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Abstract

Understanding the physical and chemical phenomena governing reactive species in non-
thermal atmospheric-pressure plasmas is crucial for improving the operation of cold plasma
devices and their applications. This work focuses on kinetic modeling and simulations of
different types of non-thermal plasmas generators. In the first part, a novel two-stage ki-
netic model is developed to simulate O3 and NO2 dynamics in a surface dielectric barrier
discharge, over time spans of hundreds of seconds. The second part of the work begins
with a theoretical background on vibrational excitation and the calculation of the rate
constants related to the reactions involving vibrationally-excited N2 molecules. A reac-
tion set including these processes is developed and used to simulate a volumetric dielectric
barrier discharge reactor working in filamentary regime (when powered by a sinusoidal
voltage source). The focus is set on N2 vibrational distribution function, its temporal evo-
lution and the effect that it has on the reactive species production. The same reaction set
is then adopted to simulate a volume DBD powered by a nano-pulsed voltage generator in
flow conditions, working in diffuse regime. The simulation results are compared against
experimental measurements of NO concentration during a single nano-pulse, obtained by
the EPFL plasma group using laser-induced fluorescence (LIF) spectroscopy. In the final
part of the work, a computational model for the chemical kinetics of the ionization region
of a corona discharge is presented, with a particular focus on the charged species that
play a central role in corona-propulsion applications.
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Chapter 1

Introduction

1.1 Non-Thermal plasmas and their applications

A non-thermal plasma (NTP) is a plasma that is not in thermodynamic equilibrium

and, as a consequence, it can be characterized by di�erent temperature values related to

di�erent particle types. [2]. Even if such temperature values depend on the particular

non-thermal plasma type we are considering, in the great majority of the non-equilibrium

plasmas used in industrial and technological applications the following relation is valid:

Te > T v > T r � Ti � T0; (1.1)

whereTe, Tv, Tr , Ti and T0 are the temperatures related to electrons, vibrationally excited

molecules, rotationally excited ones, ions and heavy neutral species, respectively. That

is, because electrons are the lightest species in the mixture that makes up the plasma,

they acquire kinetic energy much more readily than their heavier counterparts when an

electric �eld is applied. In turn, the hot electrons can excite vibrational molecular states

but, due to reduced energy exchange during elastic collisions with the heavy species, they

are unable to heat the rest of the gas. In an air cold plasma at atmospheric pressure

usually 20 000 K < T e < 50 000 K, 1000 K < T v < 4000 K and Tr � Ti � T0 � 300 K.

Due to the low temperature of the heavy species, cold atmospheric-pressure plasmas are

suitable to be used in processes that require the generation of chemical species and that

involve biological subjects that can be damaged by high temperature treatments.

In fact, NTPs are employed in a broad range of applications, spanning from aerospace

to plasma medicine. In particular, reactive oxygen and nitrogen species (RONS) generated

in an air cold plasma at atmospheric pressure have been proved to play a central role in

cancer treatment [3], wound healing [4], surfaces and volumes sanitation, plasma assisted

agriculture [5] and food processing [6]. For this reason, a lot of e�ort has been put
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in investigating which kinetic mechanisms and chemical species are important in the

applications mentioned above. In [7] and [8] the antimicrobial properties of O3 and NOx

compounds have been proved. NO plays also a crucial role in wound healing as reported

in di�erent studies [4, 9]. In [10] the e�cacy of an indirect plasma treatment for the

sanitation of medical devices has been demonstrated. Various reactive species such as

O(3P), OH, NO have bene�cial e�ect on seed germination and growth of a large set of

plants [11,12].

On the other hand, charged particles can also be important, above all in applications

that exploit the electrohydrodinamic (EHD) e�ect. The use of the EHD e�ect has been

proposed in many aeronautical and electronic applications, including 
ux control [13],

circuit cooling [14] and, more recently, atmospheric propulsion [15].

Non-thermal atmospheric-pressure plasmas in air can be easily generated through an

electric discharge by di�erent plasma sources, as atmospheric-pressure plasma jets, dielec-

tric barrier discharge (DBD) reactors (both in surface and volumetric con�gurations), and

corona discharges. The chemical kinetics characterizing such devices is complex and can

be generally described by thousands of reactions, involving hundreds of di�erent chemical

species. Moreover, the reaction rates are usually dependent on di�erent quantities, such

as the gas temperature (Tg) or the reduced electric �eld (E=N). Due to the large number

of variables and to the intrinsic complexity of the problem, modeling activities can play

a crucial role to understand and improve cold plasma based devices and applications.

1.1.1 Dielectric barrier discharge

DBD discharges were �rst introduced in industrial environment by Siemens in 1887 for

ozone generations purposes. However, DBDs in both volumetric or surface con�gura-

tions are nowadays employed in a variety of di�erent �elds due to the low costs and


exibility that this kind of discharge can guarantee. In particular, they can be used in

bacterial inactivation [7,16], CO2 conversion [17,18], volatile organic compounds (VOCs)

removal [19,20], materials treatment [21,22] and in many other applications. A dielectric

barrier discharge can be generated applying an high voltage between two electrodes that

are separated by at least one dielectric barrier in addition to the gas gap. The presence of

the dielectric barrier is needed in order to avoid the breakdown onset and the transition to

an arc discharge that would lead to unwanted temperature increases and circuit damages.

Di�erent electrode shapes and con�gurations, e.g. the planar and cylindrical reported

in Fig. 1.1 can be found in industries and scienti�c laboratories. From now on, we will

refer to this kind of con�gurations asvolumetric, in order to di�erentiate them from the

surfacedielectric barrier discharge (SDBD) con�gurations. These latter can be generated

in correspondence to dielectric barriers that are embedded in metallic electrodes in dif-
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Figure 1.1: Typical con�gurations of a volumetric dielectric barrier discharge reactors
with cylindrical (left) and planar electrodes (right).

ferent arrangements. An example of an SDBD can be found in Fig. 1.3. DBDs can be

generated applying an alternating or pulsed voltage to the electrodes, with a frequency

that spans between0:05 and 103 kHz. In most of the molecular gasses used in indus-

trial applications, e.g. air and nitrogen, the current generated by a DBD at atmospheric

pressure is organized in independent current �laments, stochastically distributed trough

the discharge surface [23], characterized by a duration in the order of tens of nanosec-

onds, and a maximum peak current value of0:1 A [24]. Nevertheless, it is possible to

�nd numerous sources in literature reporting DBDs operating in di�use regime [25,26] in

air at atmospheric pressure. This particular condition can be achieved adopting speci�c

electrodes arrangements or short-pulsed voltage sources and it is useful in applications

requiring homogeneous treatment in order to avoid the thermal and etching damages that

could be produced by a �lamentary regime [25].

1.1.2 Corona discharge

A corona discharge is a kind of discharge that generally occurs in a gaseous medium

characterized by a strong non-uniform electric �eld. As an example, corona discharges

are commonly generated close to high voltage power transmission lines, in the vicinity of

conductors with small radius of curvature and in particular electrodes con�gurations (e.g.

point-plane and wire-cylinder reported in Fig. 1.2). Corona discharges can be responsible

of unwanted e�ects such as power losses and radio frequency noises in transmission and

communication lines or chemical degradation of insulating materials. Nevertheless, this

kind of discharges can also be employed in a various range of industrial applications, due

to their easiness of generations and cost e�cient operations. Corona discharges were �rst

used in industrial environment as electrostatic precipitator [27] to control dusty particles

emission, but nowadays they are employed in a wide range of processes as ozone produc-

tion, thermal management of electronic components, water harvesting and more recently,

ionic wind propulsion [28]. An electric propulsion system based on corona discharges o�ers

numerous advantages, including the absence of moving parts and the potential to be pow-
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Figure 1.2: Point plane (left) and wire-cylinder (right) electrodes con�guration for corona
discharge generation.

Figure 1.3: Surface DBD con�guration.

ered by renewable energy sources. The main disadvantages of this technology are related

to its thrust-to-power ratio and the thrust density produced by the propulsion system.

In 2018 Xu et al. demonstrated that these di�culties can be overcome and constructed

the �rst airplane able to 
ight powered by an ionic thruster, opening up possibilities for

aircraft and aerodynamic devices that use this type of technology [15].

1.2 Global models

Global models, also called 0D models, are volume-averaged models that rely on the as-

sumption that spatial derivatives can be neglected in the chemical description of the con-

sidered plasma system [29]. Thanks to this hypothesis, 0D models are particularly useful

to simulate the temporal evolution of plasmas characterized by complex kinetic schemes

involving large number of chemical species, while keeping acceptable computational ef-

forts. They were �rst popularized by Lieberman in mid-90s and over the years they have

been used to simulate a large number of di�erent plasma types and discharges, e.g. low

pressure DC and radio-frequency glow discharges [30], plasma jets [31], DBDs [17]. At

the same time di�erent phenomena like temperature evolution [32], e�ect of pressure [33]

and humidity [34] on plasma parameters and plasma-water interaction [35] have been

e�ciently studied through global models, highlighting the strong capabilities of this ap-
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proach.

Global models are based on the particle balance equation, that has to be written for

all the considered species included in the model:

dns

dt
=

X

j

"

(aR
sj � aL

sj )kj

Y

l

nl

#

+ R� : (1.2)

ns is the number density of speciess, aR
sj and aL

sj are the right-hand side and left-hand

side stoichiometric coe�cients of speciess in the reaction j , kj are the rate coe�cients of

reaction j , nl are the number densities of the speciesl that react with the speciess and

R� is the contribution of other gain/loss mechanism related to convective and di�usive


uxes. The convective 
ow-in rate for the s species in the 0-dimensional approximation

can be written as:

Rconv;in
s = c

QsPg

V kB Tin
; (1.3)

wherec is a conversion factor,Qs is the input 
ux in sccm, Pg is the pressure of the gas,kB

is the Boltzmann constant,V is the plasma volume andTin is the feed gas temperature.

Correspondingly, the 
ow-out rate can be written as:

Rconv;out
s = cQ

PgTplasma

V Pplasma Tin
ns; (1.4)

where Tplasma and Pplasma are the temperature and the pressure of the plasma andQ =
P

s Qs is the total inward 
ux. For what concerns other particles transport mechanism

(i.e. drift caused by electric �eld and particles di�usion), the in-depth treatment is more

complex. This kind of 
uxes can be accounted for both charged and neutral species and the

corresponding expressions forR� usually depend on the type of gas (i.e. electropositive

or electronegative), the pressure at which the plasma is generated and the particular

geometries of the electrodes and the plasma region. The e�ect of particles transport on

the results of the global models are relevant al low pressure and low electron number

densities, while they hardly in
uence plasmas at atmospheric pressure in most of the

applications considered in this work. Detailed explanations regarding this topic can be

found in [36,37].

A further complication in the development of a global model is given by the fact

that the rate coe�cients k in Eq. 1.2 can be dependent on di�erent variables like gas

temperature and electron distribution function that can change over time. As an example,

the majority of the rate coe�cients for electron impact reactions can be obtained from
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the electron distribution function according to the equation [24]:

k =
Z

vf (v)� (v); (1.5)

where � (v) is the cross-section for the considered process andf (v) is the velocity dis-

tribution function for the electrons. The latter can be obtained solving the Boltzmann

equation:
@f
@t

+ ~v � r f +
~F
m

� r vf =
@f
@t

�
�
�
�
coll

; (1.6)

wherem is the mass of the electron,~F is the force acting on the electron,r vf is the gra-

dient operator on the velocities space,@f
@t

�
�
�
�
coll

is the rate of change off due to collisions.

Solving Eq. 1.6 is not trivial and requires adopting drastic simpli�cations. Neverthe-

less, several freeware Boltzmann equation solvers are available in literature. Among the

others, BOLSIG+ [38] and LoKI-B [39,40] are the two that have been used in the calcula-

tions reported in this work and rely on the so calledtwo-terms approximationextensively

described in literature [38,39].

Finally, it's quite common that several chemical processes depend on the considered gas

temperature (e.g. ozone kinetics). The gas temperature can be calculated self consistently

solving the gas thermal balance equation (considering isobaric conditions and no thermal

radiation):

NCp
@Tg
@t

= � gr 2Tg + W; (1.7)

whereN is the gas number density,Cp is the gas heat capacity at constant pressure and

W is the total net power transferred in gas heating per unit volume. Di�erent processes

concur in gas heating including elastic collision between electrons and chemical species,

V-V energy exchange, V-T energy relaxation, exothermic reactions between neutrals,

ion-electron recombination an so on. A detailed description of plasma heating and the

correspondent processes can be found in [32].

1.3 General structure of Merlino

Most of the simulations presented in this work (except for those in Sec. 2, which utilized

ZDPlaskin) were performed using the Merlino code, developed at the Plasma Technology

Laboratory (PTL) of the University of Bologna. Merlino is a Matlab code that can

be used to perform 0D simulations of non-thermal plasmas in various conditions. This

is done by solving a system of species number density continuity equations (reported in

Eq. 1.2). Merlino uses the LoKI-B Boltzmann solver [39,40] to obtain electron impact
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reaction rate coe�cients and other quantities (e.g. electron temperature, mean electron

energy) that can be used during the simulations. Within theMerlino directory, along-

side simulation �les that should remain unmodi�ed by the user, there are �ve additional

directories: schemes , LokiB , data , src , and cases . Further details are provided in

the following sections.

1.3.1 schemes directory

The schemes directory contains the di�erent kinetic schemes that can be used during

the simulations. Each kinetic scheme is composed by two di�erent structures. The �rst

one, called thespecies matrix, contains the name of each species included in the model

and the corresponding initial number density value (inm� 3) while the second one, called

reactions matrix, contains the reactions and the corresponding rate coe�cients. An

examples of both the input structures can be found below.

1 %Example of the species matrix

2 species = {

3 N2(X) 1.9e25

4 O2(X) 5.2e24

5 e 1.0e12

6 ...

7 }

Listing 1.1: Example of a species matrix

1 %Example of reactions matrix

2 reactions = {

3 �e+N2(X,v=0)<->e+N2(X,v=1),Vibrational�, �eedf�; %R1

4 �e+N2(X,v=1:58)->e + N2(X,v=v+1)�, �eV_N2�; %R2

5 �e+N2(+,X)->N(4S)+N(4S)�, �1.66e-12/(Te * 11600)ˆ0.7�; %R3

6 �2e+N(+,gnd)->N(4S)+e�, �1e-31 * (T(t)/(Te * 11600))ˆ4.5�;%R4

7 �e+N2=>N2p+e+e�, �exp(-0.0105809 * log(E(t) * 1E-21)ˆ2�; %R5

8 �O(1D)+O3(X)->O2(X)+O2(X)�, 1.2e-16; %R6

9 ...

