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Abstract

This research work presents the numerical simulatimf multispecies multi-dimensional fluid model
of atmospheric pressure discharge. The semi-im@@mguential iterative scheme is used to solve the
coupled system of plasma fluid model equations withroper set of boundary conditions. A one-
dimensional self consistent drift-diffusion fluidoatel is developed to investigate the charactesisifc
atmospheric pressure discharge in pure helium amdNHgases. The uniform atmospheric pressure
glow and Townsend discharge modes are examined ufiffierent operating conditions. The intricate
dynamic patterns are evolved with the temporal wiah of discharge current densities at lower
frequencies {7 kHz), which represent the discharge plasma ojperdtetween atypical lower and
higher ionization modes in several consecutive egclTo deduce different aspects of internal
distributions of atmospheric pressure dischargewadimensional fluid model is advanced with
symmetric boundary conditions in the parallel pletactor geometry. The filamentary and uniform
behavior of discharge is emerged by the presengeeanoval of specific imposed conditions in APD.
The periodic stationary pattern of various disckapgrameters are exhibited at different times durin
the prebreakdown, breakdown, formation of cathodk lyer and decay phases. The Penning
ionization process performs an outstanding rolénduthe different phases of a complete cycle, which
is explored with the temporal evolution of averagdgmical reaction rates. The analysis of spatio-
temporal species distribution demonstrates that éne distinguished with their distinctive propesti

in various regimes of APD.

In the presence of bulk gas flow, the two-dimenalasymmetric uniform distributions of discharge
species are transformed into non-symmetric forne Fansport effects of heavy species, such ds He
He,', N,', He and He" are considered for the numerical solution of gasperature equation and the
numerical magnitude of gas temperature in the glomle decreases with the increase of imposed bulk
gas flow speed. The temporal profiles of dischangeent density provide an insight in differentlbul
gas flow regimes, which are elucidated with thetigbatructures of discharge species densitiefién t
uniform, filamentary and constricted filamentary dae of APD. Finally, the three-dimensional fluid
model is developed and employed to describe theespad time variations of discharge variables in
the uniform and filamentary discharges. The homeges uniform slice distributions of electrons
density are compared at different frequencies, wisicow the trapping of electrons in the positive
column at higher frequencies. The non-uniform dthstion of axial electric field illustrates thateth
field strength is higher in the constricted paerthihe smooth part of the dielectric barrier swgfache
shape and configuration of filaments exhibit thetyt are directed from the anode towards the cathode
barrier in the filamentary APD. The noticeable stanes of filaments are prominently observed from 5
to 20 kHz than higher frequencies because of tteesoence of filaments at higher frequencies,
leading to the formation of uniform APD. The templagvolution of discharge current density exhibits
that it represents the composite behavior in dfférdriving frequency regimes from 20 to 100 kHz.
The numerical simulation study reveals that it $&ful to deliver a satisfactory information for the
uniform and filamentary atmospheric pressure disgge and describes the origin of non-uniformities.
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Chapter 1

Atmospheric Pressure Discharges

1.1 Introduction

The plasma discharge is an immediate and transient electric current that travels between two bodies
of opposite potential created by any source. The nomenclature “plasma discharge” is linked with the
configuration of capacitor that comprises of two electrodes, which are separated by a partially ionized
gas. The properties of a discharge plasma, such as color, intensity, efficiency and applicability are
dependent on the operating gas, which exists between the electrodes. During the discharge progress, the
breakdown of gases occurs in the open reactor when the large potential difference is applied between the
objects. As a result, the electrons and ions start moving towards their respective anode and cathode
electrodes. The ionization, excitation and other chemical processes are progressed at enormous rate
and ultimately form a discharge plasma. Due to the emission of lights of different colors, the discharge
illuminates in the gap and the cathode electrode looks like burning. Generally, the typical features of
discharge plasma critically depend on the frequency or modulation of current. The gas discharge plasma
can exist in different mediums when there is a constant supply of electrical energy from the external
power source. The stationary-state of discharge plasma is developed when the ionization rate exceeds
the recombination rate in the gas, which can be used effectively for the discharge plasma applications in
different branches of science. The recombination events are formed with the collisions of gas atoms and
molecules, which associate with the gas pressure during the discharge operation.

In this chapter, section 1.2 discusses different types of the electrical discharges in gases. Section 1.3
explains the important collision interactions in the atmospheric pressure discharges. Section 1.4 describes
the drift and diffusion of charged particles. Section 1.5 provides an insight in the breakdown mechanism

and criterion for breakdown using Paschen’s law. Section 1.6 expresses the operation of electrical model
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of dielectric barrier discharge. Section 1.7 enhances the concept of computational modelling of discharge
plasma. Finally, in section 1.8, we define the scope of the research work presented in this thesis and give

an outlook over the following chapters.

1.2 Electrical discharges in gases

An electrical discharge is the transit of electrical current through a material which normally acts as an
insulator. To understand this process, a simple experiment is performed with two linked wires. The
wires are separated by a small distance and clip each to one terminal of a battery. There is no flow
of current between the wires because the air acts as an insulator. If the applied voltage of battery is
increased to few hundred volts for very small gap, i.e., few cm, the sparks will travel between them. This
exhibits that the breakdown of air has occurred and transformed into the conductive medium. The air
is a mixture of nitrogen, oxygen and other gases, in which the electrons are bound to the atomic nuclei.
During the breakdown process, some of the negatively charged electrons are ejected from their parent
atoms and molecules, and leaving them with a positive charge particles. The negatively and positively
charged particles are then free to move separately under the influence of the applied voltage, moreover
the movement of charged particles establishes an electrical current. The collection of ions and electrons
is known as a plasma discharge, and one of its more important properties is that a plasma can conduct
electrical current [1].

