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Symbols

Latin letters	
C fe( )	 Change rate of fe 1 s( / )
Di	 Diffusivity of ionic species i ( )−m s2 1

DA	 Diffusivity of ( )N A2  ( )−m s2 1

Dn
eff	 Effective diffusivity of neutral species n 

( )−m s2 1

De	 Diffusivity of electrons ( )−m s2 1

E 	 Electric field ( )−V m 1

fe	 Electron energy distribution function (—)
g	 Gravity vector ( )−m s 2

H	 Specific gas phase energy ( −J kg 1)
he	 Air to external wall heat transfer coefficient 

( ⋅− −W m K2 1)
hg	 Process gas to inner wall heat transfer coefficient 

( ⋅− −W m K2 1)
js	 Secondary electron emission current ( / ⋅1 m s2 )
kB	 Boltzmann constant ( −J K 1)
Mj	 Molar mass of species j ( −kg mol 1)
Mn	 Molar mass of neutral species n ( −kg mol 1)
me	 Electron mass (kg)
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Abstract
In atmospheric-pressure plasma reactors, the flow dynamics can be complex, determine the 
reactor performance and complicate scale-up. Coupling computational fluid dynamics to the 
calculation of the electric field and plasma chemistry is challenging because of the numerical 
stiffness introduced by the difference in time scale of the different phenomena involved. 
Focusing on low-temperature, atmospheric-pressure pure nitrogen plasma, a model and 
model reduction based solution strategy to deal with the numerical stiffness are presented and 
evaluated. The influence of the electric field on the flow dynamics and species concentration 
fields is first qualitatively studied by means of 2D simulations of a sharp-end plate-to-plane 
configuration. Next, a specific reactor prototype for low-temperature, atmospheric-pressure 
plasma-enhanced chemical vapor deposition for in-line surface treatments is simulated to 
illustrate the importance of accounting for the detailed flow dynamics.
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n	 Unit vector normal to the surface (—)
ne	 Electron density ( /1 m3)
ni	 Density of ionic species i ( /1 m3)

( )nN A2 	 Density of excited state Σ+A3
u  ( /1 m3)

peff	 Effective pressure (Pa)
qe	 Electron charge (C)
qi	 Charge of ionic species i (C)
qw	 Heat flux at the wall ( −W m 2)
Rk	 Rate of reaction k ( ⋅− −mol m s3 1)
Sj	 Source term of species j ( ⋅− −kg m s3 1)
Se	 Source term for electrons ( ⋅− −kg m s3 1)
Si	 Source term for ionic species i ( ⋅− −kg m s3 1)
Tg	 Gas phase temperature (K)
Twg	 Wall temperature, inner side (K)
Twe	 Wall temperature, outer side (K)
∞T 	 Air temperature outside the reactor (K)

Te	 Electronic temperature (K)
t	 Time (s)
u	 Velocity vector ( −m s 1)
ue	 Electron velocity ( −m s 1)
ui	 Ion velocity ( −m s 1)

( )xN A2 	 ( )N A2  mass fraction (—)
xj	 Mass fraction of species j (—)
xi	 Mass fraction of ionic species i (—)
xn	 Mass fraction of neutral species n (—)
xe	 Electron mass fraction (—)

Greek letters	
αjk	 Stoichiometric coefficient of species j in reaction 

k (—)
αr	 Rate constant for recombination reactions (m³ 

(kmol−1 · s−1))
Γj	 Mass flux of species j ( ⋅− −kg m s2 1)
Γe	 Mass flux of electron ( ⋅− −kg m s2 1)
Γi	 Mass flux of ionic species i ( ⋅− −kg m s2 1)
Γn	 Mass flux of neutral species n ( ⋅− −kg m s2 1)
γ	 Ion secondary electron emission coefficient 

(—)
γm	 Metastable species secondary electron emission 

coefficient (—)
γp	 Photon secondary electron emission coefficient 

( ⋅1 m s2/ )
εe	 Electron mean energy (J)
ε0	 Dielectric constant (F m−1)
θ	 Reduced electric field (Td)  =  ( −10 V m21 2)
λw	 Thermal conductivity of the wall ( ⋅− −W m K1 1)
λg

eff	 Effective thermal conductivity of the gas 
( ⋅− −W m K1 1)

µel,i	 Electrical mobility of ionic species i ( −V m s2 1)
µel,e	 Electrical mobility of electrons ( −V m s2 1)

µg
eff	 Effective gas viscosity ( ⋅− −kg m s1 1)
ρg	 Gas density ( −kg m 3)
ρel	 Charge density ( −C m 3)
Φ	 Voltage (V)
=τ g

eff	 Effective shear stress tensor (Pa)

1.  Introduction

For the past 20 years, interest in atmospheric pressure plasma 
discharges for industrial applications has been growing 
steadily (Schütze et al 1998, Bogaerts et al 2002, Aubry et al 
2005, Tendero et al 2006, Massines et al 2008, Ravasio and 
Cavallotti 2012). They are used in various processes, such 
as atmospheric-pressure plasma-enhanced chemical vapor 
deposition (APPECVD) (Barranco et  al 2001, Foest et  al 
2003, Massines et al 2005, Enache et al 2007), a technique 
allowing fast and inline treatment of wide surfaces while 
avoiding the use of vacuum system. This makes APPECVD 
highly attractive when there is a need for increased produc-
tion rates and reduced production costs, for example in the 
solar panel market. Low temperature plasmas, also referred as 
non-thermal plasmas, are of particular interest for APPECVD 
(Tendero et al 2006). Such plasmas operate at temperatures 
close to room temperature with highly energetic electrons that 
generate active species, providing a reactive but mild medium 
for chemical vapor deposition. This allows a wider variety of 
substrate materials for deposition.

For the deposition of thin films, the dielectric barrier dis-
charge (DBD) and atmospheric pressure plasma jet (APPJ) 
are the two mostly used devices to produce low temperature 
plasmas.

