.2 Simulations and Experiments on DBD with Pure Nitrogen

A Townsend-like barrier discharge in nitrogen at 7 kHz frequency and sinusoidal
voltage is studied experimentally and theoretically by [Golubovskii et al., 2006]. The
experimental results are compared with the calculations of the existence range of

barrier discharges in different forms, which were performed on the basis of a fluid



model. The influences of the barrier material and thickness are discussed while the
permittivity of dielectric is 2.2-8.0 and thickness of dielectric from 1.0 to 2.0 mm. It is
shown that the lower the permittivity of barriers is, the wider is the range of
parameters where the discharge is homogeneous. However, it is considered in this
thesis that the effects of permittivity in the more high frequencies higher than 60 kHz
with realistic distorted sinusoidal AC power source.

The properties of a barrier discharge in nitrogen near the transition from the
Townsend mode to the filamentary mode are studied on the basis of a two
dimensional fluid model by [Maiorov et al., 2007]. It is shown that the widening of
the stability region for the discharge with small gap distance is proved. Therefore, in
the thesis considered the effects of gap distance in the more high frequency 60 kHz
with realistic distorted sinusoidal-AC power source.

An one-dimension fluid model for pure nitrogen atmospheric pressure plasma
was studied [Choi et al., 2006]. The influences of different driving frequencies and
voltage amplitudes are discussed while the amplitude of sinusoidal applied voltage is
6-10 kV and frequency changes from 10 to 20 kHz. The increase of the amplitude and
frequency of external voltage lead to the increase of plasma density. In addition, the
dielectric constants of the barrier materials have also shown a strong influence on the
discharge structure. The simulation of pure nitrogen barrier discharge and the nitrogen

with different content of oxygen are presented.

1.2.3 Simulations and Experiments on DBD with Nitrogen Mixed

Oxygen

The nitrogen with small admixtures of oxygen barrier discharge at frequency of
6.95 kHz was studied [Brandenburg et al., 2005]. The electric characteristics with

different external admixture of O, and the spectroscopic diagnostics are measured



from experiment, and the discharge current and displacement current are compared
with numerical and experiment results. The transition to the filamentary mode and the
discharge mechanism are discussed, this transition starts from less of oxygen (about
450 ppm) to the micro-discharges, which are generated at higher admixtures of O,
(about 1000 ppm).

The techniques of spatially resolved cross-correlation spectroscopy (CCS) and
current pulse oscillography were used to carry out systematic investigations of the
barrier discharge (BD) by [Kozlov et al., 2005]. Under the experimental conditions
being considered (symmetrical electrode configuration ‘glass—glass’, gap width of
about 1 mm, feeding voltage frequency of 6.5 kHz),.in the binary N,/O, mixtures at
atmospheric pressure. Special attention was devoted to the investigation of the
transition between the filamentary-and diffuse modes of the BD, this transition being
caused by the variation of oxygen content within the range 500-1000 ppm. The
spatio-temporal _distributions of the filamentary BD radiation intensities were
recorded for the spectral bands of the 0-0 transitions of the second positive (A = 337
nm) and first negative system of molecular nitrogen (A = 391 nm). In the case of the
diffuse mode, the spectral bands A =-337.nm, A = 260 nm (0-3 transition of the

y -system of NO) and A = 557 nm (radiation of ON; excimer) were used in the paper.

1.2.4 Numerical Approaches for Plasma Simulation

Generally speaking, there are four different types of approaches to plasma
simulation, which can be applied in different plasma conditions. They include: (1)
direct Boltzmann equation solver, (2) Particle-in-Cell with Monte-Carlo collision
method (PIC-MCC), (3) fluid modeling, and (4) hybrid fluid-PIC method. We are
only focus in fluid modeling as following in turn.

Fluid model of plasma is based on partial differential equations which describe



the macroscopic quantities such as density, flux, average velocity, pressure,
temperature or heat flux. The governing equations can be derived from the Boltzmann
equation by taking velocity moments of the Boltzmann equation with some
assumptions [Meyyappan, 1994; Gogolides et al., 1992; Pitaevskii et al., 1981]
including the continuity equation, momentum equation and energy equation. The fluid
descriptions break down for highly rarefied plasma, or intense nonlocal effect induced
by strongly electric filed. Related publications of fluid modeling could be found in
numerous articles, e.g. [\Ventzek et al., 1993; Lymberopoulos et al., 1995; Bukowski
et al., 1996], and are not reported here.

There are generally two types of fluid modeling techniques: (1) local field
approximation (LFA) and (2) local-mean-energy approximation (LMEA). The former
assumes the input electric power-into _the plasma is fully balanced by the power
dissipated by ionization, while the latter solves the electron energy density equation
directly. Although the transport and rate coefficients of electrons are obtained from the
solution of stationary spatially hamogeneous-Boltzmann equation, the consequences
are quite different. It has been shown that the use of LMEA is generally much better
than the LFA because of the former-considers non-local effect of electron energy

distributions [Grubert et al., 2009].

1.3 Specific Objectives of the Thesis

Understanding of the plasma physics and chemistry employed in
low-temperature plasma applications has been generally difficult through
experimental measures. Therefore, numerical simulations are used to study the
atmospheric nitrogen and N,/O, plasma. The specific objectives of this thesis are
summarized as follows,

1. To simulate a 1-D nitrogen dielectric barrier discharge at atmospheric pressure

9



and compare the numerical result with experiment data.

To discuss the effects of operated parameter (applied voltage, dielectric material,
dielectric thickness, gap distance...) in nitrogen plasma and its physics.

To study the effects of trace oxygen in nitrogen plasma with various amounts and

to compare with experimental data.

10



Chapter 2 Research Methods

A frame work of the research methods are revealed in Figure 2. 1. Three distinct
components for studying atmospheric pressure dielectric barrier discharge are
introduced: numerical method of fluid modeling, experimental methods and Kinetic

model.

2.1 Numerical Method of Fluid Modeling

2.1.1 Boltzmann Equation

According to kinetic theory, the plasma can be described by a distribution
function f(r, v, t), which satisfies the Boltzmann equation (Vlasov equation), at

location r, velocity v and time t,

O ¢ (rvit) v [ (e O (E T v xB). 2LV =(6f (r""t)j
ot m ov ot ¢

, Where q is charge, mis mass, and the term in right hand side is due to collision. If we
take the first three velocity moments of f(r, v, t), the spatial and temporal distribution

of density, flux, and temperature can be described as

n(r,t) :j f(r,v,t)d%
r(r,t) = J'vf (r,v,t)d%v

vif(r,v,t)d3%
§|<BT(r,t):mj (rovY)
2 2 jf(r,v,t)dsv

Similarity, we take the three previous integrations of Boltzmann equation to get

the continuity equation, momentum equation and energy equation, these equations can
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be written as,

0
—n+V-(nv)=3S
p (nv)
ov
mn{gﬂv-V)u}:qn(E+v><B)—V-P+M

g(nCVT)JrVo(nCVT) =-V-q—-pV-v+E

, Where S is the source and sink of the continuity equation, M is the momentum
transfer of the species, E is the energy gain and loss of the species, C, is the specific

heat capacity.

2.1.2 Fluid Modeling Equations

In general fluid modeling, the densities of electron, ion and neutral species are
function of time.and space, which are calculating from the species continuity
equations, species-momentum equations and species energy equations. Further, the
self-consistent model includes the Poisson’s equation.

Transport coefficients, mobility -and diffusivity, are used instead of solving
species momentum.equations, and ignoring the ionic and neutral species energy
equations because of the non-thermal plasma is considered. Therefore, only species
continuity equations, electron energy equation-and Poisson’s equation are solved.