The complex gas discharge plasma is categorized into number of disciplines that depend on the
pressure, gas and electrode configurations. The novel field of discharge plasma is employed with the
passage of electric current in any conductive gaseous medium by implying any external power source.
The present thesis work deals with the atmospheric pressure discharges under specific imposed conditions.

So, the major branches of atmospheric pressure discharge are divided into the following categories
e Corona discharges
e Arc discharges
e Atmospheric pressure glow and Townsend discharges

The corona is defined as a discharge, occurring when a highly inhomogeneous electric field is imposed.
Typically, there is a very high electric field adjacent to a sharp electrode, and a net production of new
electron-ion pairs occur in this vicinity. The corona discharge has a very low current, and very high
voltage [2]. The arc discharge is an electrical breakdown of a gas which produces an ongoing plasma

discharge, resulting from a current that is flowing through normally nonconductive media, such as air.
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The phenomenon was first described by Vasily V. Petrov, a Russian scientist who discovered it in 1802
[3]. The various shapes of electric arc are observable properties of nonlinear patterns of current and
electric field. The arc occurs in the gas-filled space between two conductive electrodes and it results in
a very high temperature, which is capable of melting or vaporizing most of the materials. An electric
arc is a continuous discharge, while a similar electric spark discharge is momentary. The electric arc
may occur either in direct current circuits or in alternating current circuits. The electric arc has distinct
structure in which the current density is quite high, and the voltage drop within the arc is small; at the
cathode, the current density may be as high as one million amps per square centimeter [5].

The last type of discharge plasma captured a great attention since its discovery. The stable, large vol-
ume and highly non-equilibrium characteristics of dielectric barrier discharge are evolved and sustained
under suitable conditions at atmospheric pressure. It is highly usable and attractive for the number of
industrial applications, such as sterilization of biological samples [6], deposition of thin films [7], surface
modification and etching [8], aerospace and aerodynamics applications [9, 10], pollution control [11],
ozone generation [12, 13] and plasma display panels [14] prevail at various pressures, which can be used
without any restrictions of low-pressure discharge plasma. The gas discharge plasmas are diagnosed and
employed for different purposes to understand the basic physical insight and to apply as a tool in the
application industry, such as in the lighting industry as well as in electrically excited gas lasers. The
new applications in gas insulation, in high-power electrical switching, and in materials reclamation and
processing are continuously modified with a consistent effort to better comprehend all aspects of the gas
discharges.

In order to investigate and improve the properties of atmospheric pressure discharge, it is essential
to identify and explore the fundamental characteristics and perception of discharge plasma applications.
The computational modeling tool is very attractive and result-oriented in the field of discharge plasma
physics to describe the nature and internal dynamics of different physical phenomenon. This research
work provides an analysis of discharge modelling in different regimes and applies with the help of fluid

modelling technique for the attributes of the atmospheric pressure discharges.

1.2.1 Domains of atmospheric pressure discharge

The atmospheric pressure discharges are classified into three major domains, i.e., partial discharges,
lasers and cold plasma processing [15]. The partial discharge and laser branches are not the topic of
interest in this research thesis but the major emphasis is on the non-thermal plasma discharges. There
are some important and interesting properties of non-thermal discharge plasma, which produce under
variable conditions of atmospheric pressure discharge. The electrons have very smaller temperature

of few electron volts, gas at room temperature and lower frequency regime [16]. The attractive and

12



useful type of discharges are the uniform atmospheric pressure discharges. It further divides into two
modes, such as glow and Townsend modes. The glow and Townsend discharges are two different kinds
of uniform discharge plasma, containing a variety of plasma species, i.e., electrons, ions, atoms, excited
and molecular species. The plasma species can in principle collide with each other, which give rise to
a large number of plasma interactions. As the glow and Townsend discharges are employed for the
analytical purpose, they mostly consider different gases as a discharge operating gas. However, the
modeling work in this thesis is concentrated in pure helium gas and in the presence of small amount
of nitrogen impurities. The major and important chemical processes, occurring in a helium glow and
Townsend discharge will be described here. In addition to the most important collision processes in the
bulk plasma, an overview will be given of the different collisional processes, developing at the walls of

the glow and Townsend discharge chamber.

1.3 Collision interaction of discharge species

As the weakly ionized plasma is composed of large number of species, these species can move in random
directions and collide with each other. The number of plasma processes are tremendous and probably
not all processes are known in the literature. It is therefore not feasible to give a systematic and compre-
hensive overview of all the possible chemical reaction processes. We will explain the most important and
relevant processes for the uniform and filamentary discharges, i.e., elastic and inelastic collision processes.
All other categories of electron collision processes are inelastic and the major inelastic collision processes
are of different types, such as excitation and different types of ionization, deexcitaion and recombina-
tion. The discharge plasma species, such as electrons, single positive atomic and molecular ions play an
important role for the description of atmospheric pressure discharges and the physical explanation of
these processes are discussed in number of text books [17, 18] for different gases. The collision processes

involving multiple charged particles and molecules will be considered in this analysis.

1.3.1 Elastic collisions

Elastic collisions conserve kinetic energy and momentum during the interaction of any type of particles,
i.e., charged and neutral particles. The internal energy of collision species is not changed but only
readjust and exchange the kinetic energy of particles. This redistribution is considerable for the species
with comparable masses but it is negligible for the particles with very different masses. An elastic

collision is represented symbolically as

B+e —B+e
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where B shows the neutral gas atom and e~ is the electron in the above chemical reaction.

