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Numerical Modeling of One-Dimensional

Nitrogen Barrier Discharges

Student: Wang, Ying-Chih Advisor: Dr. Wu, Jong-Shinn
Department of Mechanical Engineering

National Chiao-Tung University

Abstract

A simulation of low temperature nitrogen dielectric barrier discharge (DBD) at
atmosphere pressure is proposed.in this thesis. The parallelized fluid modeling is used
to simulate the pure nitrogen discharge. All of the model equations are discretized
using fully coupled Newton-Krylov-Sehwarz. algorithm, in which the preconditioner
and linear matrix solver are overlapping additive Schwarz method and
Bi-CGStb/GMRES scheme.

The transport coefficients of nitrogen plasma and chemical reaction rate are
obtained from BOLSIG, which is a Boltzmann solver can evaluate electron energy
distribution function by the user given cross sections. A chemistry module take care
the reactions in fluid modeling, in which pure nitrogen chemistry in this thesis include
8 species, N, No(A?), Ny(BY), N2(C?), N2(a’"), N,*, Ny* and electron. 30 reaction

channels are considered which include excitation, ionization and recombination

II



reactions.

The total currents of simulation and experiment are compared, and it reveals that
the simulation result is corresponding to the experiment data. The power absorption is
evaluated, and it shows that the absorbed power of ions is higher than the electron.
According to the number densities of electron and positive ions simulated, it shows
that the discharge is Townsend-like discharge. Furthermore, the influence of different

dielectric permittivity and different discharge gap are discussed.
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Chapter 1 Introduction

1.1 Background and Motivation

Plasma is one of the substance phases, in which some electrons are free rather
than be bounded by atoms or molecules, it means that some of the electron and ion
species in the gas can move independently. With sufficient energy to overcome the
electron bonding energy, which is called ionize, the evaporating of atoms or molecules
has phase transition to become plasma. Furthermore, with increasing the temperature,
more and more electrons are stripped until all the atoms-or molecules are ionized. It’s
called fully ionized plasma.

Dielectric barrier discharge at atmospheric-pressure has been widely applied in
material processing since the early days, due to its ability to ash, clean or oxide
without heating to high temperature, there are several applications such as surface
treatment, photoresist ashing, striping polymer films and plasma display cells. The
applications of plasma not only produce the value to billions dollars, but also improve
human life. Since the nitrogen plasma applies well, but unfortunately the physic inside
the nitrogen plasma is incomplete by using purely experiments, the numerical

simulation can help us to study the nitrogen plasma.



Because of the movements of positive and negative species are not only affected
by the density gradient, but also influenced by electric field and magnetic field, the
properties of plasma are changed by those things. Furthermore, the chemistry of the
nitrogen plasma, which including dissociation, excitation, ionization and
recombination, is complex. The light intensity and electrical characteristics are
usually measured from experiments, but it’s difficult to measure all the properties in
the nitrogen plasma through experiments. Therefore, the numerical simulation plays

an important role for the investigation of nitrogen plasma.

1.2 Literature Survey

Numerical simulations in-plasma are generally distinguished by Kinetic models,
Fluid models and Hybrid models. Kinetic models solve Boltzmann equation by direct
integration or statistical techniques, such as Particle in Cell Monte Carlo Method.
Fluid models solve the species continuity, moment or energy equations of Boltzmann
equation. The transport coefficients and reaction rate of electron-molecule reaction
can be evaluated by electron energy distribution function (EEDF).

The 1D fluid models, which are solving continuity equations and Poisson
equation, for simulating dielectric barrier discharge have been studied by several

authors, and the discharge gases are pure nitrogen """ 181 the mixture of nitrogen
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and oxygen 61 and the mixture of nitrogen and helium

The influence of electron emission from dielectric barrier and surface
recombination is studied [Y. B. Golubovskii et al., 2005]. The fluid model for
simulating nitrogen barrier discharge at atmosphere pressure is presented, which the
sinusoidal applied voltage at amplitude 15 £V and frequency 1 kHz, and the nitrogen
chemistry contains 5 species and 8 reaction channels. The simulation shows that the
nitrogen discharge may be Townsend discharge, and the current density are compare
between simulation and experiment with different frequency, which varies from 1 kHz
to 35 kHz.

The glow dielectric barrier discharge (GDBD) with nitrogen and helium gas is
studied, and it shows that the Townsend discharge is.changing into glow discharge
during the current increase [F. Massines ef al., 2003]. The numerical results are
compared with the emission spectroscopy measured by experiment.

A nonthermal atmospheric dielectric barrier discharge in nitrogen and helium is
presented [X. T. Deng and M. G. Kong, 2004], the chemistry of nitrogen includes 11
species and 17 reaction channels. According to the simulation, it shows that most
electrons, which are produced in the bulk, are trapped and can not reach the electrode

while the excitation frequency is high. This observation reveals the importance of the

balance about the applied voltage and the voltage between the dielectric barriers.



The nitrogen with small admixtures of oxygen barrier discharge at frequency

6.95 kHz is studied [R. 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 1D fluid model for pure nitrogen atmospheric pressure plasma is studied [Y.

H. 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 £V

and frequency changes from 10 to 20 kHz. The simulation of pure nitrogen barrier

discharge and the nitrogen with oxygen are presented, and the influence of different

content of oxygen and different secondary electron coefficient are discussed.