Classical plasma physics models (Reece Roth 1995) 
describe correctly low pressure plasmas but fail in describing 
high pressure non-thermal plasmas in which the collision fre-
quency and the flow dynamics play a major role. The DBD 
behavior has been studied in several papers (Golubovskii 
et al 2002, Brandenburg et al 2005, Bogaerts et al 2006, Choi 
et al 2006, Massines et al 2008, Petrovic et al 2009), leading 
to an improved understanding of the discharge mode trans
ition and the collision mechanisms leading to plasma species 
generation, but background gas flow is usually not accounted 
for. Operating at atmospheric pressure, the flow dynamics 
can, however, play a critical role. Studying the deposition 
of silicon dioxide by means of an APPECVD reactor, for 
example, the reactor performance was shown to be strongly 
affected by the flow dynamics. The features of the deposited 
layers were observed to be related to the discharge proper-
ties (Descamps et al 2011), but more importantly by the bulk 
gas flow pattern (Descamps et  al 2013) which determines 
the precursor molecule residence time in the plasma region 
and as such plays a key role in their interaction. The exper
imentally observed (a)symmetric spreading of a plasma jet 
during its propagation to the substrate was well described 
by computational fluid dynamics (CFD) models and local 
effects, such as the Coanda effect, accurately predicted. 
Another example of the need for a deeper understanding 
of the flow dynamics for the design and scale-up of atmos-
pheric plasma devices was given by Gaudi et  al (2011). 
Using a confined helium plasma jet for thin film deposition, 
two flow dynamics modes were observed. A laminar mode 
allowed air entering the confinement tube, whereas this was 
prevented in a turbulent mode. The latter also resulted in a 
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more homogeneous plasma discharge which had a positive 
impact on the deposited film.

The coupled simulation of the flow dynamics, electric 
field and plasma chemistry is, however, challenging because 
of its multi-scale nature. As a result, simulations suffer from 
numerical stiffness and related long computation times (see 
e.g. Kleijn et al 2007). Therefore, most plasma fluid models 
described in the literature that focus on the description 
of the plasma discharge and the generated species are 1D 
(Golubovskii et al 2002, Benilov and Naidis 2003, Bogaerts 
et al 2006, Choi et al 2006, De Bie et al 2011) or even pseudo-
1D (Van Gaens and Bogaerts 2013), i.e. not accounting for 
the bulk flow dynamics. 1D models assuming fully developed 
and ideal background flow were also used to study species 
propagation and deposition rates, but the coupling between 
the flow dynamics and the reactions/electric field is usu-
ally one-way, that is, the influence of the plasma discharge 
on the flow dynamics is usually neglected (Reece Roth 
1995, Barranco et al 2001, Golubovskii et al 2002, Benilov 
and Naidis 2003, Foest et al 2003, Brandenburg et al 2005, 
Massines et  al 2005, Bogaerts et  al 2006, Choi et  al 2006, 
Enache et al 2007, Petrovic et al 2009, De Bie et al 2011, Van 
Gaens and Bogaerts 2013). Whereas applicable for simple 
geometries such as two plane electrodes separated by a gap 
of a few millimeters, a 1D approach fails to describe accu-
rately complex plasma jet reactors. In such reactors, specific 
electrode configurations generate a spatially non-uniform 
electric field and the flow pattern determines the distribution 
of the active species in the reactor and their contact with the 
remotely introduced chemical precursor. Few papers report 
on 2D plasma-fluid reactor simulations, e.g. Armaou et  al 
(1999), Golubovskii et al (2005), Gadonna et al (2011), Lin 
et al (2012a, 2012b) and Punjabi et al (2014), the latter for an 
inductively coupled plasma reactor, however. Such 2D simu-
lations typically focus on the calculation of the flow and/or 
electromagnetic field and assume a given species density dis-
tribution, not explicitly accounting for the crucial details of 
the plasma chemistry (as shown in e.g. Lozano-Parada and 
Zimmerman 2010). Lin et al (2012, 2012b) developed a 2D 
low-temperature, atmospheric-pressure plasma fluid model 
and parallel code for the simulation of helium DBDs. It allows 
solving the species concentrations and the electric field and 
accounting for the details of the plasma chemistry. Convective 
transport and the coupling of the latter with other phe-
nomena were, however, neglected, so that the Navier–Stokes 
equations did not have to be solved. 2D simulations of an AC 
(RF) operated, low-pressure cylindrical showerhead electrode 
PECVD reactor for the deposition of amorphous silicon were 
presented by Armaou et al (1999). Both the bulk and surface 
reactions were accounted for, the latter assumed instanta-
neous. The calculation of the flow dynamics was simplified 
using an approximate analytical solution of the Navier–Stokes 
equations and a steady-state electron density profile was cal-
culated assuming a diffusion-controlled discharge. 2D simu-
lations of atmospheric pressure discharge that account for 
both the flow dynamics and chemistry are mostly reported 
for simple geometries. A 2D simulation of a classical CVD 
reactor with a complex geometry, calculating both the flow 

pattern in the reactor and the deposition reactions on a wafer, 
was reported by Cheimarios et al (2010). Breden et al (2012) 
developed a self-consistent, multi-species, multi-temperature 
2D plasma model accounting for detailed finite-rate chemistry 
and photo-ionization to study the propagation of streamers in 
a cold, atmospheric-pressure helium jet in ambient air. In later 
work, Breden and Raja (2014) carried out simulations of a 
cold atmospheric plasma jet interacting with a dielectric sur-
face normal to the jet, pre-computing a base fluid flow field 
from the Navier–Stokes equations. Xiong et al (2013) used a 
2D plasma hydrodynamics model with radiation transport to 
study atmospheric-pressure plasma transfer across dielectric 
channels and tubes. 3D tubes were represented by 2D chan-
nels. 2D versus 3D simulations were for example compared 
by Hoekstra and Kushner (1998), simulating etching profiles 
of finite length trenches.

In previous work, the flow dynamics of an APPECVD 
reactor was studied by means of CFD simulations that did 
not account for the interaction with the electric field or the 
plasma chemistry (Descamps et  al 2013). The simulations 
showed the crucial effect of the flow dynamics. To evaluate 
the interaction flow dynamics-discharge and the magnitude of 
the effect of the discharge on the reactor behavior, the present 
work addresses the modeling and efficient coupled simula-
tion of the flow dynamics, electric field and plasma chemistry 
in a low-temperature, atmospheric-pressure pure nitrogen 
plasma. Model reduction to deal with the numerical stiffness 
is discussed and the proposed approach tested. 2D simulations 
with two different configurations are shown and the coupling 
between the flow dynamics, electric field and reactions and 
related species concentration fields discussed. In Case study 
I, a sharp-end plate-to-plane configuration is considered, in 
Case study II a specific reactor prototype for low-temperature, 
atmospheric-pressure plasma-enhanced chemical vapor depo-
sition for in-line surface treatments. Operation with direct cur
rent is considered, but the proposed model and approach can 
be applied with alternating current as well, provided that care 
is taken about the calculation of the transport parameters and 
rate coefficients (Hagelaar and Pitchford 2005).