10 }

Listing 1.2: Example of a reaction matrix

After the reaction structure, a string variable containing the name and the sub-

directory of the LoKI-B setup �le has to be provided by the user. An example of this can

be found below:
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1 reactions = {

2 ...

3 }

4 Loki_input = �HumidAir\HumidAir_setup.in�;

The use of the setup �le will be explained in theLoKIB directory section. As it is shown

in the example of thereaction structure, there are di�erent ways that can be used

to indicate the reaction coe�cients of the di�erent reactions mechanisms. A detailed

explanation of the available options can be found in the next sections.

1.3.2 LokiB directory

The LokiB directory contains the original LoKI-B code and the �les related to the LoKI-

B setup (.in �les) and the cross section �les (.txt ). The setup �le can be used to

specify the parameters (e.g. gas pressure, molar fraction of gas components, temperature,

reduced �eld values,. . . ) and the cross sections set that will be used to solve the electron

Boltzmann equation. The cross section �le is constituted by a set of tabulated cross

sections that can be written directly using the format provided by the online database

LXCat [41{43]. An example on how to report a cross section in the cross section �le for

a speci�c process can be found below.

1 EXCITATION

2 N2(X, v=0) => 2N(4S)

3 1.000000 e+1

4 SPECIES : e / N2(X, v=0)

5 PROCESS: E + N2(X, v=0) => E + 2N(4S ) , Exc i ta t i on

6 PARAM. : E = 10.0 eV , complete s e t

7 COMMENT: [ e + N2(X, v=0) => e + 2N(4S ) , Exc i ta t i on ] Check notes

8 UPDATED: 2018= 18= 03 16 :30 :00

9 COLUMNS: Energy (eV) j Cross s e c t i o n (m2)

10 =============================

11 1.00000E+01 0.00000E+00

12 1.20000E+01 1.00000E= 22

13 1.40000E+01 2.31526E= 22

14 1.60000E+01 8.18415E= 22

15 1.80000E+01 8.02552E= 22

16 2.00000E+01 3.70150E= 23

17 2.50000E+01 0.00000E+00

18 =============================
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Listing 1.3: Example of a cross seciton used by LoKI-B

Note that the strings that is reported between square brackets in the comment line (in

the example e + N2(X,v=0) -> e + 2N(4S), Excitation ) has to be written

identically (including the key word Excitation ) for the corresponding reaction in the

reactions matrix in order to Merlino to be able to use the reaction rate coe�cient

calculated by the Boltzmann solver. More detail about the LoKI-B setup �le can be found

in the LoKI-B user manual [39,40].

1.3.3 data directory

The data directory contains the results of the calculations performed with the Boltzmann

solver. These data can be found in a structure calledLoki that has di�erent �elds:

ˆ Loki.E contains all the values of the reduced �eld that have been used in the

solution of the Boltzmann equation;

ˆ Loki.collDescription and Loki.n_ratecoeff contains the list of the re-

actions for which a cross section is present in the cross section �le and the number

of these kind of reactions, respectively;

ˆ Loki.ratecoeff contains the rate coe�cients (only for the reactions for which

the corresponding cross-section is available in the cross section �le) calculated for

each values of the considered reduced electric �eld;

ˆ Loki.swarmParam contains a set of parameters like electron temperature, re-

duced mobility and di�usion coe�cient, mean electron energy, reduced Townsend

coe�cient and attachment coe�cients and �nally the reduced mobility and di�usion

coe�cient for the electron energy.

1.3.4 src

The src directory contains variousMatlab scripts and functions that are used byMer-

lino to perform di�erent tasks during the simulations or that can be useful when post-

processing the obtained results.

1.3.5 cases directory

The cases directory contains various MATLAB scripts, referred to ascases, where dif-

ferent �elds of the opts structure are assigned. The user can specify the simulation
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time interval (opts.tspan ), the applied reduced electric �eld (opts.E ) and the gas

temperature (opts.T ). These can can be provided either as an anonymous function or

as a lookup table. Another �elds that can be set is a string containing the name of the

�le containing the adopted kinetic scheme (opts.kinetic_scheme , that has to be

included in the schemes directory). The de�nition of the �eld regarding the electron

temperature (opts.Te ) is not mandatory. If this �eld is not de�ned, Merlino will,

when needed (e.g., for calculating certain rate coe�cients), use the electron temperature

as a function of the reduced �eld calculated by the Boltzmann solver An example of a

typical case �le can be found below.

1 opts.tspan = [0 150e-2];

2 t_E = linspace(0,150E-2,200);

3 E = 100* abs(sin(1E10 * t_E));

4 lookup_table_E = [t_E� E�]; %lookup table for the electric

field

5 opts.E = lookup_table_E;

6 opts.T = @(t) 300; %Temperature defined as an anonimous

function

7 opts.Te = @(t) exp(-t); %Not mandatory

8 opts.kinetic_scheme = �Humid_air_noflux�;

9

10 [out] = Mkin(opts);

Listing 1.4: Example of a typicalMerlino case �le

The Mkin Matlab function is the main function of Merlino and it receives as an input

the opts structure performing the integration (using theode15s Matlab function) of

Eq. 1.2 and gives in output another structure (out ) that contains the temporal evolution

of the number densities of each species included in the kinetic scheme.

1.3.6 Rules for the reactions matrix and rate coe�cients speci�cation

As already explained, the reaction rate coe�cients can be speci�ed by the user using

di�erent expressions. The simplest way to indicate a rate coe�cient is through a constant

number as in reactionR6 in the listing 1.2. Note that Merlino assumes that all the

rate coe�cients are expressed inm3s� 1 for two body reactions andm6s� 1 for three body

reactions. For electron impact reactions, the rate coe�cients can be calculated by the

Boltzmann solver starting from the correspondent cross section reported in the cross

section �les. In this case, the rate coe�cient in reactions matrix has to be substituted

with the keyword 'eedf' as in reactionR1 in listing 1.2. This kind of reactions can be
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written both with and without the double arrow ( <-> ). In the former case, the inverse

rate coe�cient for the reaction is still calculated using LoKI-B. As already stated, these

kind of reactions have to be written in the same way as reported in the cross section �les

in the LokiB directory, including the keyword ('Vibrational' in the case of reaction

R1). Reaction coe�cients can also be calculated using a user-de�nedMatlab function,

contained in thesrc directory, as in case of reactionsR2 in listing 1.2. The calculation of

the user-de�ned reaction coe�cients is performed within theMkin function as reported

below:

1 [r] = r_k_VT_N2_N2(r,T(0)); %Compute reaction coefficients for

VT relaxation of N2 with N2

2 [r] = r_k_VT_N2_N(r,T(0)); %Compute reaction coefficients for

VT relaxation of N2 with N

3

4 [r] = r_k_VT_N2_O2(r,T(0)); %Compute reaction coefficients for

VT relaxation of N2 with N2

Listing 1.5: Example of a typicalMerlino case �le

Each of the functions reported in the example above, i.e.,r_k_VT_N2_N2(r,T(0)) ,

r_k_VT_N2_N(r,T(0)) and r_k_VT_N2_O2(r,T(0)) searches for a speci�c key-

word (e.g. 'eV_N2' in reaction R2) and calculate the rate coe�cients according to the

di�erent user-de�ned functions. Finally, the rate coe�cients can be expressed as a func-

tion of di�erent parameters like reduced �eld (reaction R5), gas temperature (reaction

R4) and the electron temperature (R3-R4).

It is important to note that, for Merlino to function properly, the user must follow

certain guidelines regarding the composition of thereactions structure, as outlined

below:

ˆ the electron impact reactions whose rate coe�cients are calculated using the Boltz-

mann solver, have to be included at the beginning of thereaction matrix and

can not be inserted after other kind of reactions;

ˆ the vibrationally excited state of N2 should be indicated asN2(X,v=n) . In fact,

the vibrational number n is used as a variable in the rate coe�cient calculation and

it should be de�ned clearly;

ˆ when accounting for the vibrational excitation of N2 molecules, the user should

know that the state N2(X) indicates the sum of all the vibrational states and,

consequently, it represents a di�erent species with respect toN2(X,v=0) . In other

terms N2(X) =
P

i N2(X; v�� i) .
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Finally, it is relevant to note that Merlino allows writing reactions that include vi-

brationally excited molecules in a compact form de�ning the range of the considered

vibrational levels. As an example, reactionR2 in listing 1.2 represent 58 di�erent reac-

tions, each of them for a di�erent value of the vibrational levelv. This allows to account

for a large number of processes while maintaining a contained dimension for the reaction

matrix.

1.4 Motivation

As already explained in Sec. 1, non-thermal plasmas are adopted in a wide range of appli-

cations, exploiting the various reactive and charged species that can be easily generated by

a discharge in a gas. The understanding of the physical and chemical mechanisms behind

the creation and destruction of such species is crucial in the operation and optimization

of the plasma reactors employed in the above mentioned technological applications. How-

ever, the kinetic channels that govern the formation and the destruction of these species

are complex, involving a large number of reactions and compounds. Moreover, the pro-

cesses characterizing the species number densities evolution have various time scales and,

as a consequence, some plasma systems reach steady (or periodic) state in more than

hundreds of seconds, making 2-D or also 1-D simulations completely unfeasible to study

the detailed chemical kinetics of such systems. On the other hand, due to the already

cited complexity and to the costs that can be associated to experimental activities, plasma

modeling represents a useful and e�cient way to understand and optimize the functioning

mechanisms of plasma generators and reactors as well as to better comprehend the physi-

cal phenomena behind non-thermal plasmas. For this reason, global models represent and

e�cient and useful alternative to investigate the detailed kinetics of plasmas, maintaining

acceptable computational times. The aim of this work is the development of 0-dimensional

models to investigate the chemical kinetics of atmospheric-pressure air plasmas generated

by three di�erent discharge con�gurations: a surface DBD, a volumetric one (working in

both di�use and �lamentary regime) and a corona discharge.

1.5 Thesis Outline

In Chapter 2 a global model for the kinetic simulation of an atmospheric-pressure sur-

face DBD in dry air is developed. To account for the spatial non-uniformity typical of a

surface DBD, the model consists of two sub-models: one simulating the discharge region

and the other simulating the afterglow region. The vibrational kinetics of N2 is taken into

account considering N2 molecules as harmonic oscillators and assuming that the vibra-
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tional distribution function (VDF) of the vibrationally-excited nitrogen molecules follows

a Maxwell-Boltzmann equilibrium distribution. The associated vibrational temperature

is considered to increase exponentially over time. The �nal value of the vibrational tem-

perature and the time constant of the exponential rise are chosen as a �tting parameters.

The obtained results are validated against experimental measurements of the O3 and NO2

number densities over time. These are obtained with absorption spectroscopy techniques

for di�erent values of the input power.

In Chapter 3 two global models are developed to describe the kinetics of two volumetric

DBD reactors in humid air at atmospheric pressure, powered by di�erent voltage sources

and in di�erent 
ux conditions. In particular, in Sec. 3.3 the chemical kinetics of a

volumetric DBD powered by a sinusoidal voltage source and operating in static conditions

(no convective 
ux is present) is described. In this situation, the discharge takes place in

the common �lamentary regime. To overcome the hypothesis made in Chap. 2 regarding

the vibrationally-excited nitrogen molecules, a state-to-state approach is adopted and

a detailed reaction set is constructed in order to describe self-consistently N2 and O2

vibrational kinetics. A preliminary study is carried out to asses two phenomena: the

in
uence of water concentration on the electron energy distribution (EEDF), and the

impact of O2 vibrational kinetics on the global plasma-chemistry of the discharge. Then,

an equivalent circuit model is implemented to simulate the E-I characteristic of a typical

volumetric DBD. The e�ect of di�erent input power densities on O3, NOx and N2 VDF is

discussed. A theoretical background on vibrational excitation of diatomic molecules and

a discussion on the adopted rate coe�cients in Sections 3.2 and 3.1, respectively.

In Sec. 3.4, the same kinetic model is used to simulate the chemical kinetics of a

volumetric DBD operating at atmospheric pressure in 
ux conditions, and powered by

a nano-pulsed voltage source. The feed gas is saturated humid air (100% of relative

humidity). This model does not use the above mentioned equivalent circuit, since the

reduced electric �eld distribution during a single pulse is directly obtained by experimental

measurements (E-FISH diagnostics). Electric �eld measurements at the center of the

discharge gap (1), near the high voltage electrode (2) and near the ground electrode (3)

are used as input in the model during several pulses, until the system reaches periodic

state. The obtained results are validated against experimental data on the NO temporal

evolution. The di�erences yielded by the three di�erent reduced �elds are discussed.

The comparison between experiments and simulation results are followed by an analysis

regarding the main creation and destruction mechanisms of NO and the main charged

species generated by the discharge. Finally, a simpli�ed model is used to provide an

estimate of how photo-ionization could impact discharge kinetics if it were explicitly

included in the simulation

Section 4 presents a global model for representing the chemical kinetics within the
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ionization region of a DC corona discharge. The adopted reaction set is modi�ed in order

to account for electrons and charged particles 
uxes outside the considered domain. These


uxes are considered dependent on the length of the plasma region and on the reduced

�eld, and in
uence strongly the discharge characteristic (i.e. the steady-state reduced

�eld and electron number density). The length of the plasma region is used as a �tting

parameter to obtain values of the electric �eld and electron number densities consistent

with literature data. The obtained results and the e�ect of di�erent reaction set on the

obtained ionic species distribution are discussed.

26



Chapter 2

Kinetic model of a Surface DBD reactor

in dry air

In this chapter, we develop and implement a novel two-stage kinetic model to simulate

the O3 and NO2 number densities produced by a surface DBD in dry air within a closed

environment. Part of the work reported in this chapter can be found in [44].

2.1 State of the art

Surface DBDs operating in air at atmospheric pressure have been proved to be e�ective in

producing various reactive species, employed in di�erent applications like plasma agricul-

ture [45] and bacteria inactivation [7]. Modeling activities aimed at the simulation of the

detailed chemical kinetics of these devices are quite challenging due to a series of di�erent

factors. First of all, an accurate chemical description of SDBDs in dry air requires tens

of reactive species and thousands of reaction mechanisms (mostly related to vibrational

kinetics). Moreover, these kind of reactors operate during time intervals of hundreds of

second but at the same time are characterized by processes possessing extremely diverse

characteristic times, e.g. the life time of some excited states(� � s) and the time required

for neutral species like O3 or NO2 to reach steady state (� 100 s). An ulterior challenge is

represented by the strong spatial non-uniformity that characterizes SDBD reactors, caused

by the di�erence between the discharge region and the afterglow one. In particular, this

latter characteristic make the development of a global model non-trivial. In recent years,

di�erent research groups worked on the creation of 0D models to simulate a surface DBD.