The general continuity equation for ion species can be written as

anp

)
T e oNs  p=12,---k 1
el Zl i P (N

where ny is the number density of ion species p, k is the number of ion species, ry is

the number of reaction channels that involve the creation and destruction of ion

species p, and l:p is the ion particle flux that is expressed as, base on the

drift-diffusion approximation,

r =si e_p M 2
5 =sign(d,) N, " (2)
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where q,, u,,and D, are the ion charge, the ion mobility, and the ion diffusivity

of the species p. The electric field E can be calculated by the potential ¢ as

-9

OX @)

The source term S is calculated from the chemistry reactions, for example, there
is a reaction channel which reaction rate is k; as following,
e+N,>2e+N,
Therefore, the source term of N,* can be written as,

S, = kn;ny, (4)

The continuity equation for electron species e can be written as

on,. oL <
e e NN, 5
I Z:, el (5)

where n. is number density of electron, re IS the number of reaction channels that

involve the creation and destruction of electron, and T. is the electron particle flux

that is expressed as, base on the drift-diffusion approximation,

on,
OX

1—‘e — Sign(qe)/ueneE = De (6)
where g and D, are the electron mobility and-electron diffusivity, respectively.
These two transport coefficients can be readily obtained as a function of the electron

temperature from the solution of a publicly available computer code for the
Boltzmann equation, named BOLSIG+ [Balay et al., 2001]. Similar to S, the form
of S, can also be modified according to the modeled reactions that generate or

destroy the electron in reaction channel i. The boundary conditions at the walls are
applied considering the thermal diffusion, drift and diffusion fluxes which can be

represented as
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. on, 1 8k, T
I, =sign nE-D —+=n, |[—2&— I 7
o = SI0N(d, )N, E ~ D, =2+ 7 N . ¥ L ©)

where kg is Boltzmann constant, m, is the mass of electron, and y is the electron

e

emission coefficient.

The continuity equation for neutral species can be written as

on or e
Zue 2w =N'g o yc=12,---,k 8
ot ox le ®)

where nyc is number density of electron, ry. is the number of reaction channels that

involve the creation and destruction of neutral species uc , and T. isthe particle flux

only considering the diffusion effect,

on
r E=D Lo 9
uc uc ax ( )

where D, is the diffusivity of neutral species. Similarly, the form of S, can also

be modified according to the modeled reactions that generate or destroy the species in
reaction channel i. Neumann boundary conditions at walls are applied to neutral
species fluxes.

The electron energy density equation can be written as,

on_ or = m
t+—~2=—telLE-) &S. +3—=nk,v, (T,-T 10
8t 8X e ; 1~ M e'B m( e g) ( )

where T, is the electron temperature, Ty is the background gas temperature, & is the
energy loss for i"™ inelastic electron collision, kg is Boltzmann constant, and v, Isthe

momentum exchange collision frequency between electron and background neutral

particles. n_ isthe electron energy density which is defined as

N, = kT, (1)

The electron energy density flux T.is
5 5nkgT,

T, = kgT.[, -~ —2-2 V(KT 12
& 2886 2m (Be) ()

e"m
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The second term on the right-hand side of Eq. (10) represents the sum of the energy
losses of the electrons due to inelastic collision with other species. The last term on
the right-hand side of Eq. (10) can be ignored for low-pressure gas discharges, while
it is important for medium-to-atmospheric pressure discharges. The boundary

conditions of electron energy density fluxes can be represented as

fm=2nfe (13)

Poisson’s equation can be written as,

0% QLR = i
&) %(EBQMWhem] (14)

where g, is the vacuum permittivity.

2.2 Implementation of Semi-Implicit Scheme

It was reported that explicit evaluation of source term of Poisson equation leads
to small time step to avoid numerical instability due to the restriction of dielectric

relaxation time which can be represented as [Ventzek et al., 1993]

&o

At < tdielectric: < H W
o,
Zpll g,

(15)

This instability is caused by the use of number density of previous time step to
calculate the source term of Poisson equation since there is no number density of
current time step while solving Poisson equation. The so called semi-implicit
treatment is applied on the source term of Poisson equation to ensure stability. The
predicted source term of current time step of Poisson equation is linearized with a

Taylor-series expansion in time as
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= i1

(16)

where n, represents the number density of electron, and n, represents the number
density of ions. The temporal gradient of number density of species can be calculated
from continuity equation of each species. With some derivations and approximations,
the Poisson equation can be written as

V2¢:—i[iqini —ene]/(1+§(iyini —ueneD (17)

€y \Ui=L &y ia

Similar constraint on time step size can be found on the source term of the electron
energy density equation, Eg.(10), and the ‘energy source term is linearized by a
Taylor’s series expansion in electron energy with some approximations for increasing
the time step size of the simulation [Hagelaar et al., 2000]. Thus, the electron energy

density equation can be rewritten as

R k

- k
| e _"61—‘5 Ol E éT ab, S 8_ My, N kL _ etk
T Y Zla PR T)}( -ne)

€

(18)

o, oy, , T, D,
ou, 0z 0D, 0F

The discretization form of has been derived based on the

Scharfetter-Gummel (SG) scheme [Scharfetter et al., 1969] in one-dimensional

example as
%aye 61“ D, :_Lu_ h(z_ )(nei+l_nei)
du, 08 aD oz 3eAx ok TR U :
= (19)
+L(a’tiej FeHy
'ue,i+% o0& i+% n2
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2% exp(z) sign(q) uEAx
where h(Z):m, d Z:T.

be found in references [Ventzek et al., 1993; Hagelaar et al., 2000], and are not

Details of the implement can

described here for brevity.

2.3 Numerical Schemes and Discretization

The plasma fluid modeling is spatially discretized by finite volume method as the
following two-dimensional general form

a¢i,j " Fi+ll2,j s, Fi—llz,j ¥ Gi+1/2,j _Gi—llz,j >y
ot AX: Ayi,j :

1]

(20)

r
r
r
I

e

where ¢ = , Axand Ay stand for cell width in x and y

p
uc
n,

Fp
° = L , G=

1—‘uc

r, | .
direction of peculiar cell, and S;; stands for the corresponding source term. The
Poisson equation is spatially discretized by similar manner with the flux term is
calculated by central difference scheme as-described later in this section, and those

fluxes of continuity equations and electron energy density equation are calculated by

SG scheme [Scharfetter et al., 1969] as introduced below.

The SG scheme is one of the most popular numerical schemes for plasma
simulation. The following derivation of SG scheme uses one-dimensional example for
demonstration. It can be extended easily for two-dimensional problem. Consider a

one-dimensional problem, the flux between cell i and i+1 is denoted as I,

and can be written as
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on o0¢

Fp,i+l/2 = _Dp,i+1/2 G_Xp — Ol i02 & n, (21)

where g=1 for ion with one positive charge and q=-1 for electron or ion with
one negative charge. To change the variable from position to potential, we apply chain

rule to Eg. (21) and obtain

on, %+ QL2 %n __ |

op x D ox " D (22)
p.i+l/2 p,i+1/2

o¢ o¢

We assume that x is independent of potential and divide both sides bya—x, then
we have

anp A ALty iz n BN | (23)

>/ — 0
¢ p,i+1/2 Dp,i+1/2 af

Eq. (23) is a non-homogeneous 1st order differential equation (ODE) with constant
coefficients since we approximate the mobility and diffusivity with constants. The
solution of a non-homogeneous ODE includes homogeneous and particular solution

and could be represented as

2P 1_‘p i+1/2
n,(#) =n,(¢) +n,(9)=Ce™ - —6¢ (24)
Q002 x

B Qa2

where A= . Substitute Eqg. (24) into Eq. (23) with boundary conditions

p,i+1/2

n,(#)=n,; and n,(4,,)=n,;, tosolve the constantand obtain
Noia—Ny;
C U pi+l p,i (25)

- eMHl — e/1¢.

Hence, the flux can be represented as
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-D,, A - —Ap,,— ¢
Fpi+l/2 = b ﬁ(¢l+1 I) npi+1_ani (26)
! Xi+l — Xi e (¢|+1_¢|) _l ! e_ (¢|+1_¢|) _1 !
where the potential gradient can be approximated with finite difference method as
% — ¢|+1 — ¢| (27)
OX Xipa X
Finally, the flux can be represented as
- Dp i+1/2
Fp,i+1/z =—Y[B(_X)np,i+1_B(X)np,i] (28)
Xi-+—1 - Xi
where X =—A(¢,, —¢)= q[)ﬂpﬂ(ﬂﬂ —¢ ) and Biis the Bernoulli function as
p.i+l/2
X
B(X)= 29
e (29)

Thus, the flux of each cell can be evaluated with SG scheme and complete the finite

volume method.