2.  Simulation model

A model is presented for the 2D coupled simulation of the flow 
dynamics, electric field and plasma chemistry in low-temperature, 
atmospheric-pressure pure nitrogen plasma devices.

2.1.  Continuity/conservation equations

The conservation equations  for total mass, momentum 
and energy are solved along with the species continuity 
equations. The latter were modified to describe the effect of 
the electric field on the species fluxes and on the bulk flow. 
A Reynolds-averaged Navier–Stokes (RANS) approach is 
adopted. Turbulent transport is accounted for by means of 
a turbulent diffusivity, viscosity and conductivity. Except in 
the near-wall boundary layer, the standard k–ε model with 
standard values of the model parameters is used to model the 
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turbulence (Launder and Spalding 1972, Froment et al 2010, 
Wilcox 2006). Although strictly only valid for fully turbulent 
and developed flow without reactions (Launder and Spalding 
1972), the k–ε model has been shown to be relatively accu-
rate for free-shear layer, wall-bounded and internal flows 
provided that the pressure gradient is relatively small 
(Bardina et al 1997). Because of the low computation cost of 
the k–ε model compared to that of more advanced turbulence 
models and its relatively good accuracy for a wide variety of 
flows, it has been widely used for the simulation of indus-
trial and environmental flows and is applied in this work. For 
unsteady flows, an unsteady RANS (URANS) or a computa-
tionally more costly large eddy simulation (LES) approach 
may be required for an accurate simulation of the turbulent 
mixing. The flows calculated in this work were essentially 
statistically stationary.

The Reynolds-averaged conservation equations  for mass 
and momentum can be written:

( ) ( )ρ ρ
∂
∂

+∇ ⋅ =
t

u 0g g� (1)

ρ ρ τ ρ ρ
∂
∂

+∇ ⋅ = −∇ +∇ ⋅ + +
t

u uu p g Eg g
eff

g
eff

g el( ) ( ) =

� (2)

The term ρ Eel  accounts for momentum transfer between elec-
trically driven species and the bulk gas.

The process gas temperature is of primary importance in 
applications where the substrate and/or the deposited layer are 
thermo-sensitive. Excessive temperatures might also damage 
the reactor. An accurate calculation of the temperature distri-
bution in the reactor allows selecting the proper construction 
materials and optimizing the reactor design and operating con-
ditions. The heat is assumed to be mainly produced by Joule 
heating in the electrodes as a result of the carried current. A 
heat source is therefore imposed at the electrodes. The heat 
effect of plasma species collisions and the heat of reaction, 
especially for the fast reactions, are considered negligible 
because of the low degree of ionization. The energy conserva-
tion equation is then given by:

( )
( ) ( ) ( ) ( )ρ ρ λ

ρ τ

∂
∂

+∇ ⋅ = −∇ ⋅ +∇ ⋅ ∇

+ ⋅ + ∇ ⋅ ⋅

t
H Hu p u T

u g ug

g g
eff

g
eff

g

g
eff

�
(3)

Note that the above mentioned assumptions on the heat source 
terms are not valid in many low-temperature atmospheric-
pressure plasmas, in which heating by a few to a few hundreds 
of degrees is not uncommon. It has to be verified for each 
specific case if neglecting plasma heating is justified.

The considered plasma contains various species among 
which electrons, positive ionic species, excited states of 
neutral background gas, and dissociated atoms as the main 
reactive species. For all of these species, the continuity equa-
tion can be formally written as:

( )ρ
∂
∂

+∇ ⋅ Γ =
t

x Sj j jg� (4)

The description of the species flux Γj depends on the con-
sidered species. For electrically neutral species n, the flux Γn 
includes convection and diffusion:

ρ ρΓ = − ∇x u D xn g n n ng
eff� (5)

Electrically charged species—ionic species i and electrons 
e—are assumed to be essentially driven by the electric field 
(Huxley and Crompton 1974) and the influence of bulk flow 
is neglected. The gas flow velocity is expected to be several 
orders of magnitude lower than the drift velocity. The influ-
ence of the electric field is accounted for by a drift term, so 
that the ion and electron fluxes can be written:

µ ρ ρΓ = − ∇
q

q
E x D xi

i

i
el,i g i g i i� (6)

µ ρ ρΓ = − − ∇E x D xe el,e g e g e e� (7)

In (6) and (7), μel,i and μel,e are the electrical mobility of ions 
and electrons respectively, Di and De the diffusion coefficient 
of ionic species and electrons. Their calculation is discussed 
hereafter.

The term Sj in the species continuity equations (4) is the 
source term related to the generation and consumption of spe-
cies j by chemical reactions. It has the general form:

∑α=S M Rj j

k

jk k� (8)

where Mj is the molar mass of species j, αjk is the stoichio-
metric coefficient of species j in reaction k and Rk is the rate of 
reaction k. For ionic species, Si accounts for direct ionization, 
ion–electron recombination and charge transfer between ions. 
For electrons, Se accounts for the electron production through 
neutral-electron and excited species collisions (Penning ioniz
ation) and electron recombination with positive ions. Note that 
because the total mass conservation is also used, only (N  −  1) 
species continuity equations must be solved in a system con-
taining N species. The unsolved equation is chosen to be that 
of the background process gas.