The coupled electro-dynamic and kinetic model of pure nitrogen dielectric

barrier discharge at high frequency (130 kHz) is presented [E. Panousis ef al., 2007],

and there are 45 vibration states of nitrogen and its excited state considered in the

plasma chemistry. The discharge’s efficiency of species is calculated, and the

electrical and optical diagnostics are compared between experimental data and



numerical results.

The 2D fluid models which are solving continuity equations and Poisson

equation, Cartesian or axisymmetric axis, of dielectric barrier discharge at

(511810121

atmospheric pressure have been studied by many authors

Two dimensional Cartesian model is presented [P. Zhang et al., 2006], and the

simulation of the atmospheric pressure glow discharge of helium with a few nitrogen

impurities is simulated. The governing equations are continuity equation of species

with drift-diffusion approximation and Poisson equation, and properties of species are

based on the local field approximation. The numerical result shows that the penning

ionization is the dominant mechanism to generating electron, and the increasing the

frequency of applied voltage lead to the transition from filamentary discharge to

uniform glow discharge.

Two dimensional cylindrically symmetric simulation of nitrogen with a few

oxygen is studied [V. A. Maiorov et al., 2007], and the discussion are focused on the

stability issues of Townsend, glow and multi-peak mode and the effect due to the

added oxygen density. It proves that the lower permittivity barriers has widening

stability region.

The influence of filamentary mode of two dimensional axisymmetric model of

the dielectric barrier discharge is studied [L. Papageorghiou et al., 2009], and the gas



is nitrogen at atmospheric pressure and the gap size is 1 mm, and the numerical result
shows that the development of discharge are two phases. The first phase is the
propagation and formation of the ionizing wave, and second, the surface streamer is

formed on dielectric surface.

1.3 Specific Objectives of the Thesis
Since it’s difficult to measure all the properties of the plasma, the numerical

simulation is used to study the oxygen plasma. Therefore, the specific objectives of

this thesis are summarized as follow,

1. To simulate the 1-D nitrogen dielectric barrier discharge at atmospheric pressure
and compare the numerical result with experiment data.

2. To discuss the plasma chemistry with nitrogen gas and its physics of dielectric
barrier discharge.

3. To study the influences of dielectric barrier discharge with different gap size and

different dielectric permittivity.



Chapter 2 Numerical Method

2.1 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,

t
Oty 49V [ (v, 02 B L sy LD (5f(”’ )j
ot m ov ot .
, where q is charge, m is 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,)=[ f(r,v,0d>

T(r,t) = j vf(r,v,)dv

m J.vzf(r,v,t)d3v
2 If(r,v,t)a”v

3
ST (1) =

Similarity, we take the three previous integrations of Boltzmann equation to get
the continuity equation, momentum equation and energy equation, these equations can

be written as,



gn +V-(m)=S
ot
ov
mn 8—+(V-V)u =qgn(E+vxB)-V-P+M
t
0
a—(nCvT)+V~(nCvT) =-V.q—-pV-v+E
t
, 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
[C.-T. Hung et al., unpublished].

The general continuity equation for ion species can be written as

on

or o
Py P S ., =1,2’...’k
o ox Z}” P



, where n, is the number density of ion species p, k is the number of ion species, 7, is
the number of reaction channels that involve the creation and destruction of ion
species p, and I', is the ion particle flux that is expressed as, base on the

drift-diffusion approximation,

an

P ox

U, =sign(q,)u,n,E-D

, where ¢,, p,,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

=90
OxX,

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,

The continuity equation for electron species e can be written as

on, oI &
— e 4= S .
ot Ox ,Z::‘ “

, where n, is number density of electron, 7, is the number of reaction channels that

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

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

on,
ox

[, = sign(q ) unE—D,



,where u, and D, are the electron mobility and electron diffusivity.

The continuity equation for neutral species can be written as

on,,

%zfsm, ue =12,k
o ax S

, where n,, is number density of electron, r,. is the number of reaction channels that
involve the creation and destruction of neutral species uc , and T'. is the particle flux
only considering the diffusion effect,

ruc = _Duc =
Oox

,where D, is the diffusivity of neutral species uc.

The electron energy density equation can be written as,

% 8; e[ E- ZeS+3 < pkyv, (T,-T,)

, where T is the electron temperature, T, is the background gas temperature, &, is
the energy loss for i”" inelastic electron collision, kz is Boltzmann constant, and v, is

the momentum exchange collision frequency between electron and background

neutral particles. n_ is the electron energy density which is defined as

ns = %nekBTe
The electron energy density flux T.is
kT,
:—k TT —3” V(k,T.)

e m

Poisson’s equation can be written as,

10



o’¢ 1 (&
—=—— sign)q.n, —en
. 0(;( gn)qn, —en,
, where &, 1s the vacuum permittivity.

A independent chemistry module is used for deal with the source terms §

p.e,uc

and transport coefficients D and x,, in all the continuity equations. User can

presuc
change reacting species and chemical reactions by inputting a description of the
species properties, reaction channels and related rate coefficients.

By chemical kinetic description, the source terms are evaluated from reaction
rate coefficients & which can be obtained by integrating cross sections with the
electron energy density function (EEDF).- A Boltzmann solver, such as BOLSIG !
which is a public available freeware, can calculate the EEDF f by the user giving
reaction channels and cross sections ;.