In [46], Sakiyama and colleagues developed a two-stage kinetic model that simulates the

evolution of several chemical species over thousands of second. Since it is supposed that

nitrogen vibrationally excited states do not in
uence the plasma chemistry, the model is

only valid for discharges characterized by low values of the power density given to the
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plasma. The computational time required by the model is around100 hto simulate 1000 s

of SDBD operations. The addition of N2 vibrational kinetics (60 vibrational levels and

thousands of reactions) will further worsen the computational performance.

In order to take account for N2(v), various parametric models have been developed.

Shimizu and colleagues [7] applied a simple model based on 3 �tting parameters (i.e. O(3P)

constant number density, steady state vibrational temperature of the Maxwell-Boltzmann

distribution of N 2(v) molecules and time constant of the vibrational temperature raise)

to the simulation of the O3 dynamics generated by a surface DBD. After that, Park and

colleagues [47] improved the model adding two more parameters in order to simulate also

the NO2 and NO3 number density evolution. A detailed explanation regarding the Park

model { which inspired our two-stage model { can be found in the next section. Recently,

a parametric model by Kim et al managed to include the e�ect of a convective 
ux on

the behavior of the above mentioned species generated by a surface DBD [48].

All of the previously mentioned models, are either applicable only to a limited set of

conditions, or rely upon strong hypothesis that could hide some physical phenomena. In

order to improve the knowledge regarding the chemical behavior of a SDBD operating in

dry air at atmospheric pressure, we developed a novel two-stage kinetic model, that will

be described in the next section.

2.2 A novel two-stage kinetic model for SDBD simulations

in dry air

2.2.1 Simulated setup

The model aims to simulate O3 and NO2 number densities evolution produced by a SDBD

in dry air (80% N2, 20% O2). The considered reactor is constituted by a 9x5cm2 alumina

dielectric surface1 mm thick composed by 9 metal �ngers that are7 cm long. The SDBD

reactor is put in a closed chamber with a volume of3 L. A vent is also present in the

chamber, in order to guarantee an homogeneous particles distribution. Experimental

measurements have been obtained through absorption spectroscopy using the Lambert-

Beer law:

n = �
log( I

I 0
)

L� abs
; (2.1)

wheren is the number density of the considered species,L is the length of the interaction

path, � abs is the absorption coe�cient, I and I 0 are the measured gas intensity with and

without gas interaction, respectively. A schematic representation of the simulated setup

is reported in Fig. 2.1. . Three di�erent experiments were carried on, corresponding to
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Figure 2.1: Schematic representation of the simulated SDBD reactor. Original �gure
taken from [44].

di�erent levels of the input power, i.e. 120 W, 100 W and 35 W. Every experiment is

constituted by three phases:

ˆ �rst, the discharge is ignited for hundreds of seconds (depending on the considered

input power);

ˆ the discharge is then turned o� and the chemical species number densities evolve

spontaneously;

ˆ �nally, the discharge is ignited again, allowing to observe the plasma behavior in a

NOx contaminated gas composition.

The behavior of O3 and NO2 number densities measured during all the three phases

described above is reported in Fig. 2.2
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Figure 2.2: O3 (blue) and NO2 (black) concentrations for di�erent input power: (a)
35 W, (b) 100 W and (c) 120 W. Yellow backgrounds indicate the time interval when the
discharge is on and white ones when the discharge is o�. The original �gure is taken
from [44].
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2.2.2 Preliminary assessment

The starting point of our study is constituted by the parametric model proposed by Park

et al. [47]. This model (Park model from here) includes 36 reactions mechanisms that

represent a subset of our novel two-stage model. These reactions are reported in Tab.

2.2 and are highlighted with the letter "P". The Park model does not include electron

impact reactions and adopts 5 �tting parameters, i.e. the constant O(3P), N2(A 3� +
u )

and O2(a1� g) number densities, the steady state vibrational temperature of the Maxwell-

Boltzmann nitrogen VDF Tv0 and the time constant of the vibrational temperature raise

� v. Each of the three constant number densities play a di�erent role in O3-NOx temporal

evolution. The atomic oxygen is the main species involved in O3 formation through

reaction:

O2 + O( 3P) + M ��! O3 + M ; (2.2)

whereM represents O2 or N2 molecules. N2(A 3� +
u ) molecules are involved in reaction

O(3P) + N 2(A 3� +
u ) ��! NO + N( 2D) (2.3)

that is responsible for NO formation during the discharge. Finally O2(a1� g) is involved

in O3 quenching according to the reaction:

O3 + O 2(a1� g) ��! O(3P) + O 2 + O 2: (2.4)

The last two parameters are responsible for the slow temporal evolution of the vibra-

tionally excited nitrogen molecules, that cause NO formation through the Zeldovich mech-

anism

N2(v > 12) + O( 3P) ��! NO + N( 4S) (2.5)

. The N2(v > 12) number density is in fact imposed at each time step of the simulation

according to the equation already proposed in [7]:

nN2 (v> 12) = nN 2 exp
�

�
12� �
kB Tv

�
; (2.6)

where nN2 (v> 12) is the number density of the N2 vibrational state with v > 12, nN2

is the number density of the ground state N2 molecules,� � = 0:29 eV is the energy

di�erence between two N2 consecutive vibrational levels (adopting the harmonic oscillator

approximation) and Tv is the vibrational temperature. Tv temporal evolution is assumed

to be governed by equation:

Tv = Tg + Tv0

�
1 � exp

�
t
� v

��
; (2.7)
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whereTg is the gas temperature and� v is the time constant of the vibrational temperature

evolution.

We adopted the Park model to simulate the behavior of the SDBD during the �rst

ignition with an input power of 120 W. The comparison between the experimental data

and the simulation output is reported in Fig. 2.3 and the values of the �tting parameters

can be found in the caption. As it is shown, the Park model is able to adequately

Figure 2.3: Comparison between measured and simulated O3 and NO2 number densities
for an input power of P = 120 W. The values of the adopted �tting parameters are as
follows: nO = 2:5� 1010 cm� 3, nN2 (A ) = 5� 1010 cm� 3, nO2 (a) = 1� 1011 cm� 3, Tv0 = 4220 K,
� v = 7:8 s. The original �gure is taken from [44].

reproduce the experimental results. However, due to the use of the �tting parameters,

the Park model has not predictive capabilities. Moreover, imposing the constant number

densities can hide some physical phenomena that characterize the plasma (e.g. the role of

electron impact reactions or the higher N2 and O2 excited states, as well as the in
uence

of the input power of the SDBD reactor). To overcome these limitations, we developed a

novel kinetic model, composed by two sub-models. The �rst simulates the discharge phase

and the second the afterglow one. The detailed explanation of this model is reported in

the next section.

Table 2.1: Discharge sub-model reaction set.
The rate constants are incm6=s for three body reactions andcm3=s for two body reactions.

No Reaction Rate constant Ref.

1 O2 + e �! O2(v) + e � (� ) [49]

2 O2 + e �! O2(a1� g) + e � (� ) [49]

3 O2 + e �! O2(b1� g
+ ) + e � (� ) [49]

Continued on next page
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No Reactions Rate constant Ref.

4 O2 + e �! O� + O( 3P) � (� ) [50]

5 O2 + e �! O2(4:5) + e � (� ) [49]

6 O2 + e �! O(3P) + O( 3P) + e � (� ) [49]

7 O2 + e �! O(3P) + O( 1D) + e � (� ) [49]

8 O2 + e �! O+
2 + e + e � (� ) [50]

9 O2 + e �! O(3P) + O + + e + e � (� ) [49]

10 O2 + e + O 2 �! O�
2 + O 2 a [51]

11 O2 + e + N 2 �! O�
2 + N 2 b [51]

12 O3 + e �! O(3P) + O 2 + e c [46]

13 N2 + e �! N2(v1 � v8) + e � (� ) [52]

14 N2 + e �! N2(A3� +
u ) + e � (� ) [53]

15 N2 + e �! N2(B 3� g) + e � (� ) [54]

16 N2 + e �! N2(C3� u) + e � (� ) [54]

17 N2 + e �! N2(W) + e � (� ) [55]

18 N2 + e �! N2(B0) + e � (� ) [55]

19 N2 + e �! N2(a1� g) + e � (� ) [55]

20 N2 + e �! N2(a0� �
u ) + e � (� ) [55]

21 N2 + e �! N2(w1� u) + e � (� ) [55]

22 N2 + e �! N(4S) + N( 4S) + e � (� ) [52]

23 N2 + e �! N+
2 + e + e � (� ) [52]

24 O2(4:5) + M �! O2 + M 2 :3 � 10� 14 [56]

25 O2(4:5) + M �! O2(a1� g) + M 1 :86� 10� 13 [56]

26 O2(4:5) + M �! O2(b1� +
g ) + M 8 :1 � 10� 14 [56]

27 O(3P) + O( 3P) + M �! O2 + M 1 :9 � 10� 30 (Tgas)
� 1 exp

�
� 170

Tgas

�
[56]

28 O(3P) + O( 3P) + M �! O2(a1� g) + M 1 :3 � 10� 30 (Tgas)
� 1 exp

�
� 170

Tgas

�
[56]

29 O(3P) + O( 3P) + M �! O2(b1� +
g ) + M 6 � 10� 31 (Tgas)

� 1 exp
�

� 170
Tgas

�
[56]

30 O(3P) + O( 3P) + M �! O2(4:5) + M 1 :2 � 10� 34 [56]

31 O(3P) + O 2 + O 2 �! O3 + O 2 8:6 � 10� 31 (Tgas)
� 1:25 [57]

32 O(3P) + O 2 + N 2 �! O3 + N 2 5:6 � 10� 29 (Tgas)
� 2 [57]

33 O(3P) + O 3 �! O2 + O 2 9:5 � 10� 12 exp
�

� 2300
Tgas

�
[58]

34 O(3P) + O 3 �! O2(a1� g) + O 2 6:3 � 10� 12 exp
�

� 2300
Tgas

�
[58]

35 O(3P) + O 3 �! O2(b1� +
g ) + O 2 3:2 � 10� 12 exp

�
� 2300

Tgas

�
[58]

36 O(3P) + NO + M �! NO2 + M 9 :1 � 10� 28 (Tgas)
� 1:6 [59]

Continued on next page
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No Reactions Rate constant Ref.

37 O(3P) + NO 2 �! NO + O 2 3:26� 10� 12 (Tgas)
0:18 [59]

38 O(3P) + NO 2 + M �! NO3 + M 8 :1 � 10� 27 (Tgas)
� 2 [57]

39 O(3P) + NO 3 �! NO2 + O 2 1:7 � 10� 11 [60]

40 O(1D) + N 2O �! N2 + O 2 4:4 � 10� 11 [59]

41 O(1D) + N 2O �! NO + NO 7:2 � 10� 11 [59]

42 O(1D) + N 2O �! O(3P) + N 2O 1 � 10� 12 [57]

43 O(1D) + NO �! O2 + N( 4S) 8:5 � 10� 11 [56]

44 O(1D) + NO 2 �! O2 + NO 1:4 � 10� 10 [60]

45 O(1D) + O( 3P) �! O(3P) + O( 3P) 7:5 � 10� 11 [61]

46 O(1D) + O 2 �! O(3P) + O 2(b1� +
g ) 2:56� 10� 11 exp

�
67

Tgas

�
[61]

47 O(1D) + O 2 �! O(3P) + O 2 6:4 � 10� 12 exp
�

67
Tgas

�
[61]

48 O(1D) + N 2 �! O(3P) + N 2 1:8 � 10� 11 exp
�

107
Tgas

�
[57]

49 O(1D) + O 3 �! O(3P) + O( 3P) + O 2 1:2 � 10� 10 [56]

50 O(1D) + O 3 �! O2 + O 2 2:3 � 10� 11 [56]

51 O(1D) + O 3 �! O2(a1� g) + O 2 1:5 � 10� 11 [56]

52 O(1D) + O 3 �! O2(b1� +
g ) + O 2 7:7 � 10� 12 [56]

53 O(1D) + O 3 �! O2(4:5) + O 2 7:4 � 10� 11 [56]

54 O2(a1� g) + O( 3P) �! O2 + O( 3P) 1:3 � 10� 16 [58]

55 O2(a1� g) + N 2 �! O2 + N 2 1:4 � 10� 19 [57]

56 O2(a1� g) + O 3 �! O2 + O 2 + O( 3P) 5 � 10� 11 exp
�

� 2830
Tgas

�
[58]

57 O2(a1� g) + O 2(a1� g) �! O2(b1� +
g ) + O 2 2:2 � 10� 18 [58]

58 O2(b1� +
g ) + O( 3P) �! O2(a1� g) + O( 3P) 8 � 10� 14 [61]

59 O2(b1� +
g ) + O 2 �! O2 + O 2 4 � 10� 17 [59]

60 O2(b1� +
g ) + N 2 �! O2 + N 2 2 � 10� 15 [58]

61 O2(b1� +
g ) + O 2 �! O2(a1� g) + O 2 4 � 10� 17 [61]

62 O2(b1� +
g ) + O 3 �! O2 + O 2 + O( 3P) 1:5 � 10� 11 [61]

63 O2(b1� +
g ) + O 3 �! O2(a1� g) + O 2 + O( 3P) 7 � 10� 12 [56]

64 N2(A3� +
u ) + N 2(A3� +

u ) �! N2(B 3� g) + N 2 3 � 10� 10 [62]

65 N2(A3� +
u ) + N 2(A3� +

u ) �! N2(C3� u) + N 2 1:5 � 10� 10 [62]

66 N2(A3� +
u ) + O 2 �! N2 + O( 3P) + O( 3P) 2:29� 10� 12 [63]

67 N2(A3� +
u ) + O 2 �! N2O + O( 3P) 4:6 � 10� 15 [63]

68 N2(A3� +
u ) + N 2 �! N2 + N 2 3:7 � 10� 16 [64]

69 N2(A3� +
u ) + NO �! N2 + NO 2:8 � 10� 11 [60]

70 N2(A3� +
u ) + N 2O �! N2 + N 2 + O( 3P) 1:4 � 10� 11 [64]

Continued on next page
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71 N2(A3� +
u ) + NO2 �! NO + O( 3P) + N 2 1 � 10� 12 [60]

72 N2(B 3� g) + NO �! N2(A3� +
u ) + NO 2 :4 � 10� 10 [62]

73 N2(B 3� g) + N 2 �! N2(A3� +
u ) + N 2 5 � 10� 10 [65]

74 N2(B 3� g) + N 2 �! N2 + N 2 2 � 10� 12 [62]

75 N2(B 3� g) + O 2 �! N2 + O( 3P) + O( 3P) 3 � 10� 10 [62]

76 N2(C3� u) + N 2 �! N2(a0� �
u ) + N 2 1 � 10� 11 [62]

77 N2(C3� u) + O 2 �! N2 + O( 3P) + O( 3P) 3 � 10� 10 [62]

78 N2(a0� �
u ) + N 2 �! N2(B 3� g) + N 2 1:9 � 10� 13 [62]

79 N2(a0� �
u ) + O 2 �! N2 + O( 3P) + O( 3P) 2:8 � 10� 11 [62]

80 N2(a0� �
u ) + M �! N2(a1� g) + M 1 :8 � 10� 11 exp

�
� 1700

Tgas

�
[62]