The chemical efficiency of low temperature plasmas is 
due to the existence of high energy electrons that are able 
to interact with heavy species such as neutral gas species 
and ions that have a temperature close to room temperature. 
Because of their high energy and the low ionization degree, 
electrons are not at thermodynamic equilibrium with the sur-
rounding gas and obey their own energy distribution function. 
The latter allows relating the electron mean energy εe to the 
electronic temperature:

=ε k T
3

2
e B e� (9)

Electrical transport properties depend on the electron mean 
energy. The latter also strongly affects the rate of plasma 
reactions. The electron energy distribution function and 
mean energy can be calculated from collision cross sec-
tion data available in the literature (Itikawa 2006) and solving 
the Boltzmann equation  (Hagelaar and Pitchford 2005). 
The latter is computationally demanding. As explained in 
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Hagelaar and Pitchford (2005), a common approach to avoid 
excessive calculation time is to solve an approximation of the 
Boltzmann equation  for a number of values of the reduced 
electric field θ and to generate tables of the resulting transport 
properties and rate coefficients versus the reduced electric 
field. For the CFD model/calculation, the tables can then be 
used to find values for the local transport properties and rate 
coefficients by interpolation. If an electron energy equation is 
not solved, a similar strategy can be used for the estimation of 
the mean electron energy. This is the approach adopted in this 
work. Solutions provided by the Boltzmann equation solver 
BOLSIG+  (Chen and Davidson 2002) were used and lin-
early interpolated to derive correlations for the mean electron 
energy and the electrical mobility μel,e and diffusivity De of 
the electrons (Hagelaar and Pitchford 2005) as a function of 
the calculated reduced electric field θ. These correlations were 
used in the CFD code. The transport coefficients for ionic and 
neutral species were taken from the literature (Ionic data: 
Tables 2 and 4: Ellis et al 1978, Viehland and Mason 1995).

2.2.  Plasma reaction mechanism and kinetics

The coupling of chemical reactions with CFD is computation-
ally costly, on the one hand because of the number of species 
continuity equations to be solved, on the other hand because 
of the Arrhenius dependence of reaction rates on the temper
ature. With complex reaction mechanisms, reduced or lumped 
reaction schemes (e.g. Baudrez et al 2010) are typically used. 
The set of 21 reactions included in the model in this work is 

given in table 1 and adopted from the literature. The process 
gas is assumed to be pure nitrogen. A total of 9 species are 
considered including neutral and charged species. The neutral 
species are the background gas N2, the dissociated N atom and 
4 types of electronically excited neutral nitrogen plasma spe-
cies: ( )Σ+N A2

3
u , ( )ΠN B2

3
g , ( )′ Σ−N a2

1
u  and ( )ΠN C2

3
g . For prac-

tical reasons, the shortened notations ( )N A2 , ( )N B2 , ( )N a2  and 
( )N C2  are used. Among those species, it is possible to distin-

guish the long-lived metastable ( )N A2  and ( )N a2  species which 
are of primary importance in understanding a low-temperature 
discharge (Brandenburg et al 2005) and precursor decomposi-
tion. ( )N A2  is reported to be the main species interacting with 
a chemical precursor in remote plasma devices (Enache et al 
2007). ( )N B2  and ( )N C2  are short-lived species mostly recom-
bining though radiative and collisional processes (reactions 
16 and 18 in table  1) (Bak et  al 2011). The rotational and 
vibrational states of nitrogen molecules are not included in 
the present model, their effect on chemical precursor decom-
position and on the discharge features being small compared 
to that of the electronic state. In addition to electrons, 2 ionic 
species are considered in the present model: +N2 , and +N4 . 
Electron attachment to nitrogen is unlikely at low ionization 
degree (Brandenburg et al 2005). Negative ionic species are 
therefore not included. Very short-lived excited states or ionic 
species present in negligible concentrations were also not 
taken into account.

The 21 considered reactions include direct excitation, 
ionization and dissociation of background nitrogen, relaxation 
of excited states through radiative processes and collisions 

Table 1.  Reaction mechanism and rate coefficients for pure nitrogen plasma. References: (a) Kossyi et al (1992); (b) Van Gaens and 
Bogaerts (2013).

Reaction Rate coefficient Units Reference

1 → ( )+ +N e N A e2 2 /× θ−2.4 1012 140 ( )⋅− −m  kmol s3 1 1 (a)

2 → ( )+ +N e N a e2 2 /× θ−1.9 1012 174 ( )⋅− −m  kmol s3 1 1 (a)

3 → ( )+ +N e N B e2 2 /× θ−3.8 1012 148 ( )⋅− −m  kmol s3 1 1 (a)

4 → ( )+ +N e N C e2 2 /× θ−3.8 1012 211 ( )⋅− −m  kmol s3 1 1 (a)

5 →+ +N e N e22 /× θ−3.8 1010 350 ( )⋅− −m  kmol s3 1 1 (a)

6 →+ ++N e N e22 2
/× θ−3.0 1012 365 ( )⋅− −m  kmol s3 1 1 (a)

7 ( ) ( ) →+ ++N A N a N e2 2 4 ×5.4 109 ( )⋅− −m  kmol s3 1 1 (b)

8 ( ) → ++N a N e2 2 4 ×6.0 109 ( )⋅− −m  kmol s3 1 1 (b)

9 → ++N N e2 2 ×6.0 108 ( )⋅− −m  kmol s3 1 1 (a)

10 →++N e N24 2 /× T1.9 10 114
e ( )⋅− −m  kmol s3 1 1 (b)

11 →++N e N22 /× T1.5 10 1 e
9 ( )⋅− −m  kmol s3 1 1 (b)

12 →+N N N2 22 2 ( / )× T5.0 10 exp 50013
g ( )⋅− −m  kmol s6 2 1 (b)

13 ( ) →+N A N N22 2 2 ×2.2 105 ( )⋅− −m  kmol s3 1 1 (b)

14 ( ) →+ +N A N N N2 2 ×1.2 1010 ( )⋅− −m  kmol s3 1 1 (b)

15 ( ) → ( )+ +N B N N A N2 2 2 2 ×3.0 1010 ( )⋅− −m  kmol s3 1 1 (a)

16 ( ) → ( )N B N A2 2 ×1.5 105 ( / )1 s (a)

17 ( ) → ( )+ +N a N N B N2 2 2 2 ×1.2 108 ( )⋅− −m  kmol s3 1 1 (a)

18 ( ) → ( )N C N B2 2 ×3.0 107 ( / )1 s (a)

19 ( ) → ( )+ +N C N N a N2 2 2 2 ×6 109 ( )⋅− −m  kmol s3 1 1 (a)

20 →+ ++ +N N N N22 2 4 2 ×1.8 1013 ( )⋅− −m  kmol s6 2 1 (b)

21 →+ ++ +N N N N24 2 2 2 ( )( )× −1.5 10 10 T6 0.0036 300g ( )⋅− −m  kmol s3 1 1 (a)
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with neutrals, recombination of electrons and ions and charge 
transfer. Other sources of ionization/electrons, such as photo/
UV-ionization are not included in the model. This may be 
problematic, especially when electrons are lost fast, such as at 
a high potential between the electrodes. Most of the reactions 
considered involve background N2 gas whose concentration 
remains practically constant and several orders of magnitude 
higher than that of any plasma species, so that most reactions 
are pseudo-first order. The rate coefficients were taken from 
the literature and are also shown in table 1. Given that most 
of the reactions are pseudo-first order, the effect of turbulent 
mixing on the reaction rates is neglected.