1.3.2 Ionization and excitation
The electron impact ionization and excitation are the most important and dominant processes in the
atmospheric pressure discharges. They are represented respectively by the following equations as
B+e — Bi4+e+¢
B+e — B +e

In different gases, the ionization of atoms and molecules by an electron impact is the source of production

of charge carriers in the bulk of gas discharge. The rate of ionization is defined as

dne
< ch )Z =vine = kingne (1.1)

where v; is the ionization frequency, n, is neutral gas species density, k; is called as the rate constant,
which represents the number of ionization events performed by an electron per second. The ionization
process is essential for the self-sustaining of discharge because it is a source of creation of electrons,
which ultimately leads to the electron multiplication. When an electron collides with the neutral atom
B, it may eject the electron from the atom and ultimately, the atom becomes positively charged ion. For
helium, 19.8 and 20.6 eV are the excitation potentials for the singlet and triplet states of metastables.
The minimum electron energy required for the first ionization potential is 24.58 eV, whereas the second
process can already occur at electron energies above 4.0 eV. Although, the first process is much more
important in atmospheric pressure discharge due to the much higher density of helium ground state
atoms as compared to the density of helium metastable atoms [4, 18].

The mechanism of electron impact excitation is the same as for the ionization but less energy is
transferred to the atom, so that no electron can be ejected, it can only jump to a higher energy level
within the atom. The total cross section of electron impact excitation as a function of the electron

energy shows the same behavior as for the case of electron impact ionization.

1.3.3 Stepwise ionization
B +B —B" +B+¢

When two helium metastable atoms collide with each other, they have together sufficient energy (2 times
19.80 eV) to knock off one electron and to bring about the ionization of one of the atoms. The process

is very useful and changes the behavior of atmospheric pressure discharge.
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1.3.4 Penning ionization

The Penning ionization process is the most prominent and effective in a mixture of gases. For example,
when a metastable atom or excimer collides with a neutral nitrogen molecule (Njy), the neutral molecule
can become ionized if its ionization energy is less than the excitation energy of the excited atom [19].
Assume the nitrogen is used as an impurity in the inert gases with the consideration of above condition,

the reaction can be written as

B"+N, — B+Nf +¢

B,+ N, — 2B+NJ +¢

1.3.5 Associative ionization

This process is discovered by Hornbeck and Molnar in 1951 [20]. It is important in the inert gases and
the symbolic representation is

B+B — Bj +¢

The electrons are free to move with the release of small binding energy of ~ 1 eV in association with an

ion and an atom into a molecular ion.

1.3.6 Ion conversion

B"+B+B-—Bj +B

When the positive ions collide with the neutral gas atoms, the gas atoms are converted into molecular

gas ions as well as neutral gas atoms [21].

1.3.7 Deexcitation
B" +e¢ — B+ e

The excited states of gas atoms return to their ground state with the release of large amount of energy.
As the recombination is the inverse of ionization, similarly deexcitation is the inverse of excitation.
Although, except from the metastable levels, the excited levels of the atoms have short life time, and
the electrons return to the ground state in one or several transitions. The photons are emitted during
the transitions of electrons from different energy levels. Our eyes can possibly detect the photons, which
have energy in between 1.7 and 3.0 eV. Hence, the deexcitation processes produce a glow and, therefore

they are responsible for the characteristic name of the atmospheric pressure glow discharge [21].
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1.3.8 Dissociative recombination

The dissociative recombination occurs as a very fast process in the weakly ionized plasma and can be
written as

B"+e¢ +¢ —B+e

The electron-ion recombination is the reverse process of ionization, i.e., an electron combines with a
positive ion to form a neutral atom. From the conservation laws of momentum and energy, it follows
that a simple two-body coalescence is not allowed. However, some alternative recombination processes
can also occur during the coalescence. There are different types of channels in the atmospheric pressure

discharges for the dissociative recombination.
By +¢ — B +B

When the helium ion is molecular, a two-body recombination process is possible because the collision
product can dissociate and the recombination energy is converted into kinetic and potential energy of

the dissociation products [22].

1.3.9 Processes occurring at the walls

When the gas particles strike with the walls of dielectric barrier, different types of phenomena may
occur, depending on the type of particle. An electron may be reflected, absorbed or cause the emission
of secondary electrons. The ions or neutrals may be reflected, implanted, cause secondary electrons
emission or knock out one of the wall atoms. The latter two processes are of special importance for the
glow discharge, and will therefore be discussed in more detail. However, the secondary electrons emission
can possible only from the surface of dielectric barriers, whereas sputtering is more or less concerned
with the material of cathode barrier because the high energy particles are essential for this process. As
the electrodes are covered with the dielectric barriers of variable permittivity for different case studies,

different materials have variable secondary electron emission coefficients.

1.3.10 Secondary electrons emission

When a particle strikes with the barrier surface, an electron can be emitted. Therefore, it is defined as
the ratio of the number of secondary electrons emitted from the dielectric barrier surface to the incident
primary particles. This process is especially important to maintain the glow discharge, i.e., new electrons
can be supplied to compensate for the electron losses at the walls. Secondary electrons emission may

be caused by the bombardment of electrons, ions, neutrals and photons under different conditions of
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discharge plasma. The number of electrons emitted per incident particle is called as the secondary
electron emission coefficient. It depends on the kind of bombarding of particles and their energy, and on
the type of wall material. Normally, the secondary electron emission coefficient for helium and molecular
nitrogen ions is considered in the present research work, i.e., 0.01 for pure helium and He-Ny gas mixture
[23], instead of some special cases. The effect of secondary electron emission coefficient can be analyzed

by the evolution of different discharge parameters.