The complete form of continuity equation can be written as

ani i 61qi i ari i
= 4+ —— :Si'j
ot OX oy
kil ok B AR [ ke (30)
- ni,,- _ni,j N i+, i-%i = i‘j+% i,j_% R ikj
At Axi,j Ayi’j ,
where
k
T [B(—X .)nikffj (x. )niﬂ
I+ 751 Xi+l,j _Xin i+75.] : i+12,] ,
Dk
k1 _ i-75.] B(—X )n.kfl_B( )nk+1_j|
2! X~ Xia [ iyl ) =}y )
k
k1 _ i,j+% B(_X )n_kJ_rl (X )ﬂ.kirl:|
R Yiju = Yij [ hitky ) i) M
k
o= M B(—X )n."fl— B(X )n_"fl }
M7 Yij— Vi |: RV ij-}y ) Wit
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k
qll'li_#%'j

Xy =~ o, (A —91)
Xy =" q;kjjf (¢5.-4)
iy _q;ij;f (4 =4h1)

The superscript k and k+1 represent the previous and current time level. The

transport properties such as Di'i}/jare evaluated by the average values of adjacent
A
cells, for example,

D —l(D.k =0k (31)

i3 . i+1, ]

Similarly, the complete form of energy equation can be written as

8ng(i,j) N 5Fg(i.j) P D
ot x4 Doy, ”
k#l .k r‘k*'.l _ _r‘kfl : Fk+.1. —Fk+_l_
N ng(i,j) ng(i,j) " £(|+ 2,]) s(l—%,J) T g(|,1+%) g(|’1_%) _ Sk_ -
At AXi,j Ayi’j :‘?(|,J)
where
k
k+1 5 i+75] k+1 k+1
('+ Z,j)__§Xi+lj_Xij B(_xl+ 2,j) e(i+1,]) (Xi+ 2]) (i, J)
5 D
k+1 ___A _ k+l K+1
Yy ™73 X~ X1 [B( X zyi)nf B) B(Xi— Z,J)nf(i—l,i):l
Dk
5 ij+3)
k+1 __ >y _ k+1 K+1
F‘E("H%) 3 Vi~ Yij [B( Xi,j+%)ne(| j+1) (Xi,j+ Z)ns(i,j)j|
Dk
k+1 :_§# Bl-=X n“L _B[X it
(i) 3 Vi~ Yiaj ij-1 ) e(ig) -3 | e(i i)
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Note that n, =neée =n, @ kBTe], where k; is the Boltzmann constant. The source
term of electron energy density equation can be represented explicitly as

m
S:(IJ) :_er E ng m(i, ) +3—neVm (Telzi’j)_Tg(i'j))

(33)
k k k K (+k
:—e(FX(i’j)-E( )+F ) ng mi. i) ( evm) (Te(i,j)_Tg(i,j))
The complete discretized form of Poisson equation can be written as
V-(eVg)= qunm(iyn
m=1
1 I gl jgl+lj k+1 k+1 g—l]gl j k+1 k+1
= =0 ) [+
AXi,j gi,jAhx(Hl i) |+1 jAhx (¢I+1’J ¢|‘J ) Ahx +g Ahx (i-1,j) (¢ ¢|_1’J)
N (34)
1 &i i P —— €i 1% kel kel
Ayi,j _gi,jAhy(i+1J) I+1jAh (¢I’j+l ¢ij ) i-1,j Ah ( )+5 Ah | 1] (¢IJ ﬂ’j_l)

N k
= qunm(i,j)
m=1

2.4 Numerical Algorithm

The governing equations of plasma fluid modeling are solved implicitly with
backward Euler method in time and independently as shown in Figure 2. 2. The
program starts from the evaluation of transport properties, source of each species
continuity equation, and source of electron energy density equation. At each time step,
the resulting algebraic linear system of each equation is solved independently by the
GMRES with or without parallel ASM preconditioner provided by PETSc library
[Balay et al., 2001] through domain decomposition technique on the top of MPI
protocol. Among the iterative linear solvers of Krylov subspace, we select the
GMRES to solve the linear systems obtained by discretization since it has been shown
to be the most robust linear matrix solver for most of the cases. In addition, in the
preconditioning we test the performance of two sub-domain solvers such as LU

(direct) and incomplete LU (ILU; iterative) factorizations. Other preconditioners
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using, for example, Jacobi and successive over relaxation (SOR) do not converge well
in the current study and are generally very time-consuming, and are thus excluded for

further discussion.

2.5 Experimental Methods

Figure 2. 3 illustrates the schematic diagram of a parallel-plate DBD
atmospheric-pressure plasma jet (APPJ) along with gas supply system and the
instrumentation for voltage and current measurements. This APPJ consists of two
parallel copper electrodes (50 x 50 x 8 mm each) with embedded cooling water. Each
electrode is covered with a ceramic plate in the size of 70 x 70 x 2 mm for
inactivation/sterilization application and.a quartz plate in the size of 70 x 70 x 1 mm
for surface hydrophilic._modification application. The dielectric plates are 5 mm
extruded from the end of the electrodes (in the flow direction), which can prevent the
electrode assembly from arcing. Distance between the two dielectric plates
(ceramic/quartz) was kept as 1 mm throughout the study. The assembly of electrodes
and dielectrics were then covered by an insulation layer made of Teflon to provide
safety and prevent arcing problem during operation.

This DBD assembly was powered by a distorted sinusoidal voltage (quasi-pulsed)
power supply (Model Genius-2, EN Technologies Inc.). This power supply facilitates
adjustment of frequency (20~60 KHz), power density (low/middle/large), peak
current (max. 4A), peak voltage (max. 15 kV), and power (max. 2 kW). Resulting
output voltage waveform of the power supply produces the voltage increase, which
can possibly enhance the plasma properties. The distorted sinusoidal voltage power
feature is generated high voltage with high dv/dt to enhance radical generation.

Input voltage and output current waveform across the electrodes of the
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parallel-plate discharge were measured by a high-voltage probe (Tektronix P6015A)
and a current monitor (IPC CM-100-MG, lon Physics Corporation Inc.), respectively,
through a digital oscilloscope (Tektronix TDS1012B). The current monitor belong
Rogowski coil type. The output sensitivity is 1 votls/Amp, and hole diameter is 0.5
inch to suit insulating power cable. The Rogowski coil used for fast current

changing measurement better than the Hall effect device.

2.6 Kinetic Model

The 0D kinetic model will be detailed, describing the evolution of N, and No+ O,
neutral particles. The data on the processes of excitation and ionization in nitrogen
based are reviewed in [Gadd et al., 1990; Kossyi et al., 1992; Capitelli et al., 2000;
Balay et al., 2001; Golubovskii et al., 2002; Pintassilgo et al., 2005;Choi et al., 2006;
Panousis et al.,; 2009; Tochikubo et al., 2009; Tsai et al., 2010]. The discharge in
nitrogen and oxygen is characterized by a wide variety of elementary processes. This
is a common feature of molecular. gases.

For the pure nitrogen reaction channels are summarized in Table 2:. The N,

plasma chemistry employed in the present study includes 11 species (electron, N,

NCD), Nz Np*, N&°, N,(X'!0=1-6), N,(A%]), N,(B’I,), N,(C°,),

N,(a" Z;)) and 34 reactions. Note we have ignored the N* and N3* in the simulation

since they have been found to unimportant in nitrogen plasma simulation
[Golubovskii et al., 2002]. Furthermore, the number density of background nitrogen
does not change with time or position is assumed.

First, the vibrational excitation of a molecule in the ground state must be taken
into account for a proper description of the kinetics of excitation. As the density of

vibrationally excited molecules is high enough, the electron distribution function is
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deformed due to superelastic collisions and the rate of direct excitation and ionization
increases. The influence of the vibrational excitation over the electron distribution
function was studied in [Loureiro et al. 1986]. Therefore, we have chosen to take into
account of the levels up to v = 6 using cross sections data from BOLSIG+ [Balay et
al., 2001] for the electronic excitation of the vibrational levels of the ground state in
this work (Reactions 3-10 in Table 2). Second, since the number of excited states for

the nitrogen molecule is rather high, especially an important excited species of the

lowest metastable state N,(A°Z). This state usually has the largest lifetime (more
than 1 second) in comparison with higher excited states. Therefore, the triplet states
N,(A’S)), N,(B’I,), 'N,(C°I,) and singlet state N,(a" ;) of molecular
nitrogen are considered. Reactions 11-14 describe the electronic excitation of the

ground state nitrogen molecule to the vibrational levels of the N,(A’Z!),

NZ(B3Hg) , N4(C°I1,), N,(a"Z;)excited states which the cross sections data take

from BOLSIG+ [Balay et al., 2001]. In addition, reactions 31-34 represent the
radiative decay of those excited states. Third, Paintu [Pointu et al., 2005] and
Panousis [Panousis et al., 2009] experimentally estimated the N-atom was the most
dominant atom species with a density of ~10 cm™. Hence the ground state of
N-atom reacted channels had considered in Reactions 15-17. Fourth, according to the
literature [Panousis et al., 2007], the dominant ionic species in atmospheric pressure
conditions are considered to be N, , due to the very efficient conversion mechanism
in Reactions 19 that imposes on N," ions an effective lifetime below 1 ns. Fifth,
collisions between two nitrogen metastable molecules create seed electrons via
ionization by Penning effect as shown in Reactions 21 and 22. Sixth, the gas

temperature, necessary for the calculation of the coefficients of Reactions 16 and 18,
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was taken equal to Ty = 400 K, close to an experimental estimation [Panousis et al.,
2007].