2.3.  Electric field

A complete and accurate description of the electric field distri-
bution theoretically requires solving the Maxwell equations for 
electromagnetism. For DC operation or AC operation with fre-
quencies of typically up to  ±50 kHz, the typical reactor length 
scale is, however, small compared to the electromagnetic 
wavelength induced by electric field variation. A similar con-
clusion can be drawn when comparing the characteristic time 
scale of the modeled phenomena and the electromagnetic wave 
propagation velocity. The resulting quasi-steady state behavior 
allows the use of a pseudo-electrostatic model, where the 
potential Φ is given by the Poisson equation:

( ) ∑∇⋅ ∇Φ = − −
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ε q n q n0

i
i i e e� (10)

with ε0 the vacuum dielectric constant (Lin et al 2012a, 2012b). 
It is assumed that the plasma does not affect the medium 
permittivity. In (10), qi and qe are respectively the charge of 
ionic species i and the electronic charge and ni and ne are the 
ionic and electron density. The electric field is calculated as 
the gradient of the electrical potential:

= −∇ΦE� (11)

2.4.  Boundary conditions

Interactions between charged species and an electrode sur-
face are of primary importance in sustaining the discharge 
in low temperature plasmas (Golubovskii et  al 2002). In 
near-dielectric regions, charged species accumulate, resulting 
in the formation of a so-called plasma sheath. This sheath 
shields the bulk plasma from the externally applied voltage. The 
sheath thickness can be estimated from the Debye equation. At 
atmospheric pressure it is often of the order of a few microm-
eters. The properties of plasma sheaths are used to define 
boundary conditions at dielectric electrodes. Electronically 
excited states and dissociated atoms N are instantaneously 
quenched when reaching an electrode surface. Golubovskii 
et  al (2002) considered different interactions to model the 
influence of dielectric electrode surface interactions on atmo-
spheric-pressure low-temperature discharges. The metastable 
species ( )N A2  is believed to be responsible for secondary elec-
tron emissions (Brandenburg et al 2005, Enache et al 2007).  

Secondary electron emissions also result from collisions of 
ions with the wall and photon absorption. The total secondary 
electron emission current from a dielectric electrode is, hence, 
given by:

( )∑γ γ γ= + ∇ +j u n D nN As
i

i i m A p2� (12)

γ, γm and γp are the secondary electron emission coefficients 
for ion-surface interactions, metastable species collisions 
with the wall and photon emissions, respectively. For γp, a 
value of 1.578·10−14 (1/(m² · s)) was imposed. This value 
was obtained by integrating a general expression for photon 
emission (Brandenburg et al 2005) with a constant averaged 
metastable species density. Higher values for the secondary 
electron emission coefficients are often used to sustain a 
discharge and compensate for an electron deficit when elec-
trons are consumed fast at an electrode by recombination and 
certain mechanisms of ionization, such as photo-ionization, 
are not accounted for in the model (Zakari et al 2015). The 
boundary conditions to account for surface interactions can 
then be written

α ρ ρΓ = − +x x n m je r g e g i e s� (13)

α ρ ρΓ = − x x n,i r g e g i� (14)

for electrons and ions respectively. The first term on the 
right hand side of (13) and (14) represents consumption of 
respectively electrons and ions by recombination at the wall. 
Charged species heading towards a dielectric electrode will 
accumulate in the near-wall region and be consumed by sur-
face recombination (Lozano-Parada and Zimmerman 2010). 
This accumulation will create strong gradients in the electric 
field in the near-dielectric wall region. This makes the accu-
rate calculation of the electric field extremely challenging. 
The electric field variation in the discharge core is in contrast 
typically rather smooth. The interactions with a dielectric wall 
that are considered in this work are summarized in table  2. 
The electric field inside the dielectric is assumed to vary in 
the direction perpendicular to the surface only. A relation 
between the imposed electrode voltage, the surface charge and 
the voltage difference between the gas and the electrode can 
be derived from this 1D assumption. This approach is strictly 
only valid if the dielectric thickness is small compared to the 

Table 2.  Interactions of charged species with a dielectric wall. 
References: (a) Brandenburg et al (2005); (b) Golubovskii et al 
(2002); (c) Lin et al (2012a, 2012b).

Reaction
Rate expression 
(1/(m² · s)) Reference

1 Secondary electron emission by 
photon absorption

γp (a)

2 Secondary electron emission by 
collisions of metastable species

( )γ ∇D nN Am A 2
(a)

3 Secondary electron emission by 
interactions with ions

γu ni i (b)

4 Electron transport to the surface u ne e (c)
5 Ion transport to the surface u ni i (c)
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width of the discharge region so that the voltage drop within 
the dielectric is negligible.

Charges reaching a grounded metallic electrode surface are 
assumed to be immediately transported outside the discharge 
region by electrical conduction. At metallic non-electrode 
walls, the boundary condition for the electrical voltage fol-
lows from a zero-electric field assumption in the direction 
normal to the wall. Excited species ( )N A2 , ( )N B2 , ( )N C2  and 

( )′N a2  are assumed to relax instantaneously upon collision 
with a wall and their density  ( / )n 1 m3  is imposed to be zero at 
the walls and, hence, at the electrodes.

In Case study II, heat transfer through the reactor walls is 
calculated from:

( ) ( ) ( )λ= − = − = − ∞q h T T n T T n h T T nw g g wg w wg we e we
� (15)

with hg the coefficient of heat transfer between the inner wall 
and the process gas calculated by means of the correlation 
of Jayatilleke (1969) and he the coefficient of heat transfer 
between the external wall and the surroundings for which a 
typical value of 25 − −W m .K2 1( ) was used.