81 N2(a1� g) + M �! N2(a0� �
u ) + M 9 :0 � 10� 12 [62]

82 N(4S) + NO �! N2 + O( 3P) 3:1 � 10� 11 [66]

83 N(4S) + NO2 �! N2O + O( 3P) 1:4 � 10� 12 [57]

84 N(4S) + NO2 �! NO + NO 6 � 10� 13 [64]

85 N(4S) + O2 �! NO + O( 3P) 1:1 � 10� 14Tgas exp
�

� 3150
Tgas

�
[58]

86 N(4S) + O2(a1� g) �! NO + O( 3P) 1 � 10� 16 [57]

87 N(4S) + O3 �! NO + O 2 5 � 10� 12 exp
�

� 650
Tgas

�
[56]

88 N(4S) + N( 4S) + M �! N2 + M 8 :3 � 10� 34 exp
�

500
Tgas

�
[58]

89 N(4S) + O( 3P) + M �! NO + M 1 :8 � 10� 31T � 0:5
gas [58]

90 N2 + M �! N(4S) + N( 4S) + M 6:1 � 10� 3T1:6
gas exp

�
� 113200

Tgas

�
[58]

91 NO + M �! N(4S) + O( 3P) + M 6 :6 � 10� 4T � 1:5
gas exp

�
� 75500

Tgas

�
[58]

92 NO + O 3 �! NO2 + O 2 9 � 10� 13 exp
�

� 1200
Tgas

�
[58]

93 NO + NO 3 �! NO2 + NO 2 2 � 10� 11 [57]

94 NO + NO + O 2 �! NO2 + NO 2 3:3 � 10� 39 exp
�

526
Tgas

�
[58]

95 NO + NO 3 �! NO + NO + O 2 2:71� 10� 11T � 0:23
gas exp

�
� 947

Tgas

�
[60]

96 NO2 + M �! O(3P) + NO + M 1 :8 � 10� 8 exp
�

� 33000
Tgas

�
[58]

97 NO2 + NO 2 �! NO + NO + O 2 3:3 � 10� 12 exp
�

� 13540
Tgas

�
[58]

98 NO2 + NO 3 + M �! N2O5 + M 5 :3 � 10� 20T � 4:1
gas [57]

99 NO2 + O 3 �! NO3 + O 2 1:2 � 10� 13 exp
�

� 2450
Tgas

�
[60]

100 NO2 + O 3 �! NO + O 2 + O 2 1 � 10� 18 [66]

101 NO2 + NO 3 �! NO2 + NO + O 2 2:3 � 10� 13 exp
�

� 1600
Tgas

�
[60]

102 NO3 + NO 3 �! NO2 + NO 2 + O 2 7:5 � 10� 12 exp
�

� 3000
Tgas

�
[60]

Continued on next page
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103 N2O5 + M �! NO2 + NO 3 + M 1 :7 � 10� 8T � 4:4
gas exp

�
� 11080

Tgas

�
[57]

a =1:4 � 10� 29(300=Tgas) exp (� 600=Tgas) exp
�

700Te � Tgas
TeTgas

�

b = 1:1 � 10� 31 (300=Tgas)
2 exp (� 70=Tgas) exp

�
1500Te � Tgas

TeTgas

�

c = 1:78� 10� 6� � 0:614 exp (� 11:5=�)

Table 2.2: Afterglow sub-model reaction set. The reactions marked with \P" are also in
the model by Park et al. The rate constants are incm6=s for three body reactions and
cm3=s for two body reactions

No Reaction Rate constant Ref.

1b P O(3P) + O( 3P) + M �! O2 + M 3 :2 � 10� 35 exp
�

900
Tgas

�
[67]

2b P O(3P) + O 2 + M �! O3 + M 3 :4 � 10� 34
�

300
Tgas

� 1:2
[67]

3b P O(3P) + O 3 �! O2 + O 2 8 � 10� 12 exp
�

� 2060
Tgas

�
[67]

4b P O(3P) + NO + M �! NO2 + M 1 � 10� 31
�

� 300
Tgas

� 1:6
[67]

5b P O(3P) + NO �! NO2 4:2 � 10� 18 [62]

6b P O(3P) + NO 2 �! NO + O 2 5:5 � 10� 12 exp
�

192
Tgas

�
[68]

7b P O(3P) + NO 2 + M �! NO3 + M 1 :31� 10� 31
�

298
Tgas

� 1:5
[68]

8b P O(3P) + NO 2 �! NO3 2:3 � 10� 11
�

298
Tgas

� 0:2
[68]

9b P O(3P) + NO 3 �! O2 + NO 2 1:7 � 10� 11 [67]

10b P O(3P) + N 2(A3� +
u ) �! NO + N(D) 7 � 10� 12 [69]

11b O(3P) + N 2(B 3� g) �! NO + N(D) 3 � 10� 10 [70]

12b O(3P) + N 2(C3� u) �! NO + N(D) 3 � 10� 10 [70]

13b O(3P) + N 2(W) �! NO + N(D) 3 � 10� 10 [70]

14b O(3P) + N 2(B0) �! NO + N(D) 3 � 10� 10 [70]

15b O(3P) + N 2(a1� g) �! NO + N(D) 3 � 10� 10 [70]

16b O(3P) + N 2(a0� �
u ) �! NO + N(D) 3 � 10� 10 [70]

17b O(3P) + N 2(w1� u) �! NO + N(D) 3 � 10� 10 [70]

18b P O(3P) + N 2(v > 12) �! NO + N 1 � 10� 11 [69]

19b P N(4S) + N( 4S) + M �! N2 + M 8 :3 � 10� 34 exp
�

500
Tgas

�
[69]

20b P N(4S) + NO �! N2 + O( 3P) 2:1 � 10� 11 exp
�

100
Tgas

�
[67]

21b P N(4S) + NO2 �! N2O + O( 3P) 5:8 � 10� 12 exp
�

220
Tgas

�
[67]

22b P N(4S) + NO2 �! N2 + O( 3P) + O( 3P) 9:1 � 10� 13 [71]

Continued on next page36
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23b P N(4S) + NO2 �! NO + NO 6 � 10� 13 [71]

24b P N(4S) + NO2 �! N2 + O 2 7 � 10� 13 [71]

25b P N(4S) + O( 3P) + M �! NO + M 6 :3 � 10� 33
�

140
Tgas

�
[67]

26b P N(4S) + O2 �! NO + O( 3P) 4:47� 10� 12
�

� Tgas

298

�
exp

�
� 3720

Tgas

�
[72]

27b P N(4S) + O3 �! NO + O 2 5 � 10� 16 [71]

28b P O3 + NO �! NO2 + O 2 1:8 � 10� 12 exp
�

� 1370
Tgas

�
[67]

29b P O3 + NO 2 �! NO3 + O 2 1:2 � 10� 13 exp
�

� 2450
Tgas

�
[73]

30b P O3 + M �! O(3P) + O 2 + M 3 :92� 10� 10 exp
�

� 11400
Tgas

�
[74]

31b P O3 + O 2(a1� g) �! O(3P) + O 2 + O 2 5:2 � 10� 11 exp
�

� 2840
Tgas

�
[67]

32b O3 + O 2(b1� +
g ) �! O(3P) + O 2 + O 2 2:2 � 10� 11 [62]

33b P NO + NO 2 + M �! N2O3 + M 3 :09� 10� 34
�

300
Tgas

� 7:7
[62]

34b P NO3 + NO �! NO2 + NO 2 1:8 � 10� 11 exp
�

110
Tgas

�
[67]

35b P NO2 + NO 2 + M �! N2O4 + M 1 :44� 10� 33
�

298
Tgas

� 3:8
[68]

36b P NO2 + NO 3 + M �! N2O5 + M 3 :7 � 10� 30
�

298
Tgas

� 4:1
[68]

37b P NO2 + NO 3 �! NO2 + NO + O 2 2:3 � 10� 13 exp
�

� 1600
Tgas

�
[69]

38b P NO3 + NO 3 �! NO2 + NO 2 + O( 3P) 8:5 � 10� 13 exp
�

� 2450
Tgas

�
[75]

39b P N2O3 + M �! NO2 + NO + M 1 :09� 10� 10 exp
�

� 2628
Tgas

�
[68]

40b P N2O4 + M �! NO2 + NO 2 + M 1 :11� 10� 7 exp
�

� 4952
Tgas

�
[68]

41b P N2O5 + M �! NO2 + NO 3 + M 4 :95� 10� 5 exp
�

� 10040
Tgas

�
[68]

42b P N2O + N 2(A3� +
u ) �! O(3P) + N 2 + N 2 8 � 10� 11 [60]

43b P N2O + N 2(A3� +
u ) �! NO + N( 4S) + N 2 8 � 10� 11 [60]

44b P NO2 + N 2(A3� +
u ) �! N2 + NO + O( 3P) 1:3 � 10� 11 [67]

45b N(D) + O 2 �! NO + O( 1D) 6 � 10� 12 exp
�

Tgas

300

� 0:5
[65]

2.2.3 Reaction set of the two-stage model

The developed two-stage model is composed by a discharge sub-model and an afterglow

one. The �rst one simulates the chemical kinetics of the discharge region of the SDBD and

consequently includes the electron impact reactions and several ionic species. The adopted

reaction set, reported in Tab. 2.1, is an extension of the one developed by Stefanovicet

al., used to simulate the discharge ignition in dry air with NOx admixtures [56]. Reactions
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involving N2 electronically excited states (other than N2(A) that was already present in the

model by Stefanovic and colleagues) have been added from [62]. The cross section for the

electron impact reactions indicated with� (� ) in Tab. 2.1 have been taken from the online

database LXCat [41{43]. All of the reaction coe�cients for such reactions, that depends on

the EEDF, have been calculated using the Boltzmann solver BOLSIG+ [38] adopting the

local �eld approximation (LFA). The afterglow sub-model includes only reaction between

neutral species and simulates the chemical kinetics of the SDBD afterglow taking place in

the chamber. The considered reaction mechanisms are reported in Tab. 2.2. The discharge

sub-model is needed in order to estimate the production rate of some key species (i.e.

O(3P), O2(a), O2(b), N2(A), N 2(B), N 2(C), N2(a0), N2(a), N2(W), N 2(w), N2(B0)). As

will be explained later on, these production rates will be used as an input of the afterglow

submodel. Vibrational excitation of N2 and O2 molecules are taken in to account only

for the EEDF calculation. In fact, O2 vibrational excitation is supposed to not in
uence

the discharge kinetics, while N2 vibrational states temporal evolution is still calculated

according to Eqs. 2.6 and 2.7. This approximation is needed due to the fact that N2

vibrational excitation usually requires tens of species and thousands of reactions to be

described adopting a state-to-state approach, making the simulation of long time intervals

unfeasible.

It is worth noticing that we did not include the spontaneous de-excitation of N2(W),

N2(B0) and N2(w). Indeed, the excited state N2(W) spontaneously de-excitates through

reaction N2(W) ��! N2, characterized by a reaction rate ofnN2 (W )1:5 � 10� 1, that is

20 times lower than the reaction rate of process 13b in the considered conditions (with

nO � 1 � 1011 cm� 3). Including such reaction would not a�ect signi�cantly the results.

Regarding the excited species N2(w) and N2(B0), they spontaneously de-excitate through

reactions N2(w) ��! N2(a0) and N2(B0) ��! N2(A). The �rst one causes the creation of

the excited state N2(a0), that still feed the formation of NO via reaction 16b, with the

same reaction rate of channel 17b, producing NO from N2(w).

As a result, accounting for the intermediate state N2(a0) does not change signi�cantly

NO formation rate. A similar discussion can be done regarding the second cited reaction,

that forms the excited state N2(A). Nevertheless, the situation is more complex in this

second case since N2(A) contributes in more processes compared to N2(a0).

Not including the spontaneous de-excitation of the N2(B0) state can bring to a over-

estimation of this excited state. However, this can compensate (regarding NO production)

the under estimation of the vibrational state of N2, that is a consequence of assuming

Boltzmann equilibrium conditions for the vibrational levels. A con�rmation of the non-

equilibrium conditions in which usually N2(v) species are in DBD reactors can be found

in Sec. 3.3.
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2.2.4 Discharge modeling and coupling of the two submodels

In global models, a crucial point is represented by the approach used to model the e�ect of

electron impact reactions on the discharge chemical kinetics. Di�erent approaches can be

found in literature, developed to represent di�erent plasma types and reactors. In [76], a

radio-frequency discharge is modeled imposing an electron temperature that will lead to a

constant electron number density over time, in [30] the reduced �eld is iteratively changed

in order to obtained a desired value of the current in a DC discharge. Another approach

is adopted in [77] where the electron temperature is assumed to change periodically, in

order to represents the e�ect that a streamer discharge has on a surface in a plasma jet

device. Te is kept constant at the gas temperature before the streamer inception. Then,

it raises rapidly until reaching the value of3 eV. This value is kept constant for a short

time interval (5� s) before returning to the gas temperature again. Heirmanet al. [78]

model the KINPEN plasma jet considering a constant input power, related to the electric

�eld by the formula:

E =

r
P
�

; (2.8)

where � is the electrical conductivity of the plasma. All of these methods have been

tested within the model proposed in this work, but they yielded results that were not

in good agreement with the reported experimental data. To overcome this, we imple-

mented a novel methodology to represent the e�ects that a SDBD discharge has on the

chemical kinetics. We considered the discharge itself as a collection of multiple stream-

ers (or microdischarges). A single microdischarge is simulated applying a exponential

time-decreasing reduced electric �eld as in:

E = E0 exp
�

�
t

� E

�
; (2.9)

whereE0 is the peak value of the reduced �eld and� E is the time constant of the reduced

�eld decrease over time. These values, that of course a�ect the reaction rates of electron

impact reactions and consequently the reactive species production, have been chosen

to both �t the experimental results and to obtain a peak value of the electron number

density during one streamerne;str � 1012 cm� 3 and a streamer duration� str � 100 ns. The

reduced �eld is applied to the discharge submodel, in order to estimate the production

rate of some key-species (O(3P),N2(A3� +
u ), N2(B 3� g), N2(C3� u), N2(a0� �

u ), N2(w1� u),

N2(W), N 2(B0),O2(a1� g), O2(b1� +
g )) that are delivered to the afterglow sub-module per

unit time. In fact, the number of particles of a speciess created by a streamer in the

discharge region per unit time (_Ns) can be calculated as:

_Ns = ( ns � ns0)Vstr
_Nstr ; (2.10)
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where Vstr is the volume of a streamer, _Nstr is the number of streamers per unit time

that take place during the discharge,ns0 and ns are the number densities of the speciess

before and after the streamer, respectively. The number of streamers per unit time can be

expressed as a function of the SDBD reactor input power (Pin ) according to the formula:

_Nstr =
Pin �

! str Vaf t
; (2.11)

where! str is the energy density of a streamer,Vaf t is the volume of the afterglow region

and � is the e�ciency of the SDBD reactor. Note that � has to be considered as a global

e�ciency of the system in transferring the input electric power to the afterglow volume in

the test chamber, accounting for all the loss mechanisms a�ecting the process, including

dielectric losses, losses in electric supply system, 
uxes due to the three-dimensional na-

ture of the system under investigation and thermal energy given to the SDBD contacts.