For the N, + O, reaction channels are summarized in Table 3. The total number
of reactions between various particles in N,/O, discharges exceeds 450 [Kossyi et al.,
1992]. But the atmospheric BD has two features, which makes it possible to simplify
the common model of the excitation kinetics. First, the ionization degree is rather
small, since the experimentally observed discharge mode is a Townsend-like
discharge or local microdischarge. Second, the admixture of oxygen does not exceed
0.1 % of the total gas volume. A small amount of oxygen allows us to exclude the
reactions nonlinear in O2 density. In this study, the N2/O, plasma chemistry employed

in the present study includes—24-species (electron, N, N(D), N, N,", N,
N, (X'Z;,0=1-6), N,(A’Z}), N,(B’I1,), N,(C’M,), N,(a'=,), Oz O;", O,
0, 0,(a), O, O(D), O(*S), O3, NO, NO(A), NO(B), O(*S)N,) and 85 reactions. The
added oxygen gas operates as a quencher of electron and metastable molecules,

resulting in the density decreases of metastable species as well as electrons. Therefore,

the small content oxygen can significantly affect the plasma sustain.
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Chapter 3 One-Dimensional Simulation of Nitrogen
Dielectric Barrier Discharge Driven by a Quasi-pulsed

Power Source and Its Comparison with Experiments

A frame work of pure nitrogen results and discussions are revealed in Figure 3. 1.
Three distinct parts for nitrogen DBD results are introduced: verification of the
simulated results with experimental measurements, basic discharge structure and

parameter studied.

3.1 Verification of the Fluid Modeling and Kinetic Model

To validate the fluid modeling code in nitrogen kinetic model, we have simulated
an one-dimensional cases and results were compared with previous-experimental data.
The experiment is produced between two plane electrodes, 3.2 ¢m in diameter and
covered by a dielectric barrier made of a 635 pm alumina plate (the permittivity was
set 9.0 in this simulation).The interdielectric gap is fixed at 1 mm. Its frequency is set
sinusoidal form AC 8 kHz, and its amplitude is chosen 6 kV in atmospheric pressure.
Figure 3. 3 shows the comparison of the simulated discharged currents (upper) with
the experimental measured data (bottom) from [Gherardi et al., 2001]. It clearly
shows that the present fluid modeling code using the nitrogen plasma chemistry can
predict quantitatively the temporal evolution of discharge current of experimental

measured discharge very well.

3.2 Simulation Conditions

The atmospheric-pressure parallel-plate DBD consists of two electrodes (5x5
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cm), each covered by an alumina dielectric (95% Al,O3 with £€=12.63) with 2 mm in
thickness. The distance between the two dielectric layers is 0.5 mm throughout the
study. A distorted sinusoidal voltage waveform having peak value of 6.6 kV with a
frequency of 60 kHz was used to sustain the discharge throughout the study unless
otherwise specified. Related experimental setup had been described in detail in
[Chiang et al., 2010] and is not repeated here for brevity. Because the input voltage
was not a sinusoidal waveform, it was fitted by a Fourier series with 18 terms using
60 kHz as the fundamental frequency in the simulation. The mesh criterion used 200
cells/fmm, because the results in Table 4 are almost constant when the mesh numbers
are more than 200 cells/mm. Generally, 3-5 cycles of simulation are enough for
reaching a quasi-steady state solution. Only the data at 4™ cycle are presented for the

purpose of discussion.

3.3 Basic Discharge Structure

Figure 3. 3 shows that comparison of simulated and measured discharged
currents of nitrogen DBD along with the experimental photo image (0.2 s exposure
time) of discharge at the bottom. Homogeneous light emission justifies the use of 1-D
fluid modeling for this problem. Note the various currents in the simulation are

defined as follows:

‘]total(ti X) = ‘]displacemat (t1 X) + ‘Jconduction(t' X)

oE
‘]displacemat(t, X) = SE

(t,X) = el .

‘]conductio i

Results show that simulated discharge currents are in good quantitative agreement
with the experimental data throughout the cycle. The discharge current has the form

of two major peaks per cycle and each peak has a duration of approximate 2 ps, in
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which the current intensity is about 10~20 mA/cm?. In addition, the current peaks are
much wider as compared to narrow peaks in helium discharges under similar
conditions [Massines et al., 1998].

Figure 3. 4 shows the various spatial averaged current densities during a cycle.
During the breakdown, the conduction currents are much higher than the displacement
current, in which N4'is dominant. In the post-breakdown period, the displacement
current is dominant, and the discharge almost extinguishes.

Figure 3. 5 shows the current continuity across the gap during the breakdown is
enforced in the 1-D simulation as it should be. Note the Ampére’s circuital law is
defined as follows, from this equation known that the total current must be constant in

spatial distribution.

VxB = pyJd
V- (VxB) = V- (44,9)

V-J=0
J =const.

Figure 3. 6 shows the corresponding instantaneous distributions of discharge
properties across the gap at the moment of peak current during the breakdown. It is
observed that the electric field is almost linear (from 55 to 60 kV/cm) across the gap
because of the low net charge density (difference between positive ions and electron),
which is unlike a typical glow discharge with a quasi-neutral region. Number density
of N4° is much higher than that of electron across the gap. In addition, electron
number density decreases exponentially with increasing distance from the powered
electrode (anode at the left side). These results are similar to some earlier studies in
atmospheric-pressure nitrogen discharges [Golubovskii et al., 2002; Choi et al., 2006;

Massines et al., 2009]. Interestingly, the density of N," species produced by electron
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direct ionized was two orders of magnitude lower than that of N, during the
breakdown. It was noted that, the conversion mechanism of the N, ion into the N,

ion (Reaction 20 in Table 2) was very efficient [Golubovskii et al., 2002; Panousis et

al., 2007]. It is also found that the electron energy density (¢, =§nekTe) peaks near

the powered electrode because more electrons are attracted and generated. In addition,
the electron temperature is close to 5 eV throughout the gap.

Figure 3. 7 shows instantaneous distributions of discharge properties across the
gap at the moment of negligible current after the breakdown. N,* (~10*m™) is also
found to be most dominant charged species at this moment, but the amount of density
is less than two orders during the breakdown period as presented in Figure 3. 6. This
is caused by the continuing -associate ionization between the remaining long-lived
metastable nitrogen Species (Reactions 21 and 22 in Table 2). In addition, number
densities of N,""and electron become as low ~10° and ~10™* m™®, respectively, because
there is no direct 1onization at this moment. It is mainly because the electron energy
density becomes much lower, ~ four orders of magnitude lower with electron
temperature of ~2 eV, as compared to that in the breakdown period which leads to no

direct ionization in this post-breakdown period.

3.4 Effect of Gap Distance

Figure 3. 8 shows that comparison of simulated discharged currents of nitrogen
DBD driven by a quasi-pulsed power (60 kHz) for different gap distances (0.5, 0.7,
1.0 and 1.4 mm) along with the experimental photo images of discharge on the right.
Note the measured relative permittivity and thickness of the ceramic material is 12.63
and 2 mm in 60 kHz frequency and 6800 V applied voltage distorted sinusoidal wave

form.
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In Figure 3. 8 (a) (b), the simulated currents are agreed well with experimentally
measured currents. For the cases of smaller gap (0.5, and 0.7 mm), the simulations
demonstrate they are typically homogeneous Townsend-like discharges with much
fewer electrons than ions (not shown here). In addition, the experimental photo
images showed that the plasma regions are uniform. For the case of larger gap (d=1.0
mm), the simulation shows it is a glow-like discharge with very high current density
during the breakdown phase. This is attributed to the fact that the discharge has
transitioned from Townsend-like to filamentary-like (microdischarge). However, this
is obviously against the measurements in larger gap-non-uniform case as shown in the
photo images in Figure 3. 8 (C). This shows that one'has to be very cautious about the
use of one-dimensional fluid-modeling for simulating the non-uniform parallel-plate
nitrogen DBD. 1-D fluid modeling can get good result in uniform case include
Townsend (0.5, 0.7 mm) and no breakdown (1.4 mm), but dismiss in unstable and
non-uniform filamentary case (1.0-mm), which makes the one-dimensional fluid

modeling invalid.