2.5.  Kinetic model reduction

The rate coefficients of some of the reactions considered reach 
extremely high values, leading to numerical stiffness and 
related convergence problems and long computation times. 
For fast reacting and, hence, short-lived species, the quasi-
steady state (QSS) approximation can be applied to reduce 
the computational complexity. Transport by convection, dif-
fusion and drift can then be neglected, their time scale being 
large compared to that of the fast reactions, and the continuity 
equations for short-lived species are reduced to:

 ∑ρ
α

∂

∂
= =

x

t
M R 0

j
j

k

jk k
g

� (16)

Hence, for the short-lived species, the solution of a par-
tial differential equation  is no longer required. Algebraic 

equation (16) can be directly used to calculate the species mass 
fraction. The quasi-steady state approximation was applied 
for species ( )N B2  and ( )N C2  as well as for the ionic species 
+N2 . The steady state density of +N2  is relatively low and the 

total positive charge will be mostly carried by +N4 . The species 
+N2  can, however, not be neglected because they are a neces-

sary intermediate for the formation of ionic species by elec-
tron–nitrogen collisions. The steady state density of +N2  being 
rapidly reached (within about 10−8 s at atmospheric pressure, 
see also Brandenburg et al 2005) because of the fast charge 
transfer reaction between +N2  and +N4  allows applying the 
QSS approximation. From transient 2D test simulations with 
a pulse release at the anode, the transport time of the +N2  and 
+N4  ions to the cathode was found to be of the order of 0.1 ms 

in a   −10 V m7 1 electric field (10 kV imposed potential)—about 
one order of magnitude larger than that of electrons, so that 
the time scale of reaction can be considered small compared 
to that of transport. Other excited species ( )N A2  and ( )N a2  are 
not quenched as efficiently by collision with the ground state 
or through radiative processes. The remaining computation-
ally challenging reactions were identified to be the Penning 
ionization reactions 7 and 8 (table 1), transforming electroni-
cally excited states to ionic species following collision.

The validity of the quasi-steady state approximation was 
verified through transient 0D simulations with direct current 
and an electric field ranging from 106 (V m−1) to 107 (V m−1).  
Figure  1 shows the evolution of the molar concentration 
of various species with time obtained without and with the 
quasi-steady state approximation in a constant electric field 
of 3.5  ×  106 (V m−1). No significant differences are observed 
at the typical transport time scales (10−6 s) or larger. Figure 1 
shows that the steady state plasma composition is reached 
within about 10−2 s and shows the QSS approximation cannot 
be applied to all species. When the voltage is turned off, the 
evolution of the species concentrations confirms that in the 
plasma reactors studied, only long-lived species (especially 
metastable ( )N A2  and ( )N a2 ) can be expected at a certain 

Figure 1.  Evolution in time of the species concentrations in a pure nitrogen plasma after applying a constant electric field of 3.5  ×  106 V m−1.  
0D simulations (batch) (a) without kinetic model reduction and (b) applying the quasi-steady state (QSS) approximation on ( )N B2 , ( )N C2  and 
+N2 , allowing increasing the time step with a factor 104.
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distance from the discharge region. Other species will have 
mostly relaxed or recombined near the discharge region. The 
stationary concentrations of the different species in the 0D 
simulations differ by several orders of magnitude. +N4  is the 
main observed ionic species and mostly produced through the 
fast conversion of +N2  (reaction 21, table 1). A typical ioniz
ation degree of 1.15  ×  10−4 in the 3.5  ×  106 (V m−1) electric 
field is reached. The metastable ( )N A2  nitrogen state is the only 
species whose density is comparable, with a relative density 
of 8  ×  10−4 compared to the background nitrogen. Its relaxa-
tion time is extremely long compared to that of other excited 
states. It is expected to be practically the only active species 
found outside the discharge region and responsible for the 
decomposition of a chemical precursor, if injected remotely.

3.  Solution algorithm

Simulations were carried out using the unstructured finite 
volume CFD code Fluent 6.3.26 (Ansys). Electric field-
related terms, such as appearing in equatios (2), (6) and(7), 
cannot be integrated in the standard conservation and species 
continuity equations  defined in Fluent. User-defined scalar 
transport equations  (UDS) were therefore used. For specific 
transport properties and the reaction source terms, user-
defined functions (UDF) were defined. The solution algorithm 
is schematically shown in figure 2. The flow field, the species 
concentrations and reactions, and the electric field are sequen-
tially solved in an iterative loop. For the flow field and species 
concentration calculation, time-stepping was applied. The 
SIMPLE algorithm was used for optimal pressure-velocity 
coupling. Typically, the flow field is first calculated in the 
absence of an electric field and reactions. Next, the plasma 
is ignited and the flow dynamics, electric field and plasma 
chemistry solved in a coupled way. A semi-implicit scheme 
and second-order discretization in time and space were used 
to improve the accuracy of the solution. The estimated relative 
error on the computed values of the species concentrations 
reaches fast extremely low values. Hagelaar and Kroesen 

(2000) proposed a method for speeding up CFD simulations 
of gas discharges, but an implicit treatment of the electron 
energy source term is essential. With a sequential solution of 
the flow, species concentration and electric fields, the solution 
of each equation can eventually be done in a (semi-)implicit 
manner, for example with an iterative scheme as proposed in 
Kushner (2009).

The time scales of the modeled phenomena impose the use 
of extremely small time steps. The reactor mean residence 
time is of the order of 10−1 s, whereas the time scale of the 
electrical transport of ions and electrons is of the order of 10−6 
to 10−5 s and the excitation and ionization reactions take place 
within 10−10 to 10−9 s. Together with the use of the Poisson 
equation  (10), the quasi-steady state hypothesis assumed 
for the short-lived species and +N2  ions helps reducing the 
numerical stiffness. A sharp transition from convergence to 
divergence is observed for a time-step of around 10−8 s. In 
the early stage of a simulation, time steps of 10−10 s are used, 
despite the use of the quasi-steady state approximation for the 
short-lived species, but the time step can be slowly increased 
to 10−7 s while reaching the steady state solution. Moreover, 
modeling the near-wall and near-electrode plasma behavior 
requires capturing the steep voltage and concentration gradi-
ents in their vicinity. This implies the use of mesh cells dras-
tically smaller in these regions than in the bulk gas region. 
The thickness of the near-electrode region where the species 
concentration and electric field gradients are strong is indeed 
of the order of a few microns only. Near the electrodes, mesh 
cells as small as 0.01 µm were used. The mesh size in the bulk 
gas region varied between 0.01 and 0.1 mm.