Therefore, the reaction rate coefficient of i reactions can be calculated as,

k(T) = j;jf-v-q. Amv’dy

Since Einstein relation, the transport coefficients of electron is written as,

q.
H ="
mevm

D — kBTe
‘ mevm

, where m, is the mass of electron and v, is the electron momentum transfer

collision frequency.

The mobility of ion species p is

11



, where

T

*
])totul V m ai

, P is the pressure, and / is the number of all the species which including neutral and

#.,=0.514

ionic species, a; is polarizability of the species i, and m” is the reduced mass which
calculated from the mass of species i and p.
The mobility of ion species can be evaluated by Einstein relation as,
Di = k—T )7
9

According to Chapman=Enskog kinetic theory [R. B. Bird et al, 1960], the

diffusivity of neutral species uc is

, where

i

D,,. =0.0018583 |T° 1,1 21
, M Muc Pai,uch,uc

, M is molecule weight, o is characteristic diameter, and Q is collisional integral.

2.1.3 Boundary Conditions

The sketch of one dimensional dielectric barrier discharge is shown in Figure 1,

12



and the governing equations, species continuity equations, electron energy equation
and Poisson’s equation, are solved in this thesis. According to plasma kinetic
description, the boundary condition of continuity equation at dielectric surface for ion
species p is

o¢ o’n

1 .
L, = anvth,p - Slgn(qp N, a_x -D, axzp

, where v, = is the thermal velocity which is defined as

8k, T,
P

The boundary condition of continuity equation for electron e is

1 o o'n
I ==nv, +un —— -
¢ 4le e 23" ox ¢ ox* 7

, where y is the factor of secondary electron emission caused by ion bombarding the

wall, and v, is the thermal veloeity which is defined as

The boundary condition of continuity equation for neutral species uc is the
Neumann boundary, since no surface reactions are considered in this thesis.
r =0

uc

The boundary condition of Poisson’s equation at dielectric surface is

13



¢ =¢(t) ,at x=0
0%—80,%— . osat x=1
Ox ox

8d%—80%=—ﬁs ,at x=[+L
Oox ox

$=0 ,at x=21+1L

The boundary condition of the electron energy density at dielectric surface is

I, =2k,TT,

2.2 Numerical Methods

2.2.1 Nondimensionization

Let ny denote the background gas density and 7, is normalized electron

temperature factor, so the. normalized- densities, energy density and electron

temperature are listed as follow:

n'=-1
",
n l: n&‘
Comgk,T,
r L.
T,
The normalized time and length are
u
'==C¢
A
,X
X'==
A

, where the character length is

14



The normalized velocity is

, where uy 1S

The normalized potential, source term and-energy are

, e
g==L.
#1o
" __ Se
gyl A
, e
£'= £
kT,

The dimensionless diffusivity and mobility are

oD
Au,

{ mPuo

H= e/llu

Therefore, the continuity equations can be written as,

15



' 1
oty on e,p,uc l 8(nOMOr e,p,uc) _ Moty

Ao A o A e
N, o) g
o' o' ope

, where the particles flux terms are

_’| . 1 Va¢' Van '
I =—sign(q,)u,'n, g—Dp —a;
- o' on'
I'' =—sion 'n'—-D'—=¢
] gn(q,)u,'n, o D o
_"uc = _Duc' anm'
ox'

The dimensionless electron energy equation is

' 1 1 . 1 (i
ﬂnokB]B % +—nguk, T 6@% = e(nouo F'eIkBTe _%j - 2k 5'(’10“0 Se'j

A A e A ox' e A
on, . or, _ _l:,e -E’— e's,
o' ox' e
on,' ol ,
- 13906
o' ox'

The dimensionless Poisson’s equation is

2] o
L;__%[ ]

A ox"” & U
o0*¢' re'n, (& o
=— sign)n.'—n
7 ek Z:,( gnn,' ~n,

o’¢ 1 (& o
=—— sign)n.'—n

s DI

, where

_50u§mp

1

07 422
Aen,
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2.2.2  Finite-Difference Discretization of the Fluid Modeling
Equations
2.2.2.1 Temporal Discretization

In this thesis, all the fluid modeling equations, species continuity equations,
electron energy equation and Poisson’s equation, are descritized through using
finite-difference scheme. The first-order fully-implicit backward Euler scheme is used
for temporal discretizztion. The fully-couple equations, one dimensional species

continuity equations, electron energy equation and Poisson’s equation, are written as,

t+At t t+At
np,e,uc = np,e,uc + aFp,e,uc { S t+At
- ( p,e,uc)

At ox'

(+Af t 1+A
n, . n, +(88ng :(Sg)HAt
t X

@ t+At B _i & ' ) t+At
(axzj - (Z(Slgn)ni ne}

i=l1

2.2.2.2 Spatial Discretization
The continuity equations of each species and electron energy equation can be

expressed as,

1+At ot ( )Z+Al _( )I+Al
nl’~€ np,e + rpse i+1/2 FP’e i-1/2 _ (S )H—At
At Ax e
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t+At ot ( )Z+Al‘ _( )Z+Al‘
Ny n U)o = )iin —( )t+At
- uc

uc +
At Ax
(AL 1+ At
n?At _ni N (Fg ),-+1/2 _(ra )i+1/2 — (S )t+Az
At Ax g

The ion and electron flux is changed for different positions. The diffusion term is
dominated in the “bulk”, where the electric field is vanished because of Debye
shielding. In the “sheath”, where the plasma potential drives the changes of ionic
species and electron, the convection term is dominated. In order to express the
regional difference, continuity equation can be discretized by the numerical
discretization scheme, called Scharfetter-Gummel Scheme. This scheme is employed
for spatial discretization of convection deminated problems, which are ion and
electron continuity equations, then the ion flux can be written as,