3.5 Effect of External Driving \Voltage

Figure 3. 9 presents the cycle-space averaged number densities of various species
with peak voltages in the range of 6.2-8.6 kV with a gap distance of 0.5 mm and two
ceramic layers of 2.0 mm in thickness. Generally, number densities of all species
increase exponentially with the magnitude of applied peak voltage. The ion density

(~10'®*m™®) is three orders of magnitude higher than the electron density (~10*m).

The metastable species N,(A’:’) and atom nitrogen are the most dominant species

with a number density of 10™ ~10?* m®, which agrees reasonably well with the

experimental measurements [Dilecce et al., 2007; Panousis et al., 2009]. It should be
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noted that the number densities of all species increase with increasing applied voltage;
however, the dielectric material may become more vulnerable with increasing applied
voltage. Table 5 summarizes the average absorbed powers of electron and ions at
different applied peak voltages. The electron absorbed power is generally less than
one order of the N4 absorbed power. This is unlike most glow-like discharges driven
by radio-frequency (RF) power sources, in which most electric power is absorbed by
the electrons instead. However, gas heating often increases with increasing ion
absorbed power due to the efficient energy transfer between ions and background

neutrals [Jou et al., 2010].

3.6 Effect of Dielectric-Material

Figure 3. 10 and Figure-3.-11 show the discharge current, gap voltage and
accumulated charges on both dielectric surfaces for materials of ceramic (¢ = 12.63)
and quartz (¢ = 4.76) with 2.0 mm in thickness respectively. The gap distance between
dielectric is kept the same as 0.5 mm. The applied peak voltage is 8,600 V which can
sustain the nitrogen DBD with two quartz dielectrics using a power source with a
frequency of 60 kHz. Results show- that the larger permittivity of the dielectric
material is the larger the discharge current and the longer the period is. In addition, the
quantity of accumulated charge at each electrode increases with increasing
permittivity of the dielectric material. This is especially important that negative
accumulated charges at the dielectric surface provide the mechanism of preventing arc
occurrence in nitrogen DBD by decreasing the gap voltage at the powered side. These
results coincide with those observed previously in [Golubovskii et al., 2006], in which
also showed that larger applied voltage is required to sustain the discharge when the

permittivity is smaller.
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3.7 Effect of Dielectric Thickness

Table 6 summarizes the average number densities and absorbed power at two
different thicknesses of ceramic layer (1.0 and 2.0 mm). Simulation conditions
include gap distance of 0.5 mm, applied peak voltage of 6,200 V and a frequency of
60 kHz. Results show that average number densities and plasma absorbed power
decrease dramatically with increasing thickness. It is noted that the discharge with a
ceramic layer of 1 mm in thickness is much easier to sustain in the experiments, but
the operating voltage peak is limited up to 6.4 kV without damage. As the thickness

increases up to 2.0 mm, the ceramic can survive the peak voltage up to 9.0 kV.
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Chapter 4 Numerical Investigation of Effects of Oxygen
Addition on a Nitrogen-based Dielectric Barrier Discharge

and Its Comparison with Experiments

A frame work of oxygen addition on nitrogen-based results and discussions are
revealed in Figure 4. 1. Three distinct parts for N, + O, DBD results are introduced:
basic discharge structure, the effects of trace oxygen on nitrogen-based DBD and

verification of the simulated results with experimental measurements.

4.1 Simulation Conditions

The parallel-plate (5x5 cm), atmospheric DBD consists of two electrodes, both
covered by a quartz dielectric (measured € = 4.76), having 1 mm in thickness each.
The gap between the quartz plates-is 1 mm throughout the study. A distorted
sinusoidal waveform with a frequency of 60 kHz and 8200 V. applied voltage was
used to sustain the discharge. The Fourier series with 18 terms using 60 kHz as the
fundamental frequency was employed to fit the measured voltage as simulated input
voltage. 400 non-uniform grid points and 2x10™ seconds of time step are used for
simulations throughout the study unless otherwise specified. Only the data at 4™ cycle

are presented for the purpose of discussion.

4.2 Basic Discharge Structure
Figure 4. 2 shows that comparison of simulated and measured discharged
currents for N, with 0.03 % O, admixture. Results show that simulated discharge

currents are in good quantitative agreement with the experimental data. Due to the
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applied voltage was distorted sinusoidal waveform. The discharge current has the
form of two major peaks per half cycle and each peak has duration of approximate 2
us. The first peak was formed during 0-2 ps and had the maximum current density
about 20 mA/cm?. In addition, the region between 2-4 us had strong voltage variation
with time. Therefore the second peak was formed and the current density was about
10 mA/cm?. In [Maiorov et al., 2007] experimental and numerical studies show that
as the oxygen content increased, the multiple peaks current was appeared.
Furthermore, as the amount of oxygen more than 1000 ppm, the discharge transferred
in filamentary mode. The current of Figure 4. 2 was not revealed the multiple peaks
phenomenon; therefore the one-dimensional simulation was still suited in this study.
Figure 4. 3 and Figure 4.-4-shows the N, + 0.03% O, spatial-average temporal
discharge properties with a 60-kHz cycle. In the charges density Figure 4. 3 found that
the dominate species are N,* and O, with about 10" m™ density, both species showed
quasi-neutral with all temporal variations. In addition, it is interesting in electron
density variations-with time in ‘DBD plasma. -The electron density was between
10*-10" m™ as the plasma extinguished and was less than 10'® m™ as the plasma
ignited. It is weakly discharge comparing with typical atmospheric pressure glow
discharge (10*°-10'" m®) [Massines et al., 2007]. Because the small amount seeds of
electron, the generations of plasma more depended on electron energy. Figure 4. 3
showed that the applied voltage had an abrupt variation between 0-4 us and to follow
a smooth change between 4-8.3 us. The rapid voltage variations made the electron to
obtain enough energy (more than 2 eV) to ignite the plasma, therefore the ionized

species of N," and O," greatly increased. The Figure 4. 4 showed the neutral species

densities variations with time. The species of N,(A°Z!), N,(B°I1,), N,(C°I,),

N, (a" =) were generated by electron direct excited (Reactions 11-14 in Table 3) and
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they apparent depended on electron energy, too. Due to the metastable N,(A’Z})

has more than 1s lifetime, the density profile almost was not change with time. In the
other hand, the densities of N,(A*Z’) and atom nitrogen were about 4 x 10" m™

and 1 x 10°* m™® Those results are agreed with experimentally estimated in
[Panousis et al., 2009]. This reference also showed that the impurity oxygen has
greatly efficiently even in few ppm level, furthermore estimated the atom oxygen had
the order of 10 m™. The atom density is about 6 x 10?° m™ in this study, it may be

the addition of oxygen is hundred ppm level.

4.4 Influence of Trace Oxygen on Cycle Average Properties

The cycle average of different species density for.trace oxygen (0.003% to 0.1%)
shows in Figure 4. 5. First, the electron density greatly decreased from the order 10*
m™ to 10* m™ as the trace oxygen increased. Therefore, the small.content oxygen can

significantly affect the plasma sustain. Second, the excited state density of nitrogen
species N,(A’Z;), N,(BTI;), N,(C°I,), N,(a"X,)appeared a rapid increase

before the oxygen content reached 100 ppm, and followed a slow decrease. Those
species came from by directly electron excited, as the trace oxygen below 0.01 % the
electron density still had more than 10" m™. In the other hand, the electron energy
increased from 0.93 eV to 1.8 eV. Therefore, as the electron density retained enough
quantity, the raise electron energy increased the excited species densities. Although
the electron energy keep increased to 2.9 eV as the additions of oxygen arrived 0.1 %,
but the electron density was enormous decreased to 10 m™. Therefore those excited
species densities decreased with oxygen content after 100 ppm. Third, the ground
state of atom oxygen and nitrogen revealed a slight changed with the trace oxygen

added. Both species not only depended on electron disassociated, but also came from
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complex neutral species interacted. Hence, the densities of atom oxygen and nitrogen
just varied between 4.0 x 10° m® t0 5.7 x 10° m® and 1.0 x 10* m®to 1.2 x
10%* m™. Fourth, the species of Oz and NO were not produced by electron collided
directly. As the trace oxygen gradually raised, both species densities increased from
0.003% to 0.1% oxygen content. This trace showed that the O3 and NO species more
depended on trace oxygen density. Besides, the small additions of oxygen can produce
more than 10" m™ density of ozone and NO. Therefore the No/O, DBD plasma has

good potential for many industry applications.