4.  Case study I

Discharge in a sharp-end plate-to-plane configuration was 
simulated in 2D and starting from a zero flow field. The geom-
etry is shown in figure  3. The top and sides of the domain 
are essentially open and no inflow of gas was imposed, but 
atmospheric pressure. The distance between the electrodes 

Figure 2.  Solution algorithm.
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was 10 mm. The sharp electrode tip (anode) was considered 
to be made of perfectly conducting metal, the plane electrode 
(cathode) to be covered with a thin dielectric layer. The anode 
had a 1 mm wide base, whereas the curvature radius of the tip 
head was 100 µm. The boundary conditions imposed at the 
electrodes were described in section 2.4. A constant potential 
difference of 5 kV was applied between the two electrodes. 
Under such conditions, a corona discharge type behavior can 
be expected (Tendero et al 2006). The required mesh size is 
mostly determined by the gradients in the electric field and 250 
thousand mesh cells were used with mesh cells of 0.01 µm in 
the near-electrode region, as explained in the previous section. 
Details on the mesh can be found in Lorant (2013). The elec-
tric field is mostly localized near the anode tip, with values of 
the electric field dropping to less than half the maximum value 
at a distance of about 100 µm from the tip. The region where 
the nitrogen breakdown value (comprised between 3 · 106 and 
6 · 106 V m−1—Radmilovic et al 2014) is overcome is located 
in a  ±300 µm radius around the tip, region where plasma gen-
eration is expected to be strongly concentrated.

The discharge voltage, gas velocity, electron density and 
typical species concentration profiles are shown in figure 4. 
The electron density only reaches significant values in the near 
anode region, as expected in a corona discharge. Figure 4(c) 
therefore focuses on the electrode tip head. Ionic species pro-
duced in this region are extracted from the discharge zone by 
the electric field and move towards the plate cathode. As a 
result, the corona environment is globally positively charged. 
The discharge voltages are rather small compared to the 
applied potential difference.

The bulk flow generated by the corona discharge is not neg-
ligible and driven by the ionic wind. Velocities of 1–5 m s−1 
are observed in between the electrodes and recirculation pat-
terns develop in the flow domain. Moreau et al (2004) found 
a maximum gas velocity reachable by a positive DC corona 
of about 10 m s−1. Although direct comparison is not pos-
sible, velocities of the same order of magnitude are reported 

by Jyaraman and Shyy (2008) (Helium discharge in 10 kHz 
alternating field) and Martins (2013) (different discharge 
conditions and ion density). Three typical species concentra-
tion profiles are shown, for respectively positively charged 
ions +N4 (figure 4(d)), long-lived neutral species N2(A) (figure 
4(e)) and short-lived neutral species N2(C) (figure 4(f)). The 
long-lived neutral species are seen to spread in the domain 
between the electrodes as a result of the recirculation intro-
duced by the discharge. This is not the case for the short-lived 
neutral species which remains concentrated near the tip head. 
The positively charged ions cannot follow the recirculation 
flow pattern and are deflected towards the plate cathode. Note 
the much lower concentration of N2(C) and +N4  species than 
that of the N2(A) species (log scale). More detailed species 
and electron concentration profiles in between the electrodes 
are given in figure 5. As expected, in the corona discharge at 
5 kV the electron density in the bulk gas is negligible. The 
electrons are concentrated close to the surface of the curved 
electrode, a region of high potential gradient resulting in 
highly energetic electrons. The ionization degree is of the 
order of −10 9.

Both Penning ionization and secondary emission are 
important to sustain the discharge. When not accounting for 
secondary emission in the simulation (γ  =  γm  =  γp  =  0), 
the plasma is first ignited due to the initial very low electron 
density, but extinguished rapidly, that is, within of the order 
of 10−5 s, while the initially produced ions drift towards the 
ground electrode. When increasing the potential between the 
two electrodes to 10 kV, a discharge could also not be sus-
tained. The higher voltage leads to a faster loss of electrons. 
Not accounting for all mechanisms of ionization, such as 
photo-ionization, and related sources of electrons in the model 
leads to an electron deficit. A similar problem was noticed 
by other groups and compensated for by including artificial 
electron sources, e.g. increasing the coefficients of secondary 
electron emission (Zakari et al 2015).

5.  Case study II

A prototype of a low-temperature, atmospheric-pressure 
plasma-enhanced chemical vapor deposition (APPECVD) 
reactor was simulated in 2D imposing a 5 kV potential between 
the electrodes and using the previously presented model. 
The reactor scheme and dimensions, a figure of the applied 
voltage, and pictures of a similar pilot scale reactor (produced 
by Plasmatreat) are shown in figure 6. The reactor contains 
four wire electrodes, two connected to the voltage source and 
two grounded, all covered with a thin layer of dielectric mat
erial. A 1.5 mm gap separates anode and cathode. This distance 
between the electrodes can be tailored on the actual prototype 
but is kept constant in the simulation presented. The process 
gas enters the reactor chamber at 0.25 m s−1 through two 3 mm 
side inlets, while the gas carrying the chemical deposition pre-
cursor is injected at 4.5 m s−1 from the top through a 0.5 mm 
channel. All gases are fed at ambient temperature. The reactor 
exit is positioned 1 mm above the substrate surface. The reac-
tors walls are made of polymer and graphite electrodes are 

Figure 3.  Case study I: sharp-end plate-to-plane configuration with 
an anode with a 100 µm curvature radius head.
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used. Atmospheric pressure is imposed at the reactor outlet. 
To account for Joule heating of the electrodes, the electrode 
surface temperatures were experimentally measured using an 
IR camera and imposed in the simulations to be 250 °C and 
uniform. Details on the boundary conditions at the electrodes 
were given in section 2.4. Heat transfer through the reactor 
walls is calculated through (15).