Combining Eqs. 2.10 and 2.11 and dividing for the volume of the afterglow region the

production rate of the speciess can be written as:


 s =
(ns � ns0)Pin �

wstr Vaf t
: (2.12)

Vaf t is chosen to be the one of the test chamber used for the experimental validation (i.e.

3 dm3), the e�ciency � is �xed at 9:1% and the streamer energy density (! str = 1:4 J=m3

in our simulations) is related toE(t) through the relation:

! str =
Z tstr

0
E(t)2� (E)neq dt; (2.13)

where� (E) is the electron mobility (calculated with BOLSIG+), q is the electron charge

and ne the electron number density.
 s can now be used as an input of the afterglow sub-

module. When one of the species in the afterglowns satis�es the relation ns � ns0
ns + ns0

> 10%,

wherens0 is the initial number density in the afterglow, a new streamer is applied starting

from the number density calculated by the afterglow submodule and
 s is updated. This

process continues until the end of the simulation. During the discharge phase, an output

time-step of 1 � 10� 11 s was used to perform the time-integration of the number densi-

ties (note that the employed implicit sti�-ODE solver DVODE, integrated in ZDPlaskin,

employs further sub-steps to grant the user-required accuracy [79]). During the afterglow

simulation, the time step is adapted according to the relative variation of the (neutral)

species number densities. Overall, the described procedure allows simulating hundreds of

seconds of device operation in few minutes of CPU time. The time step criteria and the

described algorithm are reported in the 
ow chart in Fig. 2.4.
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Figure 2.4: Flow chart describing the adopted algorithm
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Figure 2.5: Comparison between the simulated and measured number densities of O3 and
NO2 during the �rst ignition of the SDBD device for P = 120 W. The original �gure has
been taken from [44].

2.3 Model validation and discussion

In this section, the model will be adopted to simulate the chemical behavior of the de-

scribed setup considering an input powerP = 120 W. The values ofE0 = 223:7 Td and

� E = 10� 6 s has been chosen according to the criteria described in Sec. 2.2.4. The values

of the other �tting parameters are � = 9:1%, Tv0 = 4340 K and � v = 17 s. The results

given by the numerical model are in good agreement with the experimental measurements

obtained by absorption spectroscopy. A discussion on the obtained results can be found

in the following sections.

2.3.1 First discharge ignition

In this section we describe the chemical kinetics of the SDBD discharge during the �rst

discharge ignition until O3 and NO2 number densities reach steady state. The results are

reported in Fig. 2.5. As soon as the discharge is turned on, ozone number density starts to

raise due to reactions 6 (O2 +e ��! O(3P)+O( 3P)+e) and 2b (O2 +O( 3P)+M ��! O3 +

M). O3 increases until reaching a maximum at� 35 sand starts to decrease rapidly until

falling below the detection threshold of1015 cm� 3 at � 110 s. O3 is quenched mainly due

to the activation of reactions 18b (O(3P) + N 2(v> 12) ��! NO + N( 4S)) governed by Eqs.

2.6 and 2.7 and the subsequent reaction 28b NO + O3 ��! NO2 + O 2. Due to this, at the

same time a rapid increase of NO2 number density can be observed. It is clear that O3,

NO and NO2 concentrations are strongly linked to each other. The kinetics of these three

species are in
uenced by the electronically excited states of both molecular and atomic

42



Figure 2.6: O(3P), N2(A) and O2(a) number densities simulated during the �rst discharge
ignition for Pin = 120 W. Original �gure taken from [44].

nitrogen species that concur in O3 inhibition in two di�erent ways. First of all, N( 2D)

and the molecular nitrogen excited states participate in NO formation through reactions

45b (N(2D) + O 2 ��! NO + O( 3P)) and 11b-17b (N2(exc) + O( 3P) ��! NO + N( 2D)).

Moreover, N2(exc) also react with atomic oxygen, limiting the ozone creation caused by

reaction 2b.

2.3.2 Comparison with the Park model

In order to evaluate the di�erences between the Park model and the developed two-stage

model, we focused on the chemical species that are imposed constant in the former one

and on the corresponding production rates. The temporal evolution of O(3P), N2(A)

and O2(a) number densities are reported in Fig. 2.6. It is shown that the three number

densities do not exhibit a constant behavior during the simulation and can vary by several

order of magnitude. The atomic oxygen number density is the one that is closer to the

value imposed in the Park model (i.e. 2:5 � 1010 cm� 3) and slightly changes only at

t � 100 sdue to the raise of the vibrational states of N2. Conversely, N2(A) number

density changes strongly during the simulation, starting from a value of2:5 � 1010 cm� 3

and arriving at 107 cm� 3 at t = 230 s. Due to this, nN2 (A ) clearly di�ers from the one

imposed in the Park model (i.e.5 � 1010 cm� 3). As a consequence, other reaction paths

(11-17b and 45b) have been considered in order to correctly simulate NO and NO2 number

density evolution. To get more details about the di�erences between the two models, we

also reported the production rate of the three chemical species. The rates obtained with

the Park model are reported in Fig. 2.7, while the ones obtained by the two stage model

can be found in Fig. 2.8.

The rate yielded by the two models are clearly di�erent, coherently with the results

obtained for the number densities. For what concerns the Park model, the O2(a) rate
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Figure 2.7: Production rates for O(3P), N2(A) and O2(a) obtained using the Park model.
The original �gure has been taken from [44].

Figure 2.8: Production rates for O(3P), N2(A) and O2(a) during the �rst discharge ignition
obtained using the two-stage model forPin = 120 W. The original �gure has been taken
from [44].
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is practically �xed by the O 3 concentration through reaction 31b O3 + O 2(a1� g) ��!

O(3P) + O 2 + O 2, where O2(a) is held constant. Similar observation can be made referring

to the production rates of N2(A) and O( 3P).

Di�erently, in the proposed two-stage model the number densities of the considered

species decrease when these react with other species. This leads to the observed smaller

changes over time of the rates.

Finally, the magnitude of the N2(A) rate yielded by our model is signi�cantly lower

than the one of the Park model. This is due to the considerably lower values of N2(A)

number density (see the above discussion on the inclusion of N2 excited states).

2.3.3 Second discharge ignition

As already stated before, we adopted the two stage model to simulate also the second

ignition of the discharge (form here called third phase), that take place att � 1100 s

and the time interval between the two discharges when the gas composition evolves freely

(from here called second phase). Regarding the second phase, due to the absence of a

discharge, oxygen atoms can not be generated and, as a consequence, both O3 and NO2

number densities remains constant. When the discharge is turned on again (third phase),

NO2 starts to decrease rapidly contrasting the creation of O3 by directly quenching it

through reaction 29b and by limiting the amount of available atomic oxygen through

reactions 6b-8b. Due to this, ozone raises more slowly with respect to what happened

at the beginning of the �rst ignition of the discharge (Fig. 2.5). After � 35 s reaction

18b is activated due to the raise of N2(v) governed by Eqs. 2.6 and 2.7. At this point,

the increase of N2(v) triggers the already mentioned ozone quenching mechanisms and O3

start to decrease again. It is clear that the behavior of O3 in air-NOx plasmas depends on

both the initial NO 2 concentration (that quench O3 in the initial stage of the discharge)

and on the evolution of the N2(v) number density that, as suggested by the simulations

reported in the next sections, is strongly in
uenced by the SDBD input power. The

described time evolution of O3, NO2 and N2(v) number density is reported in Fig. 2.9

2.3.4 Simulation of two di�erent power levels

In order to give another validation to the model, we adopted it to simulate O3 and NO2

chemical kinetics obtained considering two di�erent input power levels, i.e.100 W and

35 W. The values of the adopted parameters are reported in Tab. 2.3. The obtained

number density during the �rst discharge ignition can be found in Figs. 2.10 and 2.11 for

Pin = 100 W and Pin = 35 W, respectively. The simulations results are in good agreement

with the experimental data for both the considered input power level, demonstrating that
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Figure 2.9: Temporal evolution of O3, NO2 and N2(v) during the second discharge ignition
(phase three) forPin = 120 W. The original �gure has been taken from [44].

Figure 2.10: O3 and NO2 number density evolution forPin = 100 W. Original �gure taken
from [44].

the model is able to correctly represents crucial parts of the O3 and NO2 dynamic, such

as the peak of ozone number density, the decreasing phase of O3 and the value reached by

NO2 number density at steady state. This fact demonstrates that the proposed approach

is not linked to a speci�c operational condition of the surface DBD reactor, and can

provide physical insight in a variety of di�erent conditions without major changes in the

values of the computational parameters, which are reported in Tab. 2.3. Similarly to

what done before, the simulation results regarding the second discharge ignition (phase

three) are also reported in Figs. 2.12 and 2.13.
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Figure 2.11: O3 and NO2 number density evolution forPin = 100 W. Original �gure taken
from [44]

Figure 2.12: O3 and NO2 behavior during the second discharge ignition forPin = 100 W.
Original �gure taken from [44].

Figure 2.13: O3 and NO2 behavior during the second discharge ignition forPin = 35 W.
Original �gure taken from [44].
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Pin E0 � E Tv0 � v �
35 W 223:9 Td 1 � 10� 6 s 4085 K 64 s 9:1 %
100 W 223:9 Td 1 � 10� 6 s 4340 K 17 s 9:1 %
120 W 223:7 Td 1 � 10� 6 s 4340 K 12 s 9:1 %

Table 2.3: Numerical values of the parameters used in the two-stage model for three
di�erent levels of input power Pin .

2.3.5 Concluding remarks

Even if the developed two-stage model adopts some simplifying assumption and �tting pa-

rameters, an analysis of the quantities reported in Tab. 2.3 can provide useful information

regarding the studied SDBD reactor:

ˆ the time constant for the vibrational temperature rise� v is fount to be lower for

higher input power, suggesting that the vibrational distribution function of N2

evolves more rapidly with increased input power;

ˆ the value of the steady state vibrational temperatureTv0 is found to be higher

when the input power level is increased, suggesting that the former contributes to

populating the VDF of N2;

ˆ the values of bothE0 and � E do not change signi�cantly with the input power. This

suggests that these two parameters are governed by other discharge characteristics

(e.g., gas composition). This feature is discussed further in the next chapter, using

a more detailed di�erent model.

To demonstrate the results suggested by the above considerations, it is necessary to

overcome some limitations that a�ect the developed model (that nevertheless manages

to simulate O3 and NO2 kinetics in a wide range of input power). These limitations are

linked with the representation of N2 vibrationally excited state. First of all, the harmonic

oscillator approximation used in Eq. 2.6 is not adequate to represent N2 vibrational

levels. Furthermore, in various kind of low temperature air plasmas [80] N2 VDF is

far from the Maxwell-Boltzmann equilibrium distribution but presents a wide plateau

in correspondence to the intermediate levels. Even if data regarding DBDs reactors are

scarce, is legit to expect that a similar behavior can be found in this kind of devices. The

latter hypothesis would explain why the N2 vibrational temperature measured in similar

SDBD con�gurations (� 3000 K) [47] is sensibly lower than the ones imposed to �t the

experimental data (� 4000 K). To overcome these limitation, a state-to-state model is

developed, considering 60 N2 vibrational levels. The detail of the model can be found in

the following sections.
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Chapter 3

Kinetic model of volumetric DBD reactor

in humid air

3.1 Vibrational excitation of diatomic molecules

The vibrational excitation of diatomic molecules plays a crucial role in the chemical ki-

netics of a broad range of discharges in air. As it is shown in this work, N2 vibrational

excitation is extremely relevant for volumetric and surface DBDs operating in air at atmo-

spheric pressure. For this reason, in this section a brief theoretical explanation regarding

both the harmonic and anharmonic oscillator approximations, used in di�erent part of

this thesis, is reported. The explanation aims to report a simple theoretical background

needed to understand some of the expressions used in this work. A deeper theoretical

treatment can be found in [81]. Moreover, at the end of the section the rate coe�cients

for di�erent types of reactions involving vibrationally excited N2 molecules and their cal-

culation can be found. Part of the calculation reported in Sec. 3.3 has been published

in [82].

3.1.1 Harmonic oscillator approximation

To study the vibrational motion of a diatomic molecule, we should start from the one

dimension steady state Schrodinger equation:

�
�h2

2m
@2 (x)

@x2
+ V(x) (x) = E (x); (3.1)

where �h is the Planck constant divided by2� , E is the total energy of the molecule and

V is the considered potential. According to the function that we choose to represent the

potential V , solving eq. 3.1 lead to di�erent energy levels discretization. The simplest

choice that can be done consists in considering the molecule to behave like an harmonic
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oscillator, characterized by the potential:

V(x) =
1
2

kx2; (3.2)

wherek is the elastic constant andx is the displacement from the rest position. A visual

representation of this potential can be found in Fig. 3.1. Adopting the expression in 3.2,

the discrete energy levels can be written as:

Ev =
�

v +
1
2

�
! �h; (3.3)

wherev is the considered vibrational level and! is the vibrational frequency ins� 1. It is

clear that, according to eq. 3.3, the energy di�erence between two consecutive vibrational

levels is always� E = 1
2 ! �h for every value ofv. This approximation is quite simple

and is adopted in Sec. 2 of this thesis and also in various work by other authors [7, 47].

Nevertheless, adopting the harmonic oscillator approximation can lead to non-physical

assumptions that will be explained in the next section.

3.1.2 The anharmonic oscillator approximation

As already explained, the harmonic oscillator approximation can lead to non physical

results, since it does not account for three main issues:

ˆ The vibrational levels of a diatomic molecule are usually not equally spaced between

them, but the higher levels are closer to each other with respect to the lower ones;

ˆ the potential energy of a diatomic molecule is not symmetric with respect to the

displacement from the rest positionx. In fact, due to the nuclear repulsive action,

the force needed to the atoms of the molecule to get closer is higher with respect to

the one needed to get them apart (for the same considered displacementx);

ˆ the potential energy curve should have an horizontal asymptote corresponding to

the dissociation energy of the molecule (otherwise, the existence of vibrationally

excited molecules with energy higher than dissociation energy will be permitted).