1.4 Drift and diffusion of charged particles

1.4.1 Drift of charged particles

A weakly ionized gas consists of charged and neutral particles, which can randomly move in various
directions of gas chamber. When an electron collides with a neutral atom, it may produce the electrons
and positive ions, which accelerate along the direction of electric field. The collisions perform an im-
portant role to change the directions of colliding particles in the ionized gas. The collisions between the
charged particles are distinctive in the above mentioned plasma, moreover the neutrals and electrons
sharply collide and enhance the ionization and excitation processes in the gas. The motion of charged
particles along the direction of external imposed electric field is called a drift. Due to drift, the average

drift velocity of charged particles is given by

eE

mu,

Vg = — (12)

where E is the electric field in the discharge plasma, m is the mass of the particle, e is the charge on the

particle, v, is the collision frequency of momentum transfer.

1.4.2 Mobility of charged particles

The random or thermal motion of charged particles has remarkable influence in the gas when the electric
field is absent. However, in the plasma discharges, the electric field is present which transfers energy
to the charged particles from the external applied source. Therefore, the random motion of charged
particles is followed by the effect of electric field strength. In different types of discharges, the mobility
of charged particles is defined as the proportionality coefficient between the drift velocity of a charged

particle and the electric field. For example, the mobility of electrons is defined as

and vg=pE (1.3)
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The electron mean energy is linked with the electric field of ionized discharge plasma, whereas the
mobility is dependent on the electric field. The reasonable effective values of mobility (u,) are considered

for the numerical simulation models.

1.4.3 Diffusion

Diffusion is considered as the transport of particles from higher density to lower density gradient in the
plasma gas. In a similar way, the two separate gases are mixed with each other after a specific interval
of time. For example, a gas contains n number of particles, moving in a specific direction, i.e., along
z-axis. The concentration gradient is proportional to the total number of particles passing through the

unit area of plane per second. The diffusion constant of proportionality is defined as

’1)2

D= (1.4)

"~ 3u,

1.5 Breakdown process in a gas

The atmosphere contains a small number of electrons and ions. At ground level, 10 - 100 positive

3 are present in non-electronegative gases due to the cosmic radiations in the

and negative ions per cm”
atmosphere. The magnitude of ionization rate falls in the range of ~ 1.0 x 10 cm™ s™! for the mentioned
number density. In air, the charged particles are immediately attached with oxygen and their density
increase to ~ 102 cm™. The same number of electrons and ions are available due to these sources when
an electrical setup is developed for the experimental purpose at atmospheric pressure.

In equilibrium situations, the rate of creation of charged particles is approximately balanced by the
rate of recombination in the absence of electric field. Assume a small voltage is imposed on the electrodes,
which produces the electric field and develops a current due to the already existing electrons and ions in
the chamber. The small current cannot disturb the equilibrium situation and the mobilities of particles
are nearly constant under these conditions. Hence, the current density j, is proportional to E. The gas
behaves like a conductor and its conductivity depends upon the rate of ion and electron production,
recombination and mobility coefficient.

As the current density and electric field increase, the equilibrium is disturbed by the formation of ions
and electrons. The major deficiency is observed near the electrodes, where they annihilate and increase
the loss rate in the gas. So, the current decreases with the increase in voltage in these circumstances.

In specific situations, the destruction of total number of charged particles near the electrode is equal to
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the production. Thus, the following relation is employed for the evaluation of current density j as

Jj= dea (1.5)
where d is the distance between the electrodes, e is the charge of gas particles and n is density of the
charged particles per unit volume. When the saturation stage is reached, the current density possesses a
very small value under these conditions. The discharge appears in quite dark form because the emission
is very weak due to the lower rate of ionization. This kind of discharge is not self-sustaining because
of dependence on the external source of radiation. As the voltage is further increased after saturation,
the current starts increasing again after some time. The nature of this increase of current depends on
the gas pressure. The current continuously increases with the rise in voltage until a breakdown voltage
is reached. The value of breakdown voltage depends on the gas conditions, electrode gap, dielectric
material and secondary electron emission coefficient. The characteristics between the saturation and

breakdown voltage fall in the Townsend discharge regime [4].

1.5.1 Paschen’s law

Paschen’s discovered the relationship among the breakdown voltage, gas pressure and gap distance
between the parallel plates in 1889 [1]. In his work, it is proved that the breakdown voltage of parallel
plates reactor is a function of pressure and gap distance. This can be written in the mathematical form

as

Vi = f(pd) (1.6)

for a uniform electric field.
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Figure 1.1. Breakdown potentials in different gases over a wide range of pd values [24, 25].
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This represents the experimental relationship known as Paschen’s law. The graphical curves of break-
down voltage V; versus pd for different gases and electrode material has a unique minimum value. The
smallest value of breakdown is called as the minimum sparking or breakdown potential. It has a value
of several hundred volts. The graph shows some experimental curves of breakdown voltage V; versus
pd. There is huge impact on the breakdown voltage in the case of mixture of two different gases. For
example, a small impurity of argon in neon atoms enhancing the ionization due to Penning effect. This
kind of gas mixture is usually called as Penning mixture. The curves in figure 1.1 display the change
in breakdown voltage for the specific gases. In the range of large pd on the right hand branch of the
Paschen’s curve, the threshold value of V; reduces slowly as pd increases. The breakdown voltage is
consistently increased with pd (slightly slower). This type of behavior emerges because in case of large
gaps and elevated pressures, the electrons can produce the numerous ionizing collisions even at very
reduced electric field. On the contrary, the occurrence of collisions is very small on the left-hand branch
at lower pd. The ionization is possible in case of strong electric field to achieve the required amplification.
The breakdown rises rapidly as pd falls. It means that the sufficient ionization is not present at very
smaller pd, regardless of the electric field strength. The left-hand and right-hand branches enhance the
understanding of breakdown voltage with the pd [4].