Figure 7 shows the influence of the electric field and plasma 
reactions on the flow field. Symmetry breaking is observed 
both prior and after ignition. The flow of precursor carrying 
gas attaches to one of the two electrodes, creating recircula-
tion in the upper part of the reactor. No oscillations in the flow 
pattern are observed. Almost immediately after ignition (pic-
ture after 1 µs shown), high velocities occur locally. Vortices 
form in the regions between the two electrodes. These vor-
tices remain after the steady state solution is reached (figures 
7(c) and (d)). With gas fed through different reactor inlets, the 
flow is mainly pressure driven and the influence of the plasma/
ionic wind on the flow pattern is overall relatively small. This 
shows the fluid dynamics has a major influence on the per-
formance of the studied APPECVD reactor. The symmetry 
breaking in the flow pattern may lead to precursor penetrating 
the discharge region, leading to formation of a powder that 
will be deposited on the substrate instead of a uniform thin 
film (Descamps et al 2011).

Figure 8 shows profiles of the steady state discharge 
voltage, gas phase temperature, electron density and +N4 , 
N2(A) and N2(C) species concentrations. The field intensity 
is concentrated in the two regions between anodes and cath-
odes and the field lines are rather uniform in these regions. 
The nitrogen breakdown voltage being 3.1 · 106 V m−1, the 
discharge is expected to be located in this region. Short-lived 
neutral species N2(C) are conveyed to a certain extent into 

the central reactor corridor, whereas the +N4  ions are captured 
more strongly in the region between the electrodes. The long-
lived neutral species N2(A) are seen to spread in the reactor 
as a result of the up flow in between the electrodes and the 
reactor walls and recirculation in the reactor. Significant con-
centrations of N2(A) are found in the upper part of the reactor 
and in the central corridor. Long-lived N2(A) and N2(a) (not 
shown) are the only species that reach the substrate surface 
where their concentration is relatively uniform. They are 
believed to be the only species interacting with the chemical 
deposition precursor. The recirculation in the reactor is also 
clearly visible in the temperature profile shown in figure 8(b). 
Significant temperature variations are observed in the reactor 

Figure 4.  Case study I: 2D simulation of a sharp-end plate-to-plane configuration (figure 3) applying a 5 kV potential between the 
electrodes. Steady state profiles of the (a) discharge voltage (V); (b) gas velocity (m s−1); (c) electron density (1/m3) (focus on the anode tip 
head); (d) +N4  density (1/m3); (e) N2(A) density (1/m3); (f) N2(C) density (1/m3).

Figure 5.  Case study I (figure 3). Steady state species density 
profiles (1/m3) as a function of the distance from the tip when 
applying 5 kV potential difference between the electrodes.
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Figure 6.  Case study II: reactor for in-line low-temperature, atmospheric-pressure plasma-enhanced chemical vapor deposition. (a) Reactor 
scheme; (b) applied voltage (V); (c) pictures of a pilot scale reactor (produced by Plasmatreat).

Figure 7.  Case study II: reactor for in-line low-temperature, atmospheric-pressure plasma-enhanced chemical vapor deposition (figure 6). 
Evolution of the flow field after plasma ignition (colored by the velocity magnitude in m s–1): (a) prior to ignition; (b) 1 µs after ignition; (c) 
after reaching the steady state; (d) focusing on the region between the electrodes after reaching the steady state.
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and at the reactor walls, but the temperature above the sub-
strate is relatively uniform around 130 °C. A maximum wall 
temperature of 230 °C is reached close to the electrodes. 
Attention has to be paid not to overheat the reactor wall, as 
experimentally experienced with a reactor made of polymer. 
Note that with the calculated electron density of the order 
of 1020 m−3, plasma heating may be non-negligible and the 
model should be extended to account for this effect.

6.  Conclusions

Complex flow patterns have to be accounted for when sim-
ulating atmospheric-pressure plasma reactors. Coupling 
computational fluid dynamics with the calculation of the 
electric field and the plasma chemistry is challenging due 
to the numerical stiffness resulting from the strongly dif-
ferent time scales of the phenomena involved. Considering 
low-temperature, atmospheric-pressure pure nitrogen 
plasma, a model and solution strategy are presented to make 
coupled simulations computationally tractable. 21 reactions 
are considered, including direct excitation, ionization and 
dissociation of background nitrogen, relaxation of excited 
states through radiative processes and collisions with neu-
trals, recombination of electrons and ions and charge transfer. 
Photo-ionization is not accounted for. The numerical stiffness 

is strongly reduced by using the Poisson equation  for the 
calculation of the electric field and applying the quasi-steady 
state approximation for short-lived species and this without 
significantly affecting the accuracy of the solution of the 
model used. Solving the Boltzmann equation is avoided by 
using solutions provided by the BOLSIG+  solver to derive 
correlations for the electron mean energy as a function of the 
reduced electric field, as well as for the electrical mobility 
and diffusivity of the electrons. Simulations remain, how-
ever, challenging due to extremely strong spatial gradients 
in the electric and species concentration fields, in particular 
near the electrodes. To evaluate the approach, 2D simulations 
of a sharp-end plate-to-plane configuration and of a specific 
pilot-scale low-temperature, atmospheric-pressure plasma 
enhanced chemical vapor deposition (APPECVD) reactor 
prototype were presented, imposing a 5 kV potential between 
the electrodes. Both Penning ionization and secondary emis-
sion are seen to be important to sustain a discharge. When 
neglecting secondary emission or at a higher imposed poten-
tial when electrons are rapidly lost, a discharge could not 
be sustained. Explicitly accounting for photo-ionization 
or artificially increasing secondary emission can be con-
sidered. The bulk flow generated by a discharge is seen 
to be significant and complex. Vortices are generated and 
velocities attain locally several meters per second. The flow 
field largely determines the observed electron and species 

Figure 8.  Case study II: reactor for in-line low-temperature, atmospheric-pressure plasma-enhanced chemical vapor deposition (figure 6). 
Steady state profiles of the (a) discharge voltage (V); (b) temperature (K); (c) electron density (1/m3); (d) +N4  density (1/m3); (e) N2(A) 
density (1/m3); (f) N2(C) density (1/m3).
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concentration fields, directly for long-lived species and indi-
rectly for short-lived species if their concentration depends 
on the concentrations of long-lived species. The simulations 
clearly illustrate the importance of accounting for complex 
flow dynamics to understand the performance and scale-up 
of atmospheric pressure plasma reactors. Extension of the 
model to account for plasma heating may be required in cer-
tain cases.
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