To overcome these limitations, the so called anharmonic oscillator approximation is usu-

ally adopted and it is obtained considering the potentialV(x) in eq. 3.1 as the Morse

potential:

Vm (X ) = hcDe(1 � e� ax )2: (3.4)

In the previous equation,h is the Planck constant,c is the speed of light,hcDe is the

dissociation energy of the molecule anda is a constant that depends on the considered
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Figure 3.1: Harmonic and Morse Potential for a N2 molecule. The �rst four vibrational
levels obtained considered the Morse potential are also reported. The data for the anhar-
monic oscillator equation (eq. 3.4) have been taken from [1].

molecule. A graphic representation of the Morse potential for a N2 molecule can be found

in Fig. 3.1. The energy for each vibrational level can be obtained according to the relation:

En =
�

n +
1
2

�
�h! �

�
n +

1
2

� 2

�h!� + :::; (3.5)

where� is an dimensionless constant that multiplied by! gives the so called second term

of the vibrational constant. Even if other terms can be considered, the contributions of

these latter in the energy calculation is usually negligible and, as a consequence, it is

possible to account only for the �rst two terms reported in Eq. 3.5. The energy di�erence

between two levels can be obtained as:

Ev;w = Ev � Ew = ! �h(v � w)(1 + ( v � w)� � 2�v � � ) (3.6)

It is easy to verify that the energy di�erence between two consecutive levels is lower for

higher levels. As an example, for N2 moleculesEv;w = 0:2889 eVand E30;29 = 0:1859 eV

The energy discretization for the anharmonic oscillator is adopted in Secs. 3.3 and 3.4

to represents the energy di�erence between both N2 and O2 vibrationally excited states.

Since it will be used in the following sections of the work, it is useful to de�ne the quantity:

� E w� 1;w
v;v� 1 = Ev;v� 1 + Ew� 1;w = 2�h!� (w � v): (3.7)
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3.2 Rate coe�cient for processes involving vibrationally ex-

cited molecules

In this section, the rate coe�cients for the reactions involving vibrationally excited states

are reported. Di�erent formulas regarding this kind of reactions, obtained using di�erent

methods and approximations can be found in literature. The ones that are reported and

used in this work have been obtained and validated through the years mainly by the work

carried on by the plasma group of the Instituto Superior Tecnico (IST) in Lisbon. A

major focus is given to the description of the reaction rates concerning the vibrational

kinetics of N2 molecules that, as reported in this work, are much more in
uential that

the ones related to O2 molecules. For this reason, the rate coe�cients for the vibrational

kinetics of O2 will be not described deeply.

3.2.1 N2 and O2 e-V reactions

The chemical reactions between electrons and molecules that cause a variation in the

molecule vibrational energy are called e-V reactions and can be written for N2 and O2 as:

e + N2(v)  �! e + N2(v0) (3.8)

e + O2(v)  �! e + O2(v0) (3.9)

All the rate coe�cients for e-V collisions with oxygen molecules have been obtained

through cross sections from the IST database. The same can be said for the e-V re-

actions involving N2(v {{ 0) molecules. The rate coe�cients for e-V reactions of N2(v > 0)

molecules have been obtained using the scaling law proposed by Bourdon et al. [83]:

kv;v+ n =
k0;n

1 + av
; (3.10)

wheren is the di�erence between the vibrational number of the molecule before and after

the e-V collision anda is a parameter. In this work we assumeda = 0:15. Moreover,

the considered maximum value ofn is 10. It is clear that higher values of the vibrational

level v lead to lower rate coe�cients and, as a consequence, e-V collisions a�ect mainly

the lowest levels of the VDF.
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3.2.2 N2 and O2 V-V reactions

V-V collisions are reactions characterized by an exchange of vibrational energy between

vibrationally excited molecules and, regarding O2 and N2, can be written as:

N2(v) + N 2(w)  �! N2(v+1) + N 2(w� 1) (3.11)

O2(v) + O 2(w)  �! O2(v+1) + O 2(w� 1): (3.12)

Rate coe�cients regarding V-V reactions between O2 molecules can be found in [84].

Concerning N2 vibrational kinetics, the rate coe�cients can be obtained from [85] and [80].

First of all, is necessary to de�ne the quantity:

Y w� 1;w
v;v� 1 = j� E w� 1;w

v;v� 1 j
�L
�h

r
�

2kB T
(3.13)

where L = 10� 11 m is the minimum distance at which two vibrationally excited N2

molecules interact, � E w� 1;w
v;v� 1 is the quantity de�ned in eq. 3.7 and � = mN 2 mN 2

mN 2 + mN 2
is

the reduced mass of the collision. According to the value ofY w� 1;w
v;v� 1 , the adiabacity factor

F (Y) can be represented by two di�erent expressions:

F (Y) =

8
>><

>>:

0:5
�
3 � exp

�
�

2Y
3

��
exp

�
�

2Y
3

�
; Y < 21:622

8

r
�
3

Y
7
3 exp

�
� 3Y

2
3

�
; Y � 21:622

(3.14)

Now it is possible to obtain the rate coe�cient kw� 1;w
v;v� 1 for the V-V N 2 processes as:

kw� 1;w
v;v� 1 = vw

1
1 � � N2 v

1
1 � � N2 w

(1 � � N2 )2 F (Y w� 1;w
v;v� 1 )

F (Y 0;1
1;0 )

k0;1
1;0; (3.15)

where the value ofk0;1
1;0 can be estimated as [86]:

k0;1
1;0 =

6:354� 10� 23T1:5

�
F (Y 0;1

1;0 )m3s� 1: (3.16)

The value of � changes according to the maximum vibrational level involved in the V-V

reaction:
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� =

8
>>>><

>>>>:

39:0625� 1:5625 max(v; w); max(v; w) < 10

25:2 + 24:1
�

max(v; w) � 10)
30

� 3

max(v; w) � 10

:

(3.17)

The rate for the inverse processes can be obtained by the detailed balance principle

according to the equation:

kw;w� 1
v� 1;v = kw� 1;w

v;v� 1 exp

 
� E w� 1;w

v;v� 1

kB T

!

: (3.18)

3.2.3 N2 and O2 V-T reactions

Collisions involving vibrationally excited molecules that result in the energy exchange

between vibrational and translational degrees of freedom called V-T reactions or V-T

relaxations [2]. For N2 and O2, this kind of reactions can be written as:

N2(v) + M  �! N2(v� n) + M ; (3.19)

O2(v) + M  �! O2(v� n) + M : (3.20)

M can represents 4 di�erent species, i.e. N2, O2, O(3P), N( 4S). The value ofn can vary

between 1 and 5 for V-T relaxation involving nitrogen atoms and is �xed to 1 for the other

chemical species. Rate coe�cients for O2 V-T reactions can be found in [84] for reactions

involving molecules and in [87] for processes involving O(3P) atoms. Rate coe�cients for

N2 V-T reactions can be found in [80,88] and are described in this section.

The reaction coe�cient for the processN2(v)+N 2  �! N2(v� 1)+N 2 can be obtained

according to the equation:

kN2 � N2
v;v� 1 = v

�
1 � � N2

1 � � N2 v

�
F (Yv;v� 1)
F (Y1;0)

kN2 � N2
1;0 ; (3.21)

where the rate coe�cients k1;0 can be written as:

kN2 � N2
1;0 =

1:07� 10� 18T1:5

0:2772T � 80:32 + 35:5(v� 1
39 )0:8

F (Y1;0): (3.22)

The de�nitions of the quantities Y and F (Y) are the ones already given in Sec. 3.2.2.

The detailed balance principle is used also in this case to calculate the rate coe�cient for
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the inverse process according to the equation:

kN2 � N2
v� 1;v = kN2 � N2

v;v� 1 exp
�

�
� Ev;v� 1

kB T

�
(3.23)

The obtained expressions are also valid for the V-T processN2(v)+O 2  �! N2(v� 1)+O 2.

Note that in this case, the quantityY in eq. 3.13 is calculated consideringL = 3 � 10� 11 m

and � = mN 2 mO 2
mN 2 + mO 2

. Concerning V-T relaxation due to collision with atomic species, in

this work the considered processes areN2(v) + N( 4S)  �! N2(v� n) + N( 4S) (with n that

goes from 1 to 5) andN2(v) + O( 3P)  �! N2(v� 1) + O( 3P). The rate coe�cient for

vibrational relaxation involving oxygen atoms can be calculated as

kN2 � O
v;v� 1 = v

�
2:3 � 10� 19 exp

�
�

1280
T

�
+ 2:7 � 10� 17 exp

�
�

10840
T

��
(m3s� 1); (3.24)

while for nitrogen atoms it can be expressed as

kN2 � N
v;v� n =

8
>>>>><

>>>>>:

0; v � 6;

A0 exp
�

�
A1

v
+

A2

v2

�
(m3s� 1); 7 � v < 9

A0 exp
�

�
A1

v
+

A2

v2

�
+ A3 exp

�
�

A4

v
+

A5

v2

�
m3s� 1; v � 9

(3.25)

with A0 = 2:21� 10� 12

(T 1 :43) , A1 = 32100
(T 0 :8147) A2 = 252100

(T 1 :044) , A3 = 9:240� 10� 12

(T 1 :635) , A4 = 18230
(T 0 :6984) ,

A5 = 9893
(T 0 :4376) .

3.2.4 The Zeldovich mechanisms

A particular group of V-T processes is constituted by the so called Zeldovich mechanisms,

represented by the reactions:

N2(v > 12) + O( 3P) ��! NO + N( 4S) (3.26)

O2(v > 1) + N( 4S) ��! NO + O( 3P): (3.27)

which rate coe�cients can be considered independent from the vibrational level a can be

found in various sources in literature [62,82]. When the concentration of water molecules

in the discharge is high, also the so called extended Zeldovich mechanism has to be

considered:

N(4S) + OH ��! NO + H : (3.28)
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Note that the amount of water that can be found in humid air is not enough to make

Reac. 3.28 relevant for NO production (at least in DBD in atmospheric-pressure air).

Nevertheless, the extended Zeldovich mechanism can became important in applications

that require the presence of water electrodes [89].

3.3 Filamentary regime

This part of the thesis aims at the development of a global kinetic model of a volumetric

DBD reactor powered by a sinusoidal voltage generator at atmospheric pressure. In these

conditions, DBD discharges in air present a strongly �lamentary regime in which the

discharge cover only some percent of the total surface of the dielectric layers [17,90]. First,

preliminary simulation were carried out in order to evaluate the e�ect that air humidity

content has on the behavior of the EEDF (and consequently on the rate coe�cients of the

electron impact reactions). Then the e�ect of O2 vibrational excitation on the kinetics of

the discharge has been evaluated. Finally, an equivalent circuit model has been coupled

with the developed reaction set in order to asses the e�ect of the input power and of N2

vibrational excitation on some species relevant for biological applications (e.g. O3, NO

and NO2). Part of this section has already been published in [82].

3.3.1 Kinetic model and reaction set

In this study, two di�erent reaction set have been adopted. The �rst one (full from

here), adopted in the preliminary study in Sec. 3.3.2 is composed by� 160 species

and � 9000 reaction mechanisms and includes electron impact reactions, ionic charge

exchange, neutral species collision e the vibrational kinetics of both N2 and O2 molecules.

59 vibrational levels have been considered for nitrogen molecules and 42 for oxygen ones.

A list of all the species considered in the model is reported in Tab.3.1.
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N2(X, 0 � v � 59), N2(A3� +
u ), N2(B 3� g), N2(C3� u), N2(a0� �

u ), N2(w1� u), N2(a1� g),

N2
+ , N2

+ (B 2� +
u ) N(4S), N(2D), N(2P), N+ , N4

+ , N3
+

O2(X, 0 � v � 41), O2(a1� g), O2(b1� +
g ), O2(Sum), O2

+ , O2
{

O(3P), O(1D), O+ , O{ , O3, O3(exc), O3
{ , O4

{ , O4
+

NO, NO(A2� + ), NO(B 2� ), NO+ , NO { , NO2, NO2
+ , NO2

{ , NO2(A)

NO3, NO3
{ , N2O, N2O+ , N2O { N2O3, N2O4, N2O5

H2O, H2O+ , H3O+ , H, H+ , H { , OH, OH+ , OH { , H2, H2
+ , H3

+ , HO2, H2O2

HNO, HNO2, HNO3, e

Table 3.1: Species considered in the simulations. Each vibrationally-excited level is
treated like a single species. O2(Sum) represents the sum of the states O2(A3� +

u ),
O2(C3� u) and O2(c1� �

u ).

The reaction coe�cients for the vibrational kinetics of O2 and N2 are reported in Sec.

3.2, while processes involving ionic charge exchange and neutral species have been taken

from [46]. The kinetics mechanisms regarding NO molecules and electronically excited

nitrogen molecules have been taken from [91] and [62], respectively. The second reaction

set, called reduced from here on out, does not include O2 vibrational kinetics for the

reasons that will be explained in Sec. 3.3.2. As a consequence, thereduced model is

composed by� 120species and� 5000reaction mechanisms. This reaction set has been

used in the calculations reported in Sec. 3.3.4. The temporal evolution of the number

density of each species reported in Tab. 3.1 is calculated according to the equation:

dni

dt
=

X

j

Cij Ri
j ; (3.29)

whereni is the number density of thei � th species,Cij is the net stoichiometric coe�cient

for the speciesi in the j � th reaction. Ri
j is the rate of the j � th reaction that involves

the i � th species and can be expressed as:

Ri
j = kj

Y

l

nr;L
l ; (3.30)

wherenl is the number density of each species involved in the reaction,r and L are the

forward and backward stoichiometric coe�cients, respectively (depending on the speci�c

reaction) and kj is the rate coe�cient for the considered reaction. To obtain the rate

coe�cients for the great majority of the electron impact reactions, the electron Boltzmann

equation is solved before the simulation for various values of the reduced electric �eld using

the LoKI-B software [39,40]. The considered gas mixture is composed by N2 (78 %), O2
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(19 %) and H2O (3%) and corresponds to saturated (100% relative humidity) humid

air. It is relevant to note that this approach is easy to implement and computationally

e�cient but can underestimate the electron energy, especially in plasmas that present

an high vibrational temperature [85]. In fact, solving the BE before the simulation can

not take in to account super-elastic collisions between electrons and vibrationally excited

states that can modify the EEDF. Nevertheless, we believe that this fact will not modify

qualitatively the obtained results that remains valid. The e�ect of super elastic collision

on the EEDF (and consequently on the chemical kinetics) will be assessed in the future.