4.5 Influence of Trace Oxygen on Spectroscopic Properties

The calculated radiations-in-this study (full curves) and experimental optical
emission spectrums in [Brandenburg et al., 2005] (dashed curves) were compared as a
function of the trace oxygen in Figure 4. 6. The spectral bands of second positive
system of N, (Reaction 80 in Table 3), NOy-system (Reaction 83 in Table 3) and
ONgz-excimer (Reaction 85 in Table 3) were selected. The theory and experiment
results had a similar trace: a rapid rise followed a slow decay. The differences of the
maximum intensity between simulations-.and measurements may be due to the

impurities from feeding gas (10-20ppm) [Brandenburg et al., 2005]. The SPS

spectrum was depended on N, (C°I1,) species; therefore the trend was the same as

the excited state of nitrogen species in section 3.2. The spectrums of NOy and

ON,-excimer increased with the oxygen added below 100 ppm. The phenomenon was

due to the increased of oxygen species. The N,(A’Z!) is an important source to

excite the NO and O, but the N,(A’z’) was quenched efficiently by molecular

oxygen [Brandenburg et al., 2005]. Therefore, both spectrums decreased as the

oxygen contents continued increased.
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Chapter 5 Conclusion and Recommendations of Future Work

5.1 Summary Remarks

In the present study, we have investigated in detail the non-equilibrium
atmospheric-pressure  dielectric  barrier  discharge driven by a realistic
distorted-sinusoidal voltage power source (60 kHz) using a self-consistent
one-dimensional fluid modeling code considering non-local electron energy transport.
The experiment data are compared with the calculations results. A benchmark case
(with 60 kHz, 6800 V, 0.5mm gap, 2.0 mm ceramic dielectric thickness, 1 atm) shown
that simulation results are quantitatively agree with experiment.

The fluid modeling simulation of dielectric barrier discharge (DBD) with pure
nitrogen gas is presented. All-the model equations, species continuity equations,
electron energy equation and Poisson’s equation, are non-dimensionalized and
discretized by fully-implicit. backward Euler  finite-difference method with
Scharfetter-Gummel scheme for calculating the flux of charged species. The nonlinear
coupled equations are solved by Newton-Krylov-Swartz (NKS) algorithm with

additive Schwarz (AS) preconditioner.

5.2 Summary of Pure Nitrogen DBD Plasma

1. In the framework of the model, the influence of gap distance between dielectric
had been investigated. It was shown in the same applied voltage, the breakdown
time delay and plasma sustain time decrease when gap distance increase.
Experimental photo images show mode transition while gap distance varies from
0.7 to 1 mm. Therefore, 1D code cannot represent the experiment results while

gap distance is larger than 1mm, because of the non-uniform discharge between
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5.3

the electrodes. This shows that one has to be very cautious about the use of
one-dimensional fluid modeling for simulating the non-uniform parallel-plate
nitrogen DBD.

The discharge properties are studied by varying the applied voltage of external
power source. Higher plasma density can be obtained by increase with the
external applied voltage. Although the higher voltage was easier to sustain
plasma, but the higher voltage was easier damage the dielectric material also. In
energy absorbed, the N," ion gain the most power than electron about one order
in our simulation case.

The effects of the dielectric properties are proposed. As the gas voltage polarity
changes, the larger dielectric constant has more accumulated electron seed to
ionize and to sustain the-plasma. Therefore, the plasma density and current
increased with dielectric constant.

In the other hand, the dielectric thickness great influenced the plasma density and
power absorbed in plasma. The thinner dielectric was easier sustained the plasma
and got higher plasma density. But the operated amplitude was limited in smaller

range because the too high energy will break the dielectric.

Summary of N,/O, DBD Plasma
Since the real working gas is not absolutely clean, an interesting parameter in the
nitrogen discharge is the density of the admixture. When the nitrogen contains
some promille of oxygen, the discharge tends to be filamentary in the same
geometry, voltage and frequency.
When the trace oxygen increased, the total current relatively decreased. The
electron attached to O, apparent increases. Generated electrons are attached with

oxygen which decreases the electron density. The electron density linear
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decreased as the trace oxygen increased. Therefore, the small content oxygen can

significantly affect the plasma sustain.

5.4 Recommendations of Future Work

According to this study, the planned future, tasks are summarized as follows:

1.

To study the effect of operating parameters of N»/O, plasma including applied
power frequency, voltage waveform, dielectric property, dielectric thickness...

To compare with measured OES light emission data for the species calculated
from simulations.

To perform two-dimensional fluid modeling of a nitrogen-based DBD.
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Table 1: Subdivision of plasmas

Low-temperatue plasma (LTP)

High-temperatue plasma (HTP)

Thermal LTP
T, =T, =T, < 2x10*K

e.g., arc plasma at
normal pressure

Nonthermal LTP
T, =T, =300K

T, << T, <10°K

e.g., low-pressure
glow discharge

T, ~T,>10'K

e.g., fusion plasmas
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Table 2: Nitrogen Plasma Chemistry

) Threshold .
No. Reaction Channel Rate Coefficient
(eV)
(1) | e+N,—>e+N, 0.0 Cross section
(2) | e+N,>2e+N, 15.58 Cross section
(3) | e+ N, >e+N,(rot) 0.02 Cross section
(4) | e+ N, >e+N,(res) 0.29 Cross section
(5) | e+N,—>e+N,(v=1 0.291 Cross section
(6) | e+ N, >e+N,(v=2) 0.59 Cross section
(7) | e+N, >e+N,(v=3) 0.88 Cross section
(8) | e+ N, >e+N,(v=4) 1.17 cross section
(9) | e+N,—>e+N,(v=>5) 1.47 cross section
(10) | e+ N, >e+N,(v=6) 1.76 cross section
(11) [ e+ N, >e+N,(AZ]) 6.17 cross section
(12) | e+N, > e+ N,(B°II,) 7.35 cross section
(13) | e+ N, > e+ Ny(@“x,) 8.40 Cross section
(14) | e+ N, > e+ N,(C°II,) 11.03 cross section
1.25x107"° x (11608 x T,)**
(15) | e+ N, >e+2N 12.00 5 _—
x Exp(-1.6x10° /11608 /T,)m"s
(16) | e+N; —2N 0.0 2.8x1073(T, /T, P°m’s™
(17) | e+N; > N(CD)+N 0.0 3.7x10°m’s™
(18) | e+N; — N,(CI1,) +N, 0.0 2.0x107%2(T, /T, P*ms™
(19) | N; +N, +N, > N; +N, 0.0 5.0x10 *m°®s™
(20) | No(a"Z,) + N, (A’Z)) > e+ Ny 0.0 5.0x10 " m’s ™
(21) | N(@"Z,) +N,(a"Z,) >e+ N, 0.0 2.0x10°m’s™
(22) | NL(A’Z))+ N, (A'E]) —> N,(BTL,) + N, 0.0 7.7x10 " m%s
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(23) | NL(A’Z)) + N, (ASY) — N,(C°I1,) + N, 0.0 3.0x10"*m’™

(24) | N,(B’II,)+ N, > N,(A’Z)) +N, 0.0 5.0x107m’s™

(25) | N,(C°I1,) + N, - N, (a" Z,) + N, 0.0 1.0x10mds?