1.5.2 Time of breakdown

The breakdown of a gas acts as a final constraint of stationary-state for the Townsend criterion and
Paschen’s law, which maintains the condition of self-sustaining. Let us calculate the time taken by
the gas for the achievement of breakdown. To understand about the individual processes, when a
single electron is created from any source, it is accelerated by the electric field and produces further
electrons in the gap. This process develops an electron avalanche in the reactor gap. It is termed as the
transient process because the electrons production from different sources are mixed with each other. The
breakdown condition means that the individual electron creates a secondary electron, which develops an
avalanche without any restriction on the applied voltage.

Generally, the breakdown process is divided into two parts. First, the time used for the creation of
primary and secondary electrons, which forms a weak avalanche or starts the breakdown. This is termed
as the statistical time lag. Secondly, the time spent for the complete development of breakdown called as
the formative time lag. The statistical time lag is defined in terms of the primary electrons produced per
second from the cathode or in the gap. The source of radiation for the production of primary electrons
and gap size also effect on the statistical time lag. The formative time lag is also defined as the passage
of time elapsed by the positive ions from the anode towards the cathode.

The primary electrons and corresponding avalanche march fastly towards the anode because of high
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electron mobility. The secondary electrons are emitted from the cathode when the positive ions strike
with the cathode electrode. The time taken by the positive ions is greater than the electrons. Suppose
the ions transit time is t;. However, the number of avalanches are occurred before the current reaches

to the breakdown value. The rise in current is measured in terms of ¢;.

1.5.3 Breakdown at high pressure

At very high (pd), the increase in breakdown voltage (V) falls. Paschen’s law is not very suitable
for the high pressure plasma discharges. The formative time lag should be smaller or approximately
equal to the ions transit time ¢;. It is observed that the total time lag for breakdown at high pressure
is much smaller than ¢;. This supports that the breakdown not only depends on the positive ions
bombardment on the cathode but the Townsend theory also plays an important role. Although, there
is no evidence available for the secondary electrons emission before the breakdown. It has been noticed
that the electrons originate from the cathode and move towards the anode, whereas the high luminous
and concentrated streamers travel from the anode and vice versa. These types of result contradict to
the Townsend criterion for high pressure breakdown.

In theory, the space charge is created by an electron avalanche. The electrons are moved abruptly
and reached near the anode, whereas the ions remain at their original location, develop a concentrated
positive space charge layer near the anode and crawl towards the cathode. This process may be very
fast and the rapid movement of the positive space charge towards the cathode forms a streamer. The
streamer reaches the cathode and produces a huge number of secondary electrons. The streamers can

also start from any remote place in the gap.
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Figure 1.2. Formation of streamers at two variable instants of time [4].

Meek has discussed that the breakdown can be possible under the specific conditions, i.e., if the electric

field due to the space charges is equivalent to the imposed voltage at some particular instant of time
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during the discharge progression. When the space charge field, size and ions concentration of an avalanche
and of the first ionization coefficient («), comparing it to the imposed electric field, then the Meek’s
criterion is obtained. This provides a reasonable agreement with the experiment.

Townsend theory still provides a sufficient explanation for the breakdown. It is observed that the
Townsend process may occur under specific conditions but is absorbed in the streamer process at high
pressure. Townsend mechanism is possible when the applied voltage is equal to the breakdown voltage

(V) or just exceeds (V) [17, 24].

1.6 Electrical model of dielectric barrier discharge

Let us consider a plane discharge gap of sufficiently large length L between the solid flat surfaces.
Suppose the electrodes are insulated from the plasma by the dielectric plates, with dielectric constant
and thickness [. For simplicity, assume € = 1 in the formulation of equations. The continuity equation
for the space charge density p, the equation of electrostatics, and Ohm’s law for the conduction current
in the plasma is given by,

% , % 2

ot o Oa o TP, J a ( 7)

where j; is the conduction current density at variable distance x and FE is the electric field in the gap.

The total current is the sum of conduction and displacement currents and can be expressed as

5O =+ e =+ o (18)
which is free of coordinate z at each moment of time. Suppose an electrically neutral plasma is present
in the gap except near the boundaries of the dielectric barriers, where the changes due to polarization are
concentrated. The charges are called as surface charges. This is equivalent to assuming the homogeneity
of plasma in space. For example, if p = 0, then E, j; and o are independent of z. On the contrary,
consider a homogeneity in the gap and the plasma is electrically neutral. The surface charge density in
the plasma and electrodes are represented by ¢; and q respectively. The dielectric layers do not allow
them to pass through into the plasma. The direction and sign are assigned to the charges and electric

field at a certain time.
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Figure 1.3. Section of discharge chamber and electrical circuit of the discharge device.

By using the general electrostatic equations, the electrode-insulator and insulator-plasma interfaces are
taking into account that the field in the metal is negligible owing to its very high conductivity. It is
found from the figure 1.3 that the surface charge density in the plasma and at the electrodes can be
written as

eEp = 4mq, E —c¢FEp = —4nqq (1.9)

where Ep is the electric field in the dielecric barrier and use the continuity equation for the same
boundaries, then
. dq .

— _ 1.1
hi=—r 4= g (1.10)

where 7 is the current in the external circuit and S is the area of the electrodes. A combination of
equation (1.9) and (1.10) implies that the current i(t) in the external circuit coincides with the total
current in each dielectric and in the gap. This exhibits the law of conservation of the total current due
to conduction and displacement along the entire electric circuit.