L= _Dp,i+1/2 %_ﬂp,i+l/2 %np

, where is a first-order differential equation of electron flux, We change the variable

from position to potential by chain rule,

%in + ﬂp,i+1/2 %n —_ Fp,i+l/2
Ox 6¢ P D ox p D

pii+1/2 pi+1/2
. op . . .
, which assume that % is independent to potential,
X
i + /up,i+1/2 no=— rp,i+1/2
a¢ i Dp,i+1/2 g D ) 1/2%
P ox

The analytic solution of the first-order differential equation is
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_Hpivi2

r .
D12 Ji+1/2
n,(¢)=Ce - p—éqﬁ

Hpivi
P Ox

Consider the boundary condition n,, =n, (4) and n,,., =n,, (4,,), the C

and T, ,,, canbe determined as,
n_ .—nm._ .
1
C — Pl pol+
Hpiv1/2 4 Hpiv1/2 !
e Dp.t+l,2% _ e Dp,:+l/2 i
Hpivii2 Hpivii2
D _D (¢i+l_¢i) _D (¢i+l_¢i)
r _ pli+l/2 p.i+l/2 pli+l/2
pitl/2 T Ax Hp v nP’i"'l - Hp v np’i
_m(¢z+l _¢i) m(ﬁ#l _¢l )
e -1 e -1
D .
_ p.i+l/2 [ ]
rp,i+l/2 - Ax np,i+1B(_Xp,i+1/2 ) - np,iB(Xp,i+1/2)
where X = Hpino (#y ~4.) and B is Bernoulli function
2 pit+l/2 T D i+1 i 5
pli+l/2
X
B(X)=—
e’ —1

The electron flux can be written as,

1"2 — 1 a(nekBTe) _ qene E:
m,v,, ox m,\v,
— ne a(kBTe)_ kBTe ane + Qene %
m,v, — OXx m,, Ox m)v, OX

The first-order differential equation can be written as,

kT On, [ 1 0GT) g0 O4), _
my, Ox my, Oox MV, ox
on, (1 ok,T) g 94 _ T
ox \k,T. ox kT ox) ¢ kT,
m,v,

We change the variable from position to potential by chain rule, and assume that
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o

. is independent to potential,

X
on, (1 oksT) g 04)1 T,
o9 \kyT, ox kT, ox )08 kT, 0
Oox m,v, Ox
“+an,=-b

, where a and b is

az( 1 (kT 4. %ji
k

2L, Ox k,T, ox ) 09
ox
r
hb=— ¢
kBTe %
m,v,, Ox

The solution of electron.density is
b
n()=Ce s’
a
Consider the boundary condition n,, =n.(¢) and n,,. =n,,(4,), the C

and T, ,,, canbe determined as,

n n

e,i+1 e,i

C - e_a¢i+l _ e_a¢f

1 k,T,
Fe,i+1/2 = _EmB—V [ne,i+1B(_Xe,i+l/2 )— ne,iB(Xe,iJrl/Z )]

e m

, where

| atk,T) g (04 I

Xe,i+l/2 :|: . | - (_ a—(¢i+1 _¢1)
kBTe,i+l/2 oV SN PP kBTe,i+1/2 OX )41/ (¢j

OX )12

_ 1 kB (Te7i+l B Te,i) q.
= [kB ](¢i+1 _¢i)

Te,i+l/2 ¢i+1 - ¢1 kBTe,i+l/2
T

e,i+l _Te,i _ qe(¢i+l _¢1)
Te,i+1/2 kBTe,i+l/2
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2.2.2.2.1 Diffusion Term

The ion and electron flux terms of continuity equations, which are convection

dominated, are already expressed as Scharfetter-Gummel Scheme. The other

equations, neutral continuity equation, electron energy equation and Poisson’s

equation, are discretized by centered finite difference scheme, therefore the diffusion

terms of neutral continuity equation can be written as,

2n . +n

uc,i uc,i—1

n

uc,i+1

uc 2
Ax

The diffusion term of electron energy equation is

_E ky ne,Hl/ZTe,Hl/Z( BTe,Hl)_(ne,i+1/2Te,i+1/2 +ne,i71/2Te,i71/2XkBTe,i)+ne,i71/2Te,i—1/2( BTe,H)
5
2m,v, (Ax)

The diffusion term of Poisson equation can be written as

¢i+1 o 2¢i + ¢i—1
(Ax)’

2.2.2.2.2 Drift (Convection) Term

The convection term of energy equation can be written as

T I'

e,i+1/2% eji+1/2 — Te,i—l/ZFe,i—l/Z

>
2 Ax

Finally, all the discretized fluid modeling equation are

t+At

A, L 1 (&
é. 4 . ¢ = Z(sign)n,-—ne
(&) o\

1
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1+At t +At ¢+ At
e ~Myeae , a1y = ()
p,e,uc p,e,uc p.e,uc Ji+1/2 p,e,uc )H—At

+ i—1/2 — (S '
At Ax prete
A t+At t+At
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, the flux term of this equation are