(26) | N(a"Z,) + N, > N,(B°TI ) + N, 0.0 2.0x10°m%™*

(27) | Ny(@"Z,)+N, > 2N, 0.0 2.0x10°m%*

(28) | N+N+N, —2N, 0.0 8.3x107*° x Exp(500 /T, )m°®s ™
(29) | N+N+N, - N,(A’Z/)+N, 0.0 8.27 x10™** x Exp(500 /T, )m°s ™
(30) | N+N+N, - N,(BIT,)+N, 0.0 8:3x107*° x Exp(500 /T, )m°s ™
(31) | N,(A’%!) — N, +hv293nm 0.0 5.0x107's™

(32) | N,(B°I1,) > N,(A’X;) + hv1045nm 0.0 1.5x10°s7"

(33) | N,(C°I1,) — N;(B°I1,) +h¥836.5nm 0.0 2.7x10's™

(34) | N,(a"2;) = N, + hvi77.1nm 0.0 1.0x10%s™
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Table 3: N,/O, Plasma Chemistry

) Threshold -
No. Reaction Channel Rate Coefficient
(eV)
(1) e+N,—>e+N, 0.0 Cross section
(2) e+N, >2e+N, 15.58 Cross section
(3) e+ N, >e+ N,(rot) 0.02 Cross section
4) e+ N, > e+ N,(res) 0.29 Cross section
(5) e+N, >e+N,(v=1) 0.291 Cross section
(6) e+N, >e+N,(v=2) 0.59 Cross section
(7) e+N, >e+N,(v=3) 0.88 Cross section
(8) e+N, >e+N,(v=4) 1.17 Cross section
9) e+N, >e+N,(v=5) 1.47 Cross section
(10) | e+N, >e+N,(v=6) 1.76 cross section
(11) | e+ N, >e+N,(AE) 6.17 cross section
(12) | e+N, »>e+N,(B’I)) 7.35 cross section
(13) | e+ N, »e+N,(@*'x2)) 8.40 Cross section
(14) | e+ N, —>e+N,(C°1,) 11.03 cross section
1.25x107"° x (11608 x T,)**
(15) | e+N, >e+2N 12.0 5 _—
x Exp(-1.6x10° /11608 /T,)m"s
(16) | e+0O, »>e+0, 0.0 Cross section
(17) | e+0O, >2e+0, 12.06 Cross section
(18) | e+0O,—>0 +0O 0.0 Cross section
(19) | e+0,+0, >0, +0, 0.0 cross section
(20) | e+0O, >e+0,(a) 0.977 cross section
(21) | e+0, »>e+20 6.0 Cross section
(22) | e+0, >e+0+0(‘D) 8.4 cross section
(23) | e+0, »>e+0+0('S) 10.0 cross section
(24) | e+N; >N(CD)+N 0.0 3.7x10 ®m’s™
(25) | e+N; 2N 0.0 2.8x1073(T /T, P°m’s™
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26) | e+N; = N,(CI1,)+ N, 0.0 2.0x1072(T, /T, °m3s
(27) | e+0O; ->0O(*D)+0 0.0 2.1x10"*m’s™
(28) | N,(@"Z;)+N,(AZ!) —>e+N; 0.0 5.0x10 " "m’s™
(29) | N,(@'Z)+N,(a"Z;)) »>e+N; 0.0 2.0x107"°m’%™
(30) | N +N,+N, >N} +N, 0.0 5.0x10*'m®s™
(31) | N;+O —>N,+0 0.0 7.8x107?m%™*
(32) | O; +0, —»20, 0.0 7.8x107?m%™*
(33) | O;+0 —»0,+0 0.0 7.5x107*m%™*
(34) | O, +0,(a) > e+ 20, 0.0 2.0x10"*m’s™
(35) | O, +O—>e+0, 0.0 1.5x107**m’s™*
(36) | O, +N,(A'Z;) »>e+0,+N, 0.0 2.1x10 5 m3
(37) | O; +N,(BII) > e+0, +N; 0.0 2.5%x10*m3s™
(38) | O +0,(a) > e+0, 0.0 3.0x10*m’s™
(39) | O +N,(AL})=>e+0+N, 0.0 2.2x10®m3s™*
(40) | O +N,(B’I,) >e+O0+N, 0.0 1.9x10 ®m3s™
(41) | O +0—e+0, 0.0 5.0x10°m3s™
(42) | O +N —>e+NO 0.0 2.6x10"m’s™
(43) | O +0, »e+0, 0.0 5.0x10%'m’s™
(44) | N+O+N, >NO+N, 0.0 1.76 %10 xT,**m’s
(45) | 0+0,+N, >0, +N, 0.0 5.6x10 *°m°s™
(46) | NL(A'Z))+N,(A’E]) = N, (BT ) + N, 0.0 7.7x10m’s
(47) | NL(AZH) + N, (AS)) - N,(C°1,) +N, 0.0 3.0x107%°m?s
(48) | N,(A’Z))+0, -»20+N, 0.0 1.7x10 " m3s™
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(49) | N,(A’Z!)+0, >0,(a)+N, 0.0 7.5x10 °m3s!
(50) | N,(A’Z!)+0 —> N(*D)+NO 0.0 7.0x10m%™
(51) | NL(A’Z)+0 —>0O(*S)+N, 0.0 2.1x10 " m%™
(52) | N,(B°TI )+ N, = N,(A’Z)) + N, 0.0 5.0x10'm’s™
(53) | N,(B°Il;)+0, »20+N, 0.0 1.1x10 *m3s™
(54) | Ny(@'Z,)+N, > N,(B’II,)+N, 0.0 2.0x107*m’s™
(55) | N,(a'Z;)+N, —>2N, 0.0 2.0x10°m3™*
(56) | N,(@'%2,)+0, >20+N, 0.0 2.8x10"'m’s™
(57) | N,(@*2,)+NO=0+N +N, 0.0 3.6x10 *m3s™
(58) | NL(C°I,)+Ny=>N,(@" =)+ N, 0.0 1.0x10 " m%™*
(59) | N,(C’IT,)+0, = N, +0+0(S) 0.0 3.0x10*m’%™
(60) | N(®*D)+0, »NO+0O 0.0 15x107° x (T, /300)*° m*s™
(61) | N(*D)+0, > NO+O('D) 0.0 6.0x10 ¥m3s™*
(62) | O(*D)+0, -0 +0,(a) 0.0 3.4x10 ' m’s™
(63) | O(*D)+0, >0+0, 0.0 6.4x107° x Exp(67/T,)m’s™
(64) | N,(A’Z))+NO — NO(A)+N, 0.0 6.6x10 " m’s™
(65) | NO(A’Z*)+N, - NO+N, 0.0 1.0x10m3s™
(66) | NO(A’Z*)+0, - NO+0, 0.0 1.5x10*m’™*
(67) | NO(A’Z")+NO — 2NO 0.0 2.0x10"*m%s™*
(68) | N+O+N, - NO(B’II)+N, 0.0 2.9%x10*°mP°s™
(69) | NO(B’IT)+N, - NO+N, 0.0 6.1x10*m’s™
(70) | O(*S)+N, +N, > O(*S)N, +N, 0.0 2.0x10*m°s™
(71) | O(*S)N,+N, ->O(*S)+N, +N, 0.0 5.0x10"®*m% ™"
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72) | N+NO—>O+N 0.0 1.05x107 T *°m3s™
(72) 2 9

(73) | N,(B’I1,)+ NO — N,(A’L}) + NO 0.0 24x10°ms™

(74) | N+N+N, - 2N, 0.0 8.3x107*° x Exp(500 /T, )m°®s ™
(75) | N+N+N, = N,(A’Z))+N, 0.0 8.27 x10** x Exp(500 /T, )m°s ™
(76) | N+N+N, > N,(BI1,)+N, 0.0 8.3x107° x Exp(500 /T, )m°®s ™
(77) | N+O, > NO+0, 0.0 2.0x10%*m’s™*

(78) | 0+0, >0, +0, 0.0 2.0x107"" x Exp(—2300 /T )m’s™
(79) | N,(B°II,) — N,(A’Z;)+hv1045nm 0.0 1.5x10°s™

(80) | N,(C°1,) —» N,(B°MI,) + hv336nm 0.0 2.7x10"s™

(81) | N,(a*%;) - N, +hvi77nm 0.0 1.0x10%s™

(82) | N,(A’Z!) — N,+hv293nm 0.0 5.0x107's™

(83) | NO(A’X*) — NO+ (180 ~ 260)nm 0.0 5.0x10°s™

(84) | NO(B’IT) — NO + (260 ~ 380)nm 0.0 5.0x10%s™

(85) | O(*S)N, - O(*D)+ N, +hv557.7nm 0.0 1.0x107s™
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Table 4: Cycle average in different mesh number test

Mesh Average | Average | Average | Average | Average | Average | Average
Cumber Electron N,* N4 N,(A3) N,(B) No(@™) No(C®) | Average
Density | Density | Density | Density | Density | Density | Density | Te (eV)
(cells/fmm) 3 3 3 3 3 3 3
(#/m°) (#m°) (#/m°) (#/m°) (#/m°) (#/m°) (#/m°)