Potential drops across the layers do not exist within the framework of the assumption of the surface
nature of charges at the plasma boundaries, that is, of zero thickness of these space-charge layers.
The voltage drop across the upper and lower dielectric barriers and the plasma can expressed in the

mathematical form as

V =2Epl+EL (1.11)
Equation (1.10) can be written as
8l nL . . . . .
V=7q+17, h=dmolg—q), q=5, q=] (1.12)

which determine the current and the parameter ¢ is called as conductivity. The conduction current travels
through the active impedance and the displacement current passes through the plasma capacitance, with

11+ igis = 1 [4]
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1.7 Computational modelling of discharge plasma

A computational model is a mathematical model that requires extensive computational resources to study
the behavior of a complex system by computer simulations. The system under study is often a complex
nonlinear system for which simple, intuitive analytical solutions are not readily available. Rather than
driving a mathematical analytical solution to the problem, experimentation with the model is done by
changing the parameters of the system in the computer, and study the differences in the outcome of
the experiments. The different types of theories of operation for the simulation model can be deduced
from these computational experiments but this field is emerging with various kinds of new applications.
The discharge plasma modelling is also a branch of computational modelling under idealized conditions.
It is possible to explore the discharge characteristics by applying this approach. The goal of discharge
modelling is to develop an understanding of the physical features and aspects of discharge plasma, such
as electrical characteristics and utilization of applied power, and may be even a set of “Scaling rules”
that exhibit the modification of discharge species parameters as a function of process input quantities
[25, 26].

A computational model is used to represent the system of differential equations, data, and assump-
tions, which correspond to the original physical phenomena under specific constraints. Although, the
simulation results are obtained from the numerical solution of system of differential equations under dif-
ferent constraints of boundary conditions. Now a days, the computational models are considered to make
a bridge between the experimental and theoretical branches of physics. For example, the gas discharges
can provide a useful solution with the help of computational modelling. The computer machines are
excellent tools in modern industry to solve the large system of partial differential equations for various
assignments. The numerical models can be used for the implementation of real time problems, like flight
simulator, computational fluid dynamics simulations of flowing air, water and other fluids, etc. In the
past few decades, the number of numerical models have been developed, which can be used for different
research purposes successfully.

In the fluid approach, the moment equations are derived from the Boltzmann equation to describe
the macroscopic quantities, such as species density, momentum and electron mean energy [27, 28, 29].
The space and time variations of these quantities provide the structure of macroscopic quantities. The
implementation of secondary electron emission coefficient is considered as the boundary condition in
the fluid model. To understand the influence of space charge, Poisson’s equation is coupled with the
moments of the Boltzmann’s equation. Consequently, the discharge plasma is described by the help of
above mentioned system of equations. There are some assumptions, which make the implementation of
fluid models quite difficult. The system of fluid model equations depends on the input data, which is

evaluated from the solution of Boltzmann equation in the uniform electric field. With the consideration
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of all assumptions, the fluid theory can only be applied over a limited range of discharge conditions.
However, in the case of atmospheric pressure discharge, the fluid models have proved to be very useful
in helping to understand the basic discharge properties and in predicting trends [9, 11, 12, 15]. The fluid
model simulations are computationally efficient and can simulate the time evolution of a discharge in
multi-spatial dimensions within a manageable period of computation time.

Kinetic models describe the distribution function of particle velocity at each point in the discharge
plasma and they are generally more computationally difficult and intensive than the fluid models. Par-
ticle modelling is useful method to extract kinetic information, such as distribution function, reaction
rates, etc., self-consistently and to study the transport of particles across the discharge volume simulta-
neously. In Particle-in-cell simulation technique, the superparticles represent the position and momenta
of charged particles instead of real particles and the equation of motion for superparticles is solved along
with the Poisson’s equation. However, the collisional effects are included by using the Monte Carlo
treatment. As there are no assumptions for the Particle in cell simulations, they can be applied over
a wide range of discharge conditions. The particle models require large computational effort for the
numerical simulations, so they are not suitable for the complex geometries and chemistries. They are
more often used to validate the fluid models for different scientific problems [26].

Another approach is now considered and applied in different scientific disciplines, usually called as
hybrid models [29, 30]. In hybrid models, one part of the particles is described by the fluid model
equations, and the other part is treated with a Monte Carlo simulation model. The fluid model equa-
tions satisfy the atmospheric pressure discharge conditions for their physical description. The discharge
conditions of microdischarges are on the edge of what can be reliably simulated with a fluid model.
However, the simulation of the rather complex operation of these discharges absolutely demands the

computational efficiency of the fluid approach.

1.8 The scope of this thesis

The main objective of the research work presented in this thesis is to obtain a multi-dimensional drift-
diffusion self-consistent fluid model, which is suitable for the numerical simulations of the atmospheric
pressure dielectric barrier discharges, which helps to understand the uniform and filamentary behavior
of discharge plasma, and which can be used as a tool for the understanding of dielectric barrier discharge
operating conditions and gas composition.

Chapter 2 provides the details of the two-dimensional mathematical formulation of fluid model in
the stagnant and flowing helium gas in the presence of nitrogen impurities. The boundary conditions

are discussed and described for the parallel plate reactor geometry. The gas temperature equation is
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also solved numerically by the effect of heavy particle species. Chapter 3 illustrates the finite difference
formulation of three-dimensional fluid model and the numerical algorithm for the solution of partial
differential equations in three-dimensional space. Chapter 4 examines the one-dimensional fluid model
results and the spatio-temporal characteristics are explored for different sets of input parameters. Chap-
ter 5 enhances the understanding of properties in the uniform and filamentary atmospheric pressure
discharges with two-dimensional fluid model in the stagnant bulk gas. The space and time variations
of discharge parameters are investigated and discussed the behavior of discharge plasma under different
conditions. Chapter 6 analyzes the overall effect of bulk gas flow and the behavior of discharge plasma
is explained by the influence of bulk gas flow. Chapter 7 elaborates the characteristics of real time
three-dimensional fluid model simulations of atmospheric pressure glow and filamentary discharge. The
origin of non-uniformities is inquired by using three-dimensional fluid model. Chapter 8 summarizes the

brief conclusions of present research work.
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Chapter 2