_ 1 kBTe

eivl/2 = T [ne,iJrlB(_Xe,Hl/Z )— ne,iB(Xe,iJrl/Z )]
Ax m,v,

D i+
Fp,i+l/2 == me [np,i-HB(_Xp,Hl/Z)_np,iB(Xp,i+1/2)]

F _ D nuc,i+l _nuc,i
uc,i+1/2 = Li+1/2
’ Ax
r 5 T r 5 ne,i+1/2Te,i+1/2 Te,Hl _Te,i
£,i+1/2 —E e,i+1/2% e,i+1/2 _5 my. Ax
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X
B(X)=—
e’ —1

Hp i
Xp,i+1/2 = (¢i+1 v ¢1)
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Ny L > qe(¢i+l _¢1)
ei+1/2 —
T ian kT, 12

2.2.3 Parallel Fully Implicit Newton-Krylov-Swartz-Algorithm

In this thesis, the parallel fully implicit Newton-Krylov-Swartz algorithm [X. C.

Caiet al., 1998] ") are used to solve the large sparse system of discretized nonlinear

equations, which are derived in the previous section. Jacobian matrix is evaluated

from the global vector. This scheme solves the coupled equations directly, rather than

solving the equations one by one. Therefore, this fully implicit scheme allows much
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larger time step and have better time accuracy than semi-implicit of explicit scheme,

and has much better parallel performance when the grain size is large.

The jacobian matrix, which evaluated finite difference for Newton corrections,

are solved with a preconditioned Krylov subspace type method. This Krylov method

requires a preconditioning to achieve an acceptable convergence speed of inner

iterations. A good preconditioner saves time and storage memory through the number

of iterations in the Krylov loop and memory of the Krylov subspace are less. In this

thesis, the Additive Schwarz (AS) preconditioner with the inexact solver, Newton

method, in each sub-domain are used. Combining the AS preconditioner with Newton

method sub-domain solver and Krylov type subspace method GMRES [Y. Saad and

M. H. Schultz, 1986] for the coupled fully implicit solver: Newton-Krylov-Swartz

algorithm [X. chuan Cai et al., 1998]. All the preonditioner and matrix solver are

employed by PETSc package [S. Balay et al, 2001], which is a suite of data

structures and routines for the parallel solution of the partial differential equations.
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Chapter 3 Results and Discussions

3.1 Simulation Conditions

A sketch of one dimensional Dielectric Barrier Discharge (DBD) with AC
voltage is shown in Figure 1 and the simulated condition is summarized in 7able 1.
The DBD with pure nitrogen gas is at atmosphere pressure, and the discharge gap is 1
mm between two dielectric barriers, which the thickness is 1 mm, the area is 25 cm’
and the ceramic dielectric has permittivity 11.63. Two electrodes are connected to
each dielectric barrier, and the right electrode is grounded. The left electrode is
applied a 60 kHz voltage, and its waveform 18 measured from experiment and shown
in Figure 2. In this simulation, the secondary electron emission or other surface
reactions are not considered.

The simple chemistry reactions are summarized in 7able 2, there are electron, 2
positive ion (N,, N, ), 9 rotational and vibrational of N, (N,(rot), N,(v=1-38)),
and 4 metastables (N,(A’;), N,(BTl,), N,(C°Il,), N,(a"Z,)). The ionization
by electron impacts the rotational and vibrational state of nitrogen are not considered,
that means that the rotational and vibrational species are only return to the ground

state. Furthermore, the number density of background nitrogen does not change with

time or position 1is assumed. Therefore, there are only 9 unknowns
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(9.7, e, Pas s Ty sy sy ) ,nNz(C3),nN2(a,l)) at each grid points. The 200 uniform

grids is used in the discharge gap, so the governed matrix size is about 1800 x 1800.

3.2 Plasma Chemistry

The nitrogen chemistry is study for the simulation of nitrogen DBD, and only 8
species ,No, Na(A?), No(BY), N2(CP), N2(a’"), N,*, N,* and electron are considered.
The densities of N and N3' ions are neglected at atmospheric pressure since the
threshold energy of dissociative ionization is much higher than direct ionization. All
the reaction channels of nitrogen chemistry-are listed in 7able 2, which including
momentum transfer, rotation, vibration, ionization, excitation and recombination
reactions. The sketch of reaction channels are shown in Figure 3, which the species
are ordered as the energy levels.

The reaction channels of momentum transfer, rotation and vibration reactions,
from No./ to No./0 listed in Table 2, are considered in the model for calculating the
electron energy loss. The meta-stable nitrogen molecules, Na(A?), No(B), No(C?) and
Ny(a’"), are generated since the reactions listed in No. /1, to No.4 .

e+ N, >e+N,(AL))
e+N, —>e+N2(B3Hg)

e+N,—>e+N,(a"Z))
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e+N,—>e+N,(CI1))

These reactions are also considered for the energy loss of electron. However, the
reactions channel used in this simulation do not consider ionization from excited or
vibrational states.

The ionized processes considered in the chemistry model are No. /5 to No./7,

e+N, >2e+N,
N,(@" )+ N,(AZ)—>e+N;
N,(a"Z)+N,(a"Z))—>e+ N,
The No./5 reaction can generate electron efficiency at high electron temperature, and
No./6 and No./7 are ionized process from excited state, which are the dominant
process to maintain the nitrogen plasma.

The reaction rate of radiative transition between two excited or metastable states
determines the intensities of the optical emissions. Since the reason, the reaction
channels from No.27 to No.30 listed in 7able 2 can simulate the intensities of several
optical emissions of different wavelengths, which are 177.1 nm, 293 nm, 336.5 nm
and 1045 nm.