3.3.2 Preliminary study on e�ect of humidity and O 2 vibrational exci-

tation

A preliminary study has been carried out in order to asses the e�ect that relative humidity

has on the EEDF in air at atmospheric pressure. To do so, the Boltzmann solver LoKI-

B [39, 40] has been used to obtain the electron energy distribution function for di�erent

values of the reduced electric �eld and for two di�erent gas mixtures, i.e. dry air (80 %

N2 and 20% O2) and humid air with 100% of relative humidity (78% N2, 19% O2 and 3%

H2O). The gas temperature has been considered constant at300 K. The chosen reduced

�eld spans from 10 Td to 150 Td to represent the typical values that characterize a DBD

reactor operating in air at atmospheric pressure. The obtained results are reported in

Fig. 3.2. As it is shown, water content slightly modify the EEDF behavior only for

very low values of the reduced electric �eld (i.e.10 Td) and only for electron energies

higher than � 3 eV. For higher values of the reduced �eld, electron impact collisions

with water molecules can be disregarded without a�ecting the EEDF calculation. The

obtained results are in good agreement with similar calculations reported in [92].

Another preliminary assessment has been carried on in order to study the e�ect that

O2 vibrational excitation has on the discharge kinetics. In particular, the e�ect of the

second Zeldovich reaction (reac. 3.31) on NO, O(3P) and N(4S) has been evaluated.

O2(v > 1) + N( 4S) ��! NO + O( 3P) (3.31)

The analysis has been performed using the LoKI toolbox, that couples the already men-

tioned LoKI-B Boltzmann solver with a chemical kinetic solver [80]. The LoKI toolbox

can be used to perform simulations of DC or high frequency discharges, where both the

reduced electric �eld and the electron number density can be considered constant. Of

course, this conditions can not correctly represent a typical sinusoidal DBD discharge.

For these reasons the discharge evolution is modeled alternating a discharge phase and

an afterglow one. The discharge phase is simulated by �xing the reduced �eld E/N and
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Figure 3.2: EEDF behavior calculated at10 Td and 20 Td for two values of relative
humidity, i.e. 0% and 100%. Higher values of the reduced electric �eld are not included
because the in
uence of humidity is negligible forE=N > 20 Td. Original �gure taken
from [82]

the electron number densityne over a time interval tdisch . A discharge phase is followed

by an afterglow phase over a time-spantaf t , in which both ne and E/N are set to 0. The

two phases are repeated until the O2 VDF starts to depopulate or reaches periodic steady

state. Since sinusoidal DBD reactors can work in a wide range of frequencies, two di�erent

simulations, characterized by di�erent afterglow times, i.e.taf t = 10� 5 s and taf t = 10� 6 s,

have been performed. The electron number density (ne = 1019 m� 3), the reduced electric

�eld E=N = 150 Td and the discharge time (tdisch = 50 ns) have been chosen according

to various published papers [17,24,90] to represent the behavior of a typical DBD reactor

operating in air at atmospheric pressure. In Tab. 3.2, the relative contribution of reaction

3.31 on N(4S) destruction and on the formation of O(3P) and NO is reported.
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First afterglow phase Last afterglow phase

taft = 10� 6 s taft = 10� 5 s taft = 10� 6 s taft = 10� 5 s

Reaction rate of (3.31) 1:00� 1025 6:70� 1023 1:28� 1025 2:20� 1023

Contribution to N( 4S) 6.5% 3.5% 2.2% 1.0%

Contribution to O( 3P) 4.7% 0.35% 0.29% 0.2%

Contribution to NO 5.4% 1.5% 0.38% 0.1%

Table 3.2: Reaction rates inm� 3=s and relative contribution of reaction (3.31)O2(v > 1)+
N(4S) ��! NO + O( 3P) on NO and O(3P) production and on N(4S) destruction for the
two considered values oftaft .Original table retrieved from [82]

.

Observing Tab. 3.2 it is clear that the second Zeldovich mechanism does not in
uence

the chemical kinetics of O(3P), N( 4S) or NO. The relative contributions of reaction 3.31

is higher at the end of the �rst pulse with respect to the last one for both the afterglow

times. This fact can be explained by the vibrational relaxation caused by oxygen atoms

through reaction:

O2(v) + O( 3P) ��! O2(v� 1) + O( 3P): (3.32)

To show this, in Fig. 3.3 is reported the behavior of three vibrationally excited O2 state

(O2(v = 10), O2(v {{ 30) and O2(v = 40)) and of oxygen atoms during the two simulations.

It is evident that the number densities of the vibrational states decrease faster at the

beginning of each afterglow phase when the O(3P) concentration is higher. This e�ect

is more pronounced fortaf t = 10� 5 s due to the fact that vibrationally excited state are

created during the discharge phase and depleted during the afterglow one by the above

mentioned mechanism. Increasing the duration of the afterglow time will of course reduce

the O2(v) number density and, as a consequence, the relative contribution of reaction

3.31. Atomic oxygen relaxation of vibrationally excited oxygen molecules is proved to be

very e�ective even at intermediate and low pressure (i.e. frommTorr to Torr ) [84,93].

To gain a better understanding on vibrational excitation in the considered conditions,

the vibrational temperature has been calculated for both nitrogen and oxygen molecules

using the equation [94]:

Tvib;01 =
E0;1

ln
�

nv =0
nv =1

� ; (3.33)

where nv=0 and nv=1 are the number densities of the ground state and the �rst vibra-

tional levels, respectively, andE0;1 is the energy di�erence between them. Adopting the

anharmonic oscillator energy discretization we obtain a value of0:2889 eV for N2 and

0:193 eV for O2. The temperature values obtained using Eq. 3.33 will be referred from

now onward astwo-levelsvibrational temperature. The results are reported in Fig. 3.4.
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(a) taft = 10 � 5 s (b) taft = 10 � 6 s

Figure 3.3: O(3P), O2(v {{ 10), O2(v {{ 30) and O2(v {{ 40) for two afterglow durations. Orig-
inal �gures taken from [82].

It is shown that the two levelsO2 vibrational temperature remains between300 K and

400 K for both the considered afterglow times.Tvib;01 reaches steady state after 2 pulses

for taf t = 10� 5 s while 5 pulses are needed fortaf t = 10� 6 s. This di�erence is due to

the already mentioned Reaction 3.32 that relax the O2 VDF faster for higher afterglow

times. Conversely, N2 two levelsvibrational temperature is still raising at the end of the

simulated pulses, suggesting that it can be relevant even for longer simulations. It is

important to note that, despite the eq. 3.33 represents the most common and di�use way

to calculate the vibrational temperature, it can not adequately describe the vibrational

excitation in plasmas that present strong non equilibrium conditions. To overcome this

limitation, vibrational excitation can be usually represented through the vibrational dis-

tribution function or by means of the all levelsvibrational temperature. The latter, is

the temperature that satis�es the following equation [95]:

P
EvnvP

nv
=

P
Ev exp

�
� Ev

kB Tvib;all

�

P
exp

�
� Ev

kB Tvib;all

� ; (3.34)

where Ev and nv are the energy and number density of thev � th vibrational state of

the considered molecule andkB is the Boltzmann constant. Theall levels vibrational

temperature obtained solving eq. 3.34 is the one of a Boltzmann equilibrium VDF char-

acterized by the same energy of the strong non equilibrium distribution obtained by the

simulations. The O2 Tvib;all time evolution and the correspondent VDF calculated at the

end of each afterglow and discharge phases are reported in Fig. 3.5.

The O2 VDF shape, characterized by a large plateau in correspondence of the inter-

mediate levels, is similar to the ones found in [84] and [93] for lower pressure levels. The
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(a) taft = 10 � 5 s (b) taft = 10 � 6 s

Figure 3.4: Two-level vibrational temperatures (via Eq. (3.33)) of O2 and N2 considering
two di�erent afterglow times. Original �gures taken from [82].

proposed mechanisms that lead to the plateau formation are the three body recombina-

tion of O(3P) (reac. 3.35) atoms and the multi-quanta e-V excitation (reac. 3.36, with

n > 1) at low and intermediate pressure, respectively.

O(3P) + O( 3P) + M ��! O2(v) + M (3.35)

e + O2(v) ��! e + O2(v + n) (3.36)

Note that, in our reaction set, while the multiquanta e-V processes in reac. 3.36 are

included, the three body recombination in reac. 3.35 only results in O2(X, v {{ 0) formation

and as a consequence, it can not be responsible for the plateau creation in O2 VDF.

In Figs. 3.5 (a) and (b) it is clearly shown that the vibrational distribution function

does not change at the end of each discharge phase, while, conversely, di�erences in the

VDF at the end of each afterglow phase can be observed clearly, as reported in Figs. 3.5

(c) and (d). Same conclusions can also be obtained observing the behavior of the vibra-

tional temperature in Figs. 3.5 (e) and (f). In fact, theall-level vibrational temperature

changes less than10 K for taft = 10� 5 s and less than40 K for taft = 10� 6 s at the end of

each discharge phase. Similar considerations can be done for theall-level vibrational tem-

perature value at the end of each afterglow phases. In fact, it remains between360 K and

340 K for taft = 10� 5 s and between420 K and 480 K for taft = 10� 6 s. These results show

that, even considering all the vibrationally excited levels of O2, the vibrational tempera-

ture remains between300 K and 600 K for both the considered simulations and does not

reach high enough values to in
uence the global kinetics of the DBD discharge. From this

parametric analysis we can conclude that, for the conditions considered in this study, it is

possible to neglect the time-evolution of the vibrationally excited oxygen species without
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(a) O2 VDF, end of discharge phases {taft =
10� 5 s

(b) O2 VDF, end of discharge phasestaft =
10� 6 s

(c) O2 VDF, end of afterglow phases { taft =
10� 5 s

(d) O2 VDF, end of afterglow phases { taft =
10� 6 s

(e) O2 Vibrational temperature { taft = 10 � 5 s (f) O 2 Vibrational temperature { taft = 10 � 6 s

Figure 3.5: O2 VDF at the end of each afterglow and discharge phases andall-level
vibrational temperature calculated for both the considered afterglow times. Each line in
�gs. 4 (a), (b) (c) and (d) corresponds to a di�erent pulse. Original �gures taken from [82]
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e�ectively in
uencing the discharge kinetics. Moreover, O2(v) in
uence becomes lower

for longer afterglow times. We highlight that the description of the detailed vibrational

kinetics of O2 requires thousands of reactions and that not including these mechanisms

in the computational model can e�ectively reduce the required computational e�ort. For

this reason, oxygen vibrational kinetics will not be included in the chemistry calculations

in the next sections. Nevertheless, the excitation from O2(v {{ 0) to O2(v {{ 1,2,3,4) will still

be considered in the EEDF calculation.

3.3.3 Equivalent circuit

The equivalent circuit, reported in Fig. 3.6 has been �rst proposed in [96] to study the

vibrational excitation of H2 in a DBD discharge.V0 represent the external voltage source,

�
+V0

R0

Rp

+

�

vp

C

Figure 3.6: DBD equivalent electric circuit

R0 is an external resistance,C the capacitance of the dielectric layers andRp is a variable

resistance that represent the plasma resistive e�ect. Note that the external resistance

R0 is usually not needed in a DBD reactor, since the current values are maintained low

due to the presence of the dielectric layers covering one or both the electrodes. For this

reason, we considerR0 = 0 in the next calculations. It can be useful to stress out that the

capacitance C does not refer to the one of the considered DBD reactor (that for a plane and

parallel electrodes con�guration can be calculated using the equationCplane = � 0
Sreactor

dgap
)).

Conversely,C refers to the capacitance of the charge distribution that is formed on the

surface of the dielectric layers after every microdischarge phenomenon. For this reason,

it is characterized by higher values of the electrical permittivity (the one of the dielectric

material) and smaller values ofd (the width of the dielectric layer) resulting in higher

value of the capacitanceC. The Kircho� law of voltages can be written as:

V0 � vp � vC = 0; (3.37)
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wherevC is the voltage drop across the capacitor andvp the one on the plasma resistance

Rp. Dividing equation 3.37 for the distance between the electrodesd, it is possible to

write:

E0 � Ep �
vC

d
= 0; (3.38)

where E0 = V0
d and Ep = Vp

d . The current of the circuit has to obey to the constitutive

law of the capacitance and as a consequence can be written as:

i = C
dvC

dt
: (3.39)

At the same time, the current is related to the plasma parameters according to the

equation:

i = qne� eEpSe� ; (3.40)

where q = 1:602� 10� 19 C is the charge of the electron,� e = mue(Ep) is the electrons

mobility, ne is the electron number density andSe� is the e�ective discharge surface of

the DBD reactor. Note that, as previously told, due to the strong �lamentary regime that

is commonly present in sinusoidal DBD discharges in air at atmospheric pressure,Se� is

usually some percent of the total surface of the dielectric layers. Combining Eqs. 3.38,

3.39, 3.40 we obtain:
dEp

dt
=

dE0

dt
�

1
d

�qn eEpSe�

C
: (3.41)

Using the quantitiesC, Se� and d it is possible to de�ne the quantity C0 = Cd
Se�

. C0 and

the frequencyf of the voltage source are the quantities that we modi�ed in order to obtain

di�erent input power density levels in Sec. 3.4.2. Eq. 3.41 is part of the system of ordinary

di�erential equations reported below that can be solved to obtain the temporal evolution

of both the reduced electric �eld in the DBD reactor and all the species considered in the

simulations. 8
>>>>>>>>>>>><

>>>>>>>>>>>>:

dn1
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#

dEp

dt
=

dE0

dt
�

1
d

�qn eEpSe�

C

(3.42)

The system is solved using the Matlab function ode15s for sti� ODE systems [97].
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3.3.4 E�ect of input power and N 2 vibrational kinetics

In order to investigate the e�ect that N2 vibrational kinetics have on the reactive species

produced by a sinusoidal volumetric DBD reactor, three di�erent simulations have been

carried on considering di�erent levels of the plasma input power density. We will refer to

these levels asP1, P2 and P3. The three power levels are obtained changing the values of

C0 and of the frequency of the voltage generatorf . The highest considered power level

P1 = 2:7 � 106 W=m3 is obtained consideringf = 10 kHz and C0 = 104� 0
F
m . The latter

value is the same adopted in [96]. The other parameters, whose values are the same for

all the simulations, ared = 1 mm and V0;M = 10 kV . The parameters corresponding to

P2 = 1:35 � 105 W=m3 and P3 = 1:45 � 103 W=m3 are C0 = 500� 0F
m , f = 10 kHz and

C0 = 10� 0
F
m , f = 5 kHz, respectively. The gas temperature was considered constant at

300 K. Di�erent studies [44, 98] report that the electrodes temperature can signi�cantly

raise in a DBD reactor but only for longer time interval. Consequently, the hypothesis of

�xed gas temperature is reasonable. The obtained results are reported in Fig. 3.7. The

behavior of the main chemical species is described in the following sections.