Formulation of system of fluid model

equations

2.1 Introduction

This chapter gives a brief review of the multi-dimensional self-consistent fluid models in the presence of
pure helium and He-Ns gases at atmospheric pressure. The discharge properties, such as transport of
particles, transport of momentum, transport of energy, plasma chemistry, space and surface charge
density, and electric field are described to explore the detailed insight of the atmospheric pressure
discharges. The geometry and configuration of discharge plasma reactor play an important role to inquire
the characteristics of atmospheric pressure discharge under different conditions. The mathematical
formulation of system of fluid model equations is investigated with a proper set of boundary conditions
for the simulation domain. The relationship among different physical quantities in the bulk gas is
established with the fluid model equations. The surface processes of dielectric barriers are incorporated
as the boundary conditions for the basic fluid model equations by using variable secondary electron
emission coeflicient for different cases. The input data for the fluid model simulations is presented by
displaying physical quantities graphically with the literature source references. The multi-dimensional
fluid model for the atmospheric pressure discharges provides many additional features as compared to
the previously described fluid models.

In this chapter, Section 2.2 displays the parallel plate dielectric barrier discharge geometry with
precise description. Section 2.3 outlines the system of equations for the fluid model in the stagnant bulk
gas. Section 2.4 explains the fluid model in the presence of bulk gas flow and concentrates on the gas

temperature equation. Section 2.5 solves the Poisson’s equation for the profile of electric field strength.
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Sections 2.6 and 2.7 focus to enhance the understanding of the Scharfetter-Gummel exponential scheme
and the boundary conditions of coupled system of fluid equations. The additional features of present
fluid model are discussed in section 2.8. In section 2.9, the input data is described for the fluid model

in case of pure helium and He-N, gases.

2.2 Parallel plate dielectric barrier configuration

Let us consider a parallel flat plate electrodes discharge geometry and the dielectric barriers are attached

with the electrodes as shown in figure 2.1.
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Figure 2.1. Parallel plate dielectric barrier reactor with driven and grounded electrodes in the presence

applied sinusoidal voltage.

A sinusoidal voltage is imposed on the driven electrode and the other electrode is grounded. The
front dielectric barrier surfaces, i.e., ABCD and EFGH are directly linked with the discharge plasma
in the positive and negative half cycles of sinusoidal input voltage. The dielectric barriers have smaller
widths as compared to the gap width. The combination of d1 and d2 represents the area of cross
section (d1xd2) for the incoming gas, while the coordinates z, y and z represent the three-dimensional
geometrical arrangement. The objective of this chapter is to formulate a mathematical fluid model
in such a way that the parallel plate dielectric barrier discharge configuration is employed in the two
dimensional cartesian form. The electrodes are covered by the dielectric barriers of variable width and a
gap width (d1) between them for different case studies in this thesis work. The discharge is ignited in the
open rectangular area near the dielectric barriers alternatively and the vertical discharge symmetry is
assumed in the (z-y) cartesian coordinates as shown in figure 2.1. The different types of impurities always
exist at atmospheric pressure and the influence of nitrogen impurities is considered in the simulation

model because the ionization potential of nitrogen is smaller than the excitation of helium atoms. The
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number of studies discussed the effects of the variable amount of nitrogen impurities present in the
helium discharge [31, 32, 33]. The drift-diffusion flux approximation is used for the continuity equations
and electron energy density equation. However, the semi-implicit sequential iterative scheme is used to

solve all the plasma fluid model equations.

2.3 Description of fluid model equations

The Boltzmann equation is considered to provide the distribution function of discharge plasma species,
which depends on the space, time and velocity. The Boltzmann equation in three-dimensional form can

be written as

8fsp(l‘, Y, Zat)

a S b) ) 7t
ot + V-stp(%y’z,t) + asp~vasp(x7yuzat) = (fp('ryz)> (21)

ot

where sp corresponds to the different discharge species, V,, stands for the gradient in velocity space, V
represents the gradient in the (z, y, z) space. The variable as), is the acceleration of discharge species and
can be mathematically expressed as ag, = %, My is the mass of different discharge species. The R.H.S
of equation (2.1) describes the elastic and inelastic collision processes that result in the redistribution
of species (sp) in velocity space as well as the creation and destruction of discharge plasma species.
It is very difficult to solve the Boltzmann equation for the number of discharge problems due to the
strict restrictions. The distribution function contains a large amount of information and generally,
the complete information is not necessary for all physical problems. Thus, an adequate approach is
used to describe the information of macroscopic properties of discharge plasma based on the moments
of Boltzmann equation. The Boltzmann equation can provide the infinite number of moments but a
finite set of moments is considered in the present simulation model to examine the atmospheric pressure
discharge behavior. The first three moments of Boltzmann equation, which provide the equation of mass,
momentum and energy balance for each species. The derived macroscopic quantities of hydrodynamic
fluid model are present in the distribution function of the Boltzmann equation (2.1). The fluid approach,
in which the behavior of the charged particles in a weakly ionized gas is described by the particle density,
momentum, and energy density balances obtained from the moments of Boltzmann equation, is well
known [34, 35]. The mathematical procedure for the derivation of moment equations is not covered here
and the details can be found in the number of elementary books [26, 36]. The weakly ionized discharge
plasma exists at atmospheric pressure in the present simulation model, whereas the electrons and ions
behave in a non-equilibrium fashion. For simplicity, the ions and neutral particles are assumed to be in
equilibrium with the gas temperature and obey the equation of state. The above mentioned moments