At atmospheric pressure, the electron energy distribution function (EEDF) is
assumed Maxwellian distribution, and the cross sections of each reaction channels are

provided from BOLSIG+. The reaction rate coefficients can be evaluated by
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integrating the EEDF, and all the reaction rate coefficients which involved with
electron, are shown in Figure 4 and Figure 5. From Figure 4, it reveals that the
momentum transfer reaction is the most frequency than other’s reaction and the higher
vibrational state of nitrogen has the lower reaction rate. Figure 5 shows that the
reaction rate coefficient of excited reactions are lager than ionized reaction when the
electron in low energy (below 4 el), but in high energy (above 8 el) the rate
coefficient of ionized reaction is higher than almost all excited reaction since the high
energy electron has more probability to ionized than excited. Furthermore, the
electron energy loss can be determined from the reaction and the threshold energy

listed in Table 2.

3.3 Results and Discussion
3.3.1 Conduction, Displacement and Total Currents
The total current versus with time is shown in Figure 6, and the total current
from simulation is match able with experiment data qualitatively and quantitatively.
The figure shows that the total current increases as the increasing voltage and
decreases as decreasing voltage.
The total current is the sum of displacement current and conduction current of

charged species.
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total ~—

J + > el

displacement N} NT

Therefore, the total can be separate into conduction currents and displacement
current shown from Figure 8 a to Figure 8 h. The sketches observe that the variance
of displacement and conduction currents during one cycle. In Figure § a, the applied
voltage approaches to zero at initial, and the total current equals to the displacement
current. As the voltage increasing at left electrode, the electron moves toward the left
dielectric barrier since the high potential, so the positive conduction current of
electron is generated.

On the other hand, the positive conduction curtents of ions are produced due to
the ions move toward right dielectric at low potential. In Figure § b, the maximum
value of electron conduction current are higher than ion conduction current, because
of the electron is easy to move during electric field since the mass of electron is
lighter than ions, N, and Ny

After most electron hits the left dielectric barrier, the positive ions are moving
toward the right dielectric barrier as shown in Figure § c¢. And then, the conduction
currents approach to zero since the shielding by the accumulated surface charge.

From Figure 8 a to Figure 8 h, it also verifies that the gradient of total current
equals to zero at all time,

vV-J 0

total —
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3.3.2 Power Absorptions and Light Emissions
The plasma frequency [M. A. Lieberman and A. J. Lichtenberg, 2005] of charged
species i is

_ 2
w, = ne” / gm,

Assume n, ~10' , anIO17 and 11]\/+z5><1016 which are taken from
2 4

simulated results, so the plasma frequencies can be estimated as 5.6 GHz, 78.8 MHz
and 39.4 MHz for electron, N," and N,;". Since the frequency of applied voltage is 60
kHz, we expect that the both electron and ions can correspond to the driving
frequency and also absorb energy from the electric field.

The absorbed power of charged species versus with time in one cycle is shows in
Figure 9, and it shows that charged species get energy efficiently while in the stronger
electric field caused by raising and falling of the applied voltage. During the time of
applied voltage varies quickly, starts from 0.5 us to2.5 us and 8.5 us to 1l us,
the N, absorb the most energy since the largest number density, and the other energy
are absorbed by electron since the electron can respond the electric field quickly.

We take the average over one cycle to calculate the time averaged absorption
power of each species listed in 7able 3, the power absorbed by electron is 63.5 (J/s),

the power absorbed by N," is 267.2 (J/s), and the power absorbed by N, is 2.8 (J/5).
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We take time average to the absorbed power of displacement current (J dis ‘E ) during
one cycle, the answer is zero. It reveals that the energy which absorbed by dielectric
barrier will be released during the cycle, and there is no net energy absorbed by
dielectric barrier. Therefore, the total absorption power is the sum of each species,
333.6(J/s). The result shows that most energy (about 81%) is absorbed by ions and the
electron absorbs the other (about 19%).

In Figure 10, the power of the emitted light is shown, and the emitted light of
wavelength 336.5 nm has higher intensity than others’ wavelength. The time averaged
powers of light emissions are listed in 7able 4,.and the sum of all powers is less than
0.3%. That means that only a very small percentage of absorbed power is used for the

light emissions.

3.3.3 Potential, Electron Temperature and Accumulated Charge

The voltages between the dielectric barriers and the discharge gap versus with
time are shown in Figure 7. At initial, the electron moves toward the left dielectric
which carried positive charge as increasing voltage, so the negative charged is
accumulated on left barrier. Although the accumulated charge approach to stable at

about 2 us, there still has large potential gradient in the gap. Because of there is no

quasi-neutral region in discharge, and the potential is not shielded by the accumulated
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charge at dielectric barrier. And the gap voltage approaches to zero at about 3.5 us

while the amplitude of applied voltage becomes small.
According to the boundary condition at left dielectric surface,

op . 94 _

o €4 o O
, the distribution of potential is effected by the accumulated charge, and Figure 7
reveal that the maximum value of accumulated charge is about 1 C/cm’. The phase
diagrams of potential and electron temperature are shown in Figure 11 and Figure 12.
Since the electron gets energy from the gradient of potential, the two figures show
that the electron temperature isdncreased form 1~2'eV to 4~5 eV during the increasing

and decreasing applied voltage. Therefore, the excited species and ions can be

produced efficiently while the electron temperature approaches to 5 eV.