50 cells | 1.02E+14 | 9.34E+15 | 1.47E+15 | 8.44E+19 | 3.82E+15 | 5.40E+17 | 2.05E+16 3.01
100 cells | 1.06E+14 | 9.83E+15 | 1.48E+15 | 8.39E+19 | 3.86E+15 | 5.42E+17 | 2.07E+16 3.15
200 cells | 1.08E+14 | 1.01E+16 | 1.46E+15 | 8.37E+19 | 3.88E+15 | 5.41E+17 | 2.07E+16 3.24
400 cells | 1.09E+14 | 1.02E+16"| 1.45E+15 | 8.36E+19 | 3.88E+15 | 5.40E+17 | 2.08E+16 3.27
800 cells | 1.10E+14 | 1.03E+16 | 1.44E+15 | 8.35E+19 | 3.87E+15 | 5.39E+17 | 2.08E+16 3.28
1000 cells | 1.10E+14 | 1.03E+16 | 1.44E+15 | 8.35E+19 | 3.87E+15 | 5.38E+17 | 2.08E+16 3.29
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Table 5: Comparison of average absorbed power for varying applied voltage of 6200,
6600, 6800, 8600 V in a 60 kHz cycle, and a fixed gap distance of 0.5 mm.

electron absorbed N," absorbed N," absorbed Total absorbed
voltage 3 3 3 3
(Wicm?) (Wicm?) (W/cm?) (Wicm?)
6200 1.40 0.035 15.65 17.09
6600 4,99 0.076 40.11 45.18
6800 5.35 0.091 46.48 51.92
8600 21.39 0.244 121.98 143.61

Table 6: At 6200 V applied voltage and 60 kHz frequency, the compared of average
number density, electron temperature and total absorbed power in different ceramic
dielectric thickness (1.0-and 2.0 mm).

dielectric
thickness

electron

electron
density
#m?®)

N,
density
#m®)

Ng*
density
(#m®)

Na(A®)
density
#m?)

Na(a™)
density
#m?>)

absorbed
(W/em®)

N,*
absorbed
(W/cm®)

N,
absorbed
(W/cm®)

1 mm

6.08E14

1.68E13

8.15E16

6.47E19

3.80E17

21.99

0.213

119.80

2 mm

3.04E13

4.91E12

2.49E16

1.97E19

7.01E16

1.40

0.035

15.65
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[ Background and motivation ]

—>[ Definition of plasmas

\

—>{ Characteristics of the plasma ]——»[ Type of plasmas

J

—>(App|ications of plasmas

J

J

Characteristics the atmospheric
pressure glow discharge

—b[ Structures

Features of the dielectric-barrier _>[ Advantages
discharges (DBD) )

—b( Applications

Figure 1. 1: The frame work of background and motivation
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Power source

TENNIANTT

Figure 1. 2: Sketch of dielectric barrier discharge
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[Literature Survey of atmospheric pressure nitrogen-based DBD plasma]

—>[Characteristics of the DBD pIasma]——»[Non—homogeneous pIasmasJ

Glow discharge
§
Townsend discharge
J
4 N
— The effects of operated parameter on pure N2 DBD plasma
. J
4 N
— The effects of operated parameter on N2 + O2 DBD plasma
. J
4 N
—p Numerical approaches for plasma simulation
. J

Figure 1. 3: The frame work of literature survey
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Research methods J

N
—>E:Iuid modeling equations
J

_.[

Numerical method of fluid modeling ]——»[ Discretization

~N

J

N
—>[ Numerical algorithm

v

Experimental method ]

—b[ Pure nitrogen

_.[

Kinetic model J—
—>[ Nitrogen + Oxygen

Figure 2. 1: The frame work of research methods
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Calculate transport
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Solve the continuity equations

A 4
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Figure 2. 2: The flowchart of plasma fluid modeling
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Figure 2. 3: Schematic sketch of a planar DBD APPJ
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Results of pure nitrogen atmospheric pressure DBD plasma ]

( )
Verification of the simulated results with experimental measurements
\ J
( )
Basic discharge structure
. J
( )
Parameter study in the effect of gap distance
\ J
( )
Parameter study in the effect of applied voltage

\ J

( )
Parameter study in the effect of dielectric material

\ J

( )
Parameter study in the effect of dielectric thickness

\ J

Figure 3. 1: The frame work of pure nitrogen results and discussions
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Figure 3. 2: Comparison of simulated (upper) and [Gherardi’s et al., 2001] experimental (bottom)
voltages and currents for atmospheric pressure discharge using sinusoidal 8 kHz power source.
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Figure 3. 3: Comparison of simulated and experimented current-voltage characteristic with voltage
6600 V and frequency 60 kHz. The distance between the two dielectric layers is 0.5 mm and the
dielectric is 2.0 mm alumina. The photo image of discharge acquired by 0.2 second exposed time
was at the right.
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Figure 3. 4: Distributions of various discharge currents during a cycle via numerical modeling. The

gap distance is 0.5 mm and using 2.0 mm thickness alumina dielectric. The applied voltage is 6600
V and 60 kHz frequency.
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Figure 3. 5: Distributions of various discharge currents at the maximum discharge current via
numerical modeling. The gap distance is 0.5 mm and using 2.0 mm thickness alumina dielectric.
The applied voltage is 6600 V and 60 kHz frequency.
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Figure 3. 6: Spatial distributions of electric field, charged particles and electron energy density at
the time of maximum discharge current (0.86 ps) between two alumina dielectric. The operating
conditions are the same as in Figure 3. 3.
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Figure 3. 7: Spatial distributions of electric field, charged particles and electron energy density at
15.5 us (after the breakdown) between two alumina dielectric. The operating conditions are the
same as in Figure 3. 3.
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Figure 3. 8: Comparison of different gap distance (a) 0.5 mm (b) 0.7 mm (c) 1.0 mm (d) 1.4 mm
discharged currents along with photo images of discharge at the right.
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Figure 3. 9: Cycle-space averaged number densities of various species in nitrogen DBD for varying
applied voltage of 6200, 6600, 6800, 8600 V, and a fixed gap distance of 0.5 mm. The alumina
dielectric thickness is 2.0 mm and frequency is 60 kHz for all cases.
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Figure 3. 10: Simulated current, gap voltage, applied voltage and accumulated charges at dielectric
surfaces using 2.0 mm ceramic. The applied peak voltage is 8600 V and frequency is 60 kHz. The
gap distance between dielectric is kept 0.5 mm.
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Figure 3. 11: Simulated current, gap voltage, applied voltage and accumulated charges at dielectric
surfaces using 2.0 mm quartz. The applied peak voltage is 8600 V and frequency is 60 kHz. The
gap distance between dielectric is kept 0.5 mm.
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Results of nitrogen + oxygen atmospheric pressure DBD plasma ]

( )
) Basic discharge structure
\ J
( )
—> The effects of trace oxygen in cycle average properties
\ J
( )
> The effects of trace oxygen in spectroscopic properties
o J

Figure 4. 1: The frame work of oxygen addition on nitrogen-based results and discussions
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Figure 4. 2: Comparison of simulated and experimented of N, with 0.03% O, current-voltage
characteristic with voltage 8200 V and frequency 60 kHz. The distance between the two dielectric
layers is 1.0 mm and the dielectric is 1.0 mm quartz.
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Figure 4. 3: Distributions of various spatial-average densities for charge species in N, + 0.03% O,
DBD. The applied peak voltage is 8200 V and frequency is 60 kHz. The gap distance between
quartz dielectric is 1.0 mm.
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Figure 4. 4: Distributions of various spatial-average densities for neutral species in N, + 0.03% O,
DBD. The applied peak voltage is 8200 V and frequency is 60 kHz. The gap distance between
quartz dielectric is 1.0 mm.
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Figure 4. 5: Cycle-space averaged number densities of various admixtures of oxygen (from 0.003%
to 0.1%) in nitrogen DBD, and a fixed gap distance of 1.0 mm. The quartz dielectric thickness is 1.0
mm and frequency is 60 kHz for all cases.
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Figure 4. 6: The calculated radiations (full curves) and experimental optical emission spectrums
(dashed curves) were compared as a function of the trace oxygen. The spectral bands of SPS of N»,
NOy-system and ONy-excimer were selected.
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