3.3.4.1 O3 and NO

As it is shown in Fig. 3.7 (a), (b) and (c), considering di�erent input power levels modify

both the �nal concentrations of O3, N2(v) and NO2 but also their dynamics. In all

the simulations, ozone number density raises rapidly due to the e�ect of the three body

recombination between O2 and oxygen atoms

O2 + O( 3P) + M ��! O3 + M : (3.43)

that takes place after the dissociation process creating O(3P)

e + O2 ��! e + O( 3P) + O( 3P) (3.44)

during the �rst instant of the discharge, only the lower levels of N2 VDF are populated

due to the e-V reaction

e + N2(v)  �! e + N2(v + 1) (3.45)

and as a consequence, the Zeldovich mechanism

N2(v> 12) + O( 3P) ��! NO + N( 4S) (3.46)

can not in
uence the discharge kinetics due to the absence of vibrationally excited nitrogen

molecules with an high enough vibrational level. Reaction 3.46 starts to gain importance
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(a) P1 = 2 :7 � 106 W=m3 (b) P2 = 1 :35� 105 W=m3

(c) P3 = 1 :45� 103 W=m3

Figure 3.7: Behavior of O3, NO, NO2, O(3P) and N2(v > 12) number densities for the
considered input power levels. Original �gures taken from [82].

67



after some time (according to the considered input power level) due to the increase of

the concentration of the intermediate levels of the N2 VDF caused by the V-V collisions

reported in reac. 3.11. As reported in Fig. 3.7, this phenomenon result in an increase of

NO molecules. The high availability of NO results in O3 quenching through reaction

NO + O 3 ��! NO2 + O 2 (3.47)

with the consequent NO2 formation. O3 and NO2 kinetics are strongly a�ected by the

considered input power level. In fact, as it can be seen in Fig. 3.7 (a), (b) and (c), the

discharge chemistry is substantially di�erent in the three simulations. In particular, for the

lowest power levels consideredP3, the discharge kinetics is substantially ozone dominated

and the NO number density is nearly two orders of magnitude lower with respect to the

O3 during the whole simulation. For higher power levels, NOx compounds start to become

preponderant. For the intermediate power levelP2, NO number density is lower than the

ozone one only for the �rst1:5 ms. After 15 ms(i.e. the end of theP2 simulation), the NO

number density is larger with respect to the one of O3 but the NO2 concentration remains

the lowest among the three considered species. Finally, for the highest power density

level, P1, NOx compounds completely dominate the discharge kinetics. Starting from the

beginning of the simulation, the NO number density becomes larger than the one of NO3

after � 0:18 ms. At the end of the simulation even the NO2 density is larger than O3.

This behavior is caused by the well known ozone poisoning mechanism, experimentally

investigated in [56] and numerically observed in the �rst part of these thesis. For the

sake of clearness, a brief explanation of the mechanism is also reported here. The ozone

poisoning mechanism is related to the presence of NOx compounds in the plasma region.

These chemical species act in two di�erent ways against ozone formation: they directly

quench ozone (NO + O3 ��! NO2 + O 2, NO2 + O 3 ��! NO3 + O 2) and react with

oxygen atoms (NO + O + M ��! NO2 + M, NO 2 + O + M ��! NO3 + M) lowering

the reaction rate of the main O3 creation mechanism O + O2 + M ��! O3 + M. Due to

these reactions, the ozone concentration decreases as soon as the NOx number density

increases. For this reason, O3 cannot be formed at all in NOx rich environments. The

behavior of NO2 will be explored further in the next paragraphs. As depicted in Fig. 3.7,

ozone depletion begins when the NO concentration increases, as a result of reaction 3.47.

As it is shown in the three �gures, the process of O3 depletion occurs more rapidly at

higher input power levels in the DBD reactor. This is because the discharge voltage (vp

in Fig. 3.6) remains relatively unchanged with varying DBD reactor power levels [23].

As a proof of that, in Fig. 3.8 the behavior of the reduced electric �eld (Ep = vp=d)

during the last time period of the voltage source is reported. Instead, increasing power

density results in a higher average electron number density (ne). Note that this does
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Figure 3.8: Reduced �eld during the last time period of the voltage source for all the
considered power density levels.

not necessarily corresponds to an increase in current. In fact, the three di�erent input

power density levels have been obtained changing the parameterC0 = Cd
Sef f

where Sef f ,

as already stated before, represents a fraction of the total surface of the DBD reactor

plates. Higher values ofSef f (that correspond also to higher plasma volumes) indicate

di�use discharges, while low values represent �lamentary regimes. The increase in plasma

volume can lead to a decrease in electron number density also considering a constant

current. The combination of C and Sef f is used in this study exclusively to observe

the behavior of the DBD reactor for di�erent input power density levels. In order to

compare the simulation results with experimental measurements, bothC and Sef f should

be modi�ed to replicate the experimental conditions (e.g. power density, current density,

current)

The electron number densities can be observed for the three di�erent power density

levels in Fig. 3.9, which illustrates thene during the last time period of the voltage source

waveform. The electrons number density reaches values of1:5� 1019 m� 3,7:5� 1017 m� 3 and

9:5� 1015 m� 3 for P1, P2 and P3. The obtained values are consistent with other published

papers found in literature [24, 99]. It is well documented in literature [85] that higher

electron number density corresponds to a more densely populated vibrational distribution

function and, as a consequence, to an higher reaction rate of the Zeldovich mechanism

(N2(v > 12) + O( 3P) ��! NO + N( 4S)). The VDF for the three considered input power

levels at several time instant is reported in Figs. 3.10 (a), (b) and (c). As it can be

seen, the input power a�ects both the relative population of nitrogen vibrational state

and the dynamics of the VDF evolution. In fact, consideringP3 (the lowest considered

input power levels) the VDF starts to approach steady state fort > 20 msin Fig. 3.10

(c). On the other hand only 500� s are needed to reach a steady state conditions forP1
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Figure 3.9: Electron number density during the last period of the considered voltage
source for all the levels of input power density.T indicates the period of the voltage
source in each simulations. Original �gure taken from [82].

(a) P1 = 2 :7 � 106 W=m3 (b) P2 = 1 :32� 105 W=m3

(c) P3 = 1 :45� 103 W=m3

Figure 3.10: Temporal evolution of N2 VDF for the the input power densities considered
in this work. Original �gure taken from [82].
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in Fig. 3.10 (c).

An intermediate scenario is produced byP2 in Fig. 3.10 (b). Additionally, when

comparing the typical plateau of the VDF shape in the three cases, it becomes apparent

that higher input power levels result in an increase in the energy stored in vibrational

excitation. This quantity can be e�ectively represented by the vibrational temperature,

whose time evolution for the three simulations is shown in Figs. 3.11(a), (b), and (c).

Each graph provides two temperature pro�les corresponding to the two-level and all-level

approaches, as described in Eqs. 3.33 and 3.34.

We now focus on the di�erences between these two calculation methods. The �g-

ures reveal that the vibrational temperatures obtained from the two formulations di-

verge signi�cantly over longer times. This di�erence arises due to the plateau forma-

tion in correspondence to the intermediate vibrational levels and due to the tail of the

VDF, which the two-level formulation does not account for. Furthermore, in the simu-

lation at P3 (Fig. 3.11(c)), the two temperatures at the �nal time point converge, with

Tv;f irst � Tv;All = 2000 K. This indicates that most of the vibrational energy is concen-

trated in the �rst levels, which are populated by electron-vibration (e-V) collisions, while

the intermediate levels, typically populated through vibration-vibration (V-V) collisions,

remain largely unpopulated. This phenomenon has also been observed in previous stud-

ies, such as in [100], for a pulsed DBD discharge in N2. This observation aligns with

the steady-state VDF plot in Fig. 3.10(c), where the relative population of intermediate

vibrational levels is below10� 4. Conversely, signi�cant di�erences of about2000 K and

8000 K are observed between the two formulations for the higher input power levels, P2

and P1, in Figs. 3.11(b) and (a), respectively. In these cases, the VDF in Figs. 3.10(b)

and (a) shows a relative population of intermediate levels slightly below10� 3 and 10� 2,

respectively. This suggests that the role of V-V collisions increases as power levels rise.

Another noteworthy feature in all three �gures is that temperature oscillations become

more pronounced with increasing power. This can be attributed to the fact that, as

power increases, the vibrational temperature is increasingly in
uenced by the population

of higher vibrational levels, which have shorter relaxation times compared to lower levels,

making them more susceptible to the applied �eld oscillations.

3.3.4.2 NO2

The in
uence of input power has also been evaluated focusing on NO2 molecules, whose

number density is closely linked to the densities of O3 and NO. As illustrated in Fig.

3.7, the number density of NO2 mirrors the one of NO, a primary precursor for NO2.

Speci�cally, the quenching of ozone via reaction 3.47 is a major pathway for the formation

of NO2, alongside with reaction (3.48), which involves oxygen atoms:
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(a) P1 = 2 :7 � 106 W=m3 (b) P2 = 1 :35� 106 W=m3

(c) P3 = 1 :45� 103 W=m3

Figure 3.11: N2 vibrational temperature for three values of the considered input power
level, obtained considering all the vibrational levels in Eq. (3.34) or just the �rst two
according to Eq. (3.33). Original �gures taken from [82]
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Figure 3.12: O(3P) number density during the last time period of the voltage source
for all the considered input power density levels.T indicates the time period in each
simulations.Original �gure taken from [44].

NO + O( 3P) + N 2 ��! NO2 + N 2: (3.48)

The behavior of O(3P) during the �nal time period of the voltage source for all the

considered input power is reported in Fig. 3.12. Its behavior throughout the entire

simulation is shown in Figs. 3.7(a), (b), and (c). Although the number density of O(3P)

is reduced by reaction 3.46, which involves vibrationally-excited nitrogen molecules whose

density increases with input power, O(3P) actually increases at higher power levels. This

is because greater power levels result in higher electron number densities, which in turn

enhance reaction 3.44 (e + O2 ��! e + O( 3P) + O( 3P)), leading to a higher concentration

of O(3P). The importance of reaction 3.47 (k3:47 = 4:3 � 10� 18 exp(� 1560
T )m3=s) and 3.48

(k(3.48) = 1 � 10� 43 m3=s) is strongly dependent on the considered input power level. In

fact, for P = P3 O3 concentration is larger with respect to the one of O(3P), and so does

the reaction rate of reaction 3.47. Conversely, forP2 and P1, due to the already discussed

ozone quenching mechanisms, the contribution to NO2 formation through reaction (3.48)

is more signi�cant. These results are summarized in Tab. 3.3 and refers to the last

half-period of the applied voltage waveform. Given that the number density of O(3P)


uctuates signi�cantly during each half-period, the results considering both the maximum

and minimum levels of O(3P) number density are reported.

3.3.4.3 In
uence of the Zeldovich mechanism

To conclude the analysis, three simulations were conducted without including the Zel-

dovich mechanism to assess its impact on the number densities of ozone and nitric oxides,

and to understand its relationship with the input power level. Figure 3.13 illustrates
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Reaction P1 P2 P3

(3.47) 7:49� 1025 m� 3=s 5:08� 1025 m� 3=s 8:17� 1024 m� 3=s
(3.48) (high O(3P)) 3:19� 1028 m� 6=s 9:26� 1026 m� 6=s 2:63� 1024 m� 6=s
(3.48) (low O(3P)) 2:54� 1026 m� 6=s 1:64� 1025 m� 6=s 5:31� 1022 m� 6=s

Table 3.3: Reaction rates of reactions 3.47 and 3.48 during the last half-period of the
applied voltage waveform for the considered input power levels and for two di�erent
O(3P) number densities.

the time evolution of these number densities, comparing scenarios with and without the

mechanism forP1, P2 and P3.

Initially, during the early stages of the simulations, the number densities of each species

are roughly the same regardless of whether the Zeldovich mechanism is included or not,

as the vibrational levels N2(v > 12) are not yet populated. However, once the number

densities of intermediate vibrational levels begin to increase (around0:05 ms, 0:5 ms, and

25 ms), reaction (3.46) starts to impact the discharge kinetics, leading to noticeable di�er-

ences between the computed number densities with and without the Zeldovich mechanism.

nwZel =nw =oZel P1 P2 P3

O3 0.21 0.13 0.4

NO 10.7 36.5 7.38

NO2 16.8 38.1 5.9

Table 3.4: Ratio corresponding to the maximum percent di�erence between the number
densities with and without the Zeldovich mechanism.The instants at which these ratios
are calculated are highlighted in Fig. 3.13

Table 3.4 shows the ratio of number densities with and without reaction 3.46 for all the

tested input power levels, evaluated at the points where the percent di�erence in number

densities is larger. A visual representation of these data can be found in the plot bar in

Fig. 3.14

As it is clearly shown in Fig. 3.14, the larger di�erences can be observed for the

intermediate input power valueP2 even if reaction 3.46 has an higher reaction rate for

P = P1. This is due to the fact that for larger input power, reactions that are not relevant

at low input power gain importance.

Concerning O3 consumption, reaction (3.49) plays an important role for large power

due to the great availability of electrons (see Fig. 3.9):

e + O3 ��! e + O( 3P) + O 2: (3.49)
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(a) P1 = 2 :7 � 106 W=m3 (b) P2 = 1 :35� 105 W=m3

(c) P3 = 1 :45� 103 W=m3

Figure 3.13: Comparison between O3, NO and NO2 behavior for di�erent levels of input
power densities with and without reaction N2(v > 12) + O( 3P) ��! NO + N( 4S) 3.46.
The arrows in �gure and the corresponding time values indicate the instant at which the
values of Tab.3.4 are calculated. Original �gure taken from [82].
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Figure 3.14: Ratio between the number densities obtained considering the Zeldovich
mechanism and the ones disregarding it

�
nw=Zel

nw=oZel

�
. The inverse ratio is reported for O3

�
nw=oZel

nw=Zel

�
.

Regarding NO production, higher reaction rate comes from the process:

NO2 + O( 3P) ��! NO + O 2: (3.50)

In fact, the concentration of both oxygen atoms and NO2 increases with the input power,

as reported in Fig. 3.12 and 3.7.

In conclusion, it can be stated that the Zeldovich mechanism has a larger relative

contribution at intermediate power levels (even if its reaction rate increases with input

power) when kinetic mechanisms involving electrons and oxygen atoms are not relevant

yet.

3.4 Di�use regime

In this section we report the results of the kinetic modeling of a volumetric dielectric

barrier discharge reactor that, due to the operating conditions that will be described in

the next section, generates a di�use discharge. Di�use discharges can be important in all

the applications that require spatial uniformity to avoid the damaging that can be related

to etching or thermal stress typically related to �lamentary regime.

3.4.1 Considered con�guration and kinetic model

The considered volumetric DBD reactor is reported in Fig. 3.15. It is constituted by two

plane and parallel electrodes and operates in humid air under 
ux conditions. The reactor

is powered by a nano-pulse voltage generator that generates voltage pulses characterized

by a rise/fall time of 100 nsand a duration of 200 nswith a frequency of 1 kHz. The
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