3.3.4 Charged Species
The number density of electron increases from 10" (1/m’) to 10'° (1/m’) during
the raising voltage, which shown in Figure 13, because the ionized process has large
reaction rate coefficient at high electron temperature,
e+N,>2e+N,
The phase diagrams of ions species N, and Ny are shown in Figure 14 and

Figure 15, and it show that the increasing of N, number density is depended on the
g g
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electron temperature because of the direct ionized process of nitrogen is sensitively to
electron temperature. Since the associative ionized processes,
N,(@" )+ N,(AZ)—>e+N;
N,(a"Z)+N,(a"Z,))—>e+ N,

This is revealed on the phase diagrams of Nz(A3) and Ny(a’') number density,
Figure 16 and Figure 17, and the figures show that the N, increases when the
decreasing number density of N>(A?) and Ny(a’h).

The N4~ ion can be generated from N,(A%) and Ny(a’h), so the N4 can still be
produced efficiently during low electron tempetature. Therefore, the number density
of N," is higher than N~ during the pulse of voltage, and N, becomes dominated
when the voltage is slightly changing.

From the electron generated or ‘destroyed from each reaction channels, the
Figure 20 shows that the dominant process to generate electron at high electron
temperature (above 3 el) is direct ionization,

e+N,—>2e+N, .

At low electron temperature (below 2 eV), during the cycle, the most electron is
produced by,

N,(@"Z)+ N, (A=) —>e+N;

The profiles of charged species versus with position are shown in Figure 21 at 5
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different time points, from Figure 21 a to Figure 21 e. The number density of electron
is less than the positive ions, so there is no quasi neutral region, which is called

Townsend-like discharge.

3.3.5 Neutral Species

The phase diagrams of neutral species are shown from Figure 16 to Figure 19,
and the number densities of excited species, Na(A?), Ny(a’'), N»(C?) and N»(C*) which
sort by the value of number density, are about 10°°, 10'*, 10'” and 10'°. According to
simulation, the order does not change during all temporal and spatial space.

As previous discussion, the dominant reaction channels to generate electron at
low electron temperature is,

N,(@"Z,)+ N,(LZ) > e+ N;

Since the number densities of Ny(A*) and Ny(a’') are changing slightly during

one cycle as shown from Figure 21 a to Figure 21 e, so the N, is produced stably

through associative ionization.

3.3.6 Influence of Different Dielectric Permittivity
The simulated condition is the same as previous simulation except the different

dielectric permittivity. The total current versus with time at different dielectric
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permittivity, which is changed from 9 to 12, is shown in Figure 22, and it shows that
the total current increases as the dielectric permittivity increasing. Since the total
current is the sum of conduction currents and displacement current, the total current is
increased due to the increasing conduction current during the time 0.5 us to 2.5 us
and 8.5 us to 11 us. At the other time, the displacement current is the dominant
component of total current.

The boundary condition at left dielectric surface is,

op . 99,

0 ax d ax K
, the profile of dielectric permittivity &, and-accumulated charge o, is shown in

Figure 23. From the figure, ‘it reveal that the accumulated surface charge decreasing

while the decreasing the dielectric permittivity.

3.3.7 Influence of Different Gap Size
The simulated condition is the same as previous simulation, dielectric thickness
Imm with permittivity 11.63 and 60 kHz applied voltage, except that the gap size is
changed. The 200 uniform grids are used for discharge gap. The total currents versus
with time at different gap size, 0.5 mm, 1 mm and 2 mm, are shown Figure 24.
Compare the total current at different gap size, 0.5 mm and 1 mm, it shows that

total current at gap size 0.5 mm is phase lead to the current at the gap size 1 mm. The
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thin gap size has larger electric field than the other while applied the same waveform

of voltage. While the gap size increases to 2 mm, the plasma is not maintained at this

gap size, so there is no conduction current and all the total current is due to

displacement current.

The accumulated charge on left dielectric surface with different gap sizes is

shown in Figure 25. The surface charge accumulated at 0.5 mm is phase lead to 1 mm

since the electron is generated earlier than the 1 mm gap, and the more electron and

ions attach to the dielectric barrier at gap size 0.5 mm. The plasma does not maintain

at 2 mm, and it is also revealed from the surface accumulated charge in Figure 25,

there is almost no charge accumulated on the dielectric surface.
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Chapter 4 Conclusions and Recommendation of Future Work

4.1 Conclusion Remarks

The fluid modeling simulation of dielectric barrier discharge (DBD) with pure
nitrogen gas is presented. The transport coefficients of nitrogen plasma and chemical
reaction rate are obtained from BOLSIG, which is a Boltzmann solver can evaluate
electron energy distribution function by the user given cross sections. 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.

The result of dielectric barrier nitrogen plasma at atmospheric pressure is
presented, and the total current, which is compared with experiment data and
numerical result, is acceptable. The powers of absorption and light emitted are
evaluated from simulation, and it shows that the most power is absorbed by ions and
the only 0.3 percentage of absorption power is cost to generate the emission of light.
From the number densities of electron and positive ions, it shows that this simulation
is Townsend-like discharge.

At the simulation condition which the gap size 1 mm and dielectric thickness 1

36



mm, the total current increases as increasing permittivity from 9 to 12, because of the

large potential difference is induced by surface accumulated charge . The influence of

different gap size is discussed at the same condition as below, except the dielectric

permittivity is 11.63 and the gap size is changed from 0.5 mm to 2 mm. The total

current of 0.5 mm gap size is phase lead to the other gap sizes due to the surface

accumulated charge is the largest. Furthermore, at gap size equals 1.5 mm, the transit

from Townsend-like discharge to glow discharge is observed during the current

Increase.

4.2 Recommendationof Future Work

According to this study, the future work is suggested as.following,

1. To conduct the more complicated nitrogen plasma chemistry for the light

emitted on other wavelength.

2. To consider the oxygen chemistry in simulation, in order to model the dielectric

barrier discharge with the mixture of nitrogen and oxygen.
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Table 1: The simulated condition of dielectric barrier discharge with pure nitrogen.

Discharge Region Dielectric Barrier Applied Voltage
Gas Pressure Gap Size Dielectric | Permittivity | Frequency Waveform
thickness
Pure 760 torr 1 mm 1 mm 11.63 60 kHz Figure 2
nitrogen
Table 2. Nitrogen Plasma Chemistry
No. Reaction Channel Threshold Rate Coefficient
Energy
(el)

(1) e+N,—>e+N, 0.00 cross section (4]
(2) e+ N,—>e+N,(rot) 0.02 cross section (4]
3) e+N,—>e+N,(v=1) 0.29 cross section (4]
4) e+N,—>e+N,(v=2) 0.59 cross section (4]
(5) e+N,—>e+N,(v=3) 0.88 cross section (4]
(6) e+N,—>e+N,(v=4) 1.17 cross section (4]
(7) e+N,—>e+N,(v=)5) 1.47 cross section (4]
(8) e+N,—>e+N,(v=06) 1.76 cross section (4]
9) e+N,—>e+N,(v=T) 2.06 cross section (4]
(10) e+N, >e+N,(v=38) 2.35 cross section (4]

11 6.17 cross section 4]
(b e+ N, >e+N,(AL))
(12) e+ N, > e+ Nz(B3Hg) 7.35 cross section (4]

13 8.40 cross section 4]
(13) e+ N, >e+N,(a"X))

14 11.03 cross section 4]
(14) e+ N, >e+N,(CII,)
(15) e+N,—>2e+N, 15.58 cross section (4]
(16) 0.00 5.0x107" m’s™ ]

N,(a"Z)+N,(A’Z) > e+ N;
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(17)

(18)

(19)

(20)

ey

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

N,(a"Z)+N,(a"Z,)—>e+ N,

e+N; — N,(C’T1,)+ N,

e+N, 52N

e+N; - N(CD)

Ny (A°Z))+ Ny(A’E)) —> N,(B°T1,) + N,

N,(A'Z)+ N, (A4’ZF) — N,(C’T1,) + N,

N,(BT1,)+ N, > N,(A4’L;)+ N,
N,(C’T1)+ N, = N,(a" )+ N,
N,(a"Z,)+ N, —> N,(B’TI, )+ N,
N,(a"X)+ N, —2N,

N, (L)) — N, +hv293nm
N,(BT1,) = N,(A’%;) + hv1045nm
N,(C’T1,) = N,(B’I1,) + hv336.5nm

N,(a" )= N, + hv177.1nm
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2.0x107"%m’s™!
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[16]

[16]
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(6]
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Table 3: The time average absorbed power of electron and ions. At the condition, the applied voltage

(60 kHz), the gap size 1mm and dielectric thickness 1mm with permittivity 11.63.

electron N, N, Total
Absorbed power (J/s) 63.5 267.2 2.8 333.5
Percentage 19.04 % 80.12 % 0.84 % 100 %

Total absorbed power = 333.5 (J/s)

Table 4: The time average power of light emitted. At the condition, the applied voltage (60 kHz), the

gap size 1mm and dielectric thickness 1mm with permittivity 11.63.

wavelength 177.1 nm 293 nm 336.5 nm 1045 nm
Power (J/s) 1.72 x10™ 7.8 x107 0.9 42x10™
Percentage 5.1x107° (%) | 2.3x107 (%) | 0.27 (%) | 1.2x10™ (%)

Total absorbed power = 333.5 J/s (100%)
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Dielectric

Figure 1: Sketch of 1D dielectric barrier discharge
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Figure 2: Waveform of the applied voltage with the frequency 60 kHz which is measured from

experiment

44



‘ Nitrogen Chemistry ‘
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Figure 3: sketch of nitrogen plasma chemistry
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Figure 4: The reaction rate coefficients of reaction channels, from No. (1) to (10), in nitrogen plasma.
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Figure 5: The reaction rate coefficients of reaction channels, from No. (11) to (15), in nitrogen plasma.
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Figure 6: Total current versus with‘time during one cycle of applied voltage (60 kHz) at the condition,

the gap size 1mm and dielectric thickness 1mm with-permittivity 11.63.
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Figure 7: The gap voltage and the accumulated charge versus with time.
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Figure 9: The power absorption of charged species at the condition, the gap size 1mm and dielectric

thickness 1mm with permittivity 11.63.
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Figure 10: The power of the emitted light with different wavelength at the condition, the gap size 1mm
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and dielectric thickness 1mm with permittivity 11.63.
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Figure 11: The phase diagram of potential with gap size 1'mm and dielectric thickness 1 mm with

permittivity11.63.
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Figure 12: The phase diagram of electron temperature with gap size 1