of Boltzmann equation are also coupled with the Poisson’s equation for the electric field. Given the
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lower ionization degree, the density and temperature of the gas particles are assumed to be constant
and unaffected by the discharge. The first moment of Boltzmann equation, usually called as the particle

balance equation can be written in the z-y plane as

8n5P(xay7t) + aq’b‘pm (x,y,t) i a(I)spy (x,yﬂf)

ot oz dy = Gop = Lp (2:2)

where ¢ stands for the time; n,(, y, t) represents the particle species density, ®,, (z,y,t) and ®, (z,y,t)
correspond to the flux calculated by the drift and diffusion parts in the = and y directions, G, and
L, denote the generation and loss of each type of charged particles in the gas by different collision
processes, which are calculated from the reaction rates of the chemical reactions. The discharge species

flux is calculated by the drift-diffusion approximation of the momentum balance equation as

(2.3)

677’8 iC, y, t
(I)Spm (1" Ys t) = Sgn(‘]SP),u'spEmnsP(xa Y, t) - Dsp <p())

ox

and similarly, the expression for ®,, . Here E, and E, are the electric field strengths in the z and
y directions, g is the particle charge, p,, is the mobility and Dg, is the diffusion coefficient. The first
term represents the drift of the particles due to the electric field strength and the second term defines
the diffusion of the particles due to the concentration gradients. The Einstein relation is valid for the

transport of charged particles and the mathematical form is given by

D _ kel (2.4)

J q
where kp is the Boltzmann constant and T is the particle species temperature, corresponding to the
energy of the random particle motion. The local field approximation is not useful for the electrons but
can provide satisfactory results for the ionic species in the specific pressure ranges. This approximation
develops a direct relationship between the particle energy distribution and the electric field. The trans-
port and rate coefficients are regarded as a function of the electric field. These relations can be found
in the literature as a result of experiments and classical theories [37]. In particular, the ion diffusion

coefficients are found from the mobilities by the Einstein relation (2.4), in which the ion temperature is

related to the electric field by [38, 39)

m+m
kT = kgT, + ——9— E)? 2.

where T} is the gas temperature, m and m, are the ion and gas particle mass respectively. When the

accelerated charged particles gain energy through the electric field, the energy is balanced by the local
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collisional losses and this approximation is called local field approximation. The local field approximation
is not suitable for the treatment of electrons due to the less effective energy transfer between electron
and neutral collisions. In this research work, the electron transport coefficients and rate coefficients of
electron impact chemical reactions are supposed to be a function of electron mean energy. Therefore,
the transport coefficients of gas can be written as a function of electron mean energy [40, 41] with the

following relations:

He = Me(g)’ D, = De(g)’ k= k(?) (26)

where the subscript e refers to the electrons and the electron mean energy € is evaluated from an
electron energy balance equation. Here k is the rate coefficient for the different collisional processes. For
simplicity, we consider room temperature (300 K) as the gas temperature for the ionic species in the
stagnant bulk gas of atmospheric pressure discharge. To find the electron temperature in the gas, the

electron mean energy is calculated by using the electron energy density balance equation as

one(z,y,t) N 0P, (z,y,t) N 0P, (z,y,t)
ot ox Jy

=S (2.7)
In this equation, n. is the electron energy density and written as a product of

ns(xvyat) = ne(x’yvt)g(m’yvt) (28)

where € is the electron mean energy and n. is the electron density. The electron energy density flux in

the drift-diffusion form can be expressed as

5 5 one(x,y,t
(I’Ez (x,y,t) = _gueEmne(mv%t)_gDe <((91‘y)) (29)

and the similar expression of ®. in the y - direction. The source term for the electron energy density

is composed of the following terms as
S, = —e®,.E—n, Zakrn,. (2.10)

where —e®,.E shows the joule heating, which is developed by the electric field and ne(z, y,t) > &-k-n,- (2, y,t)
T

expresses the electron energy losses due to the elastic and inelastic collisions, respectively. The summa-

tion in the last term is only over the electron impact reactions, with n, the density of the target particles

and €, is the threshold energy for the particular process.

31



2.4 Fluid model in the presence bulk gas flow

The fluid model equations of discharge species are modified with gas flow and their description provide
the better understanding of the effects of bulk gas flow. We now proceed to formulate a multispecies
multitemperature two-dimensional fluid model in such a way that the parallel plate dielectric barrier
discharge configuration is employed in the presence of He-Ny bulk gas flow under specific boundary
conditions. The fluid model equations are changed in the presence of bulk gas flow and modify their
mathematical representation. Thus, the continuity equation for the discharge plasma species in the

presence of bulk gas flow can be written as

Onsp(z,y,t) n O(Psp, + Nsp Vi) N (P, +14pVy)
ot or dy

= Gap— Ly (2.11)

Here, the variables in equation (2.11) are defined in the previous section except V =V,i+V,j, here V
is the imposed bulk flow velocity, V, and V, are the components along the z and y directions. The
parabolic profile of bulk flow velocity is calculated by the following expression V, = %2 (%)Qi for y < 6
from the lower and upper parallel plate and V, = Vi for y > § corresponding to a turbulent boundary
layer profile [42, 43]. The variable § is the turbulent boundary layer thickness that is supposed to be
0.1 cm on both sides of barriers inside the reactor because of smaller gap width, i.e., 0.5 cm. The
state of gas is determined by its pressure, volume, and temperature according to the ideal gas equation.
Suppose an ideal gas contains N number of gas particles per unit volume, which exert a pressure P on
its surrounding. The standard symbolic form of ideal gas equation can be composed of the following

terms as

P =nkpTy +nckpTe + Y nykpT, (2.12)

P
where n is the background species density, T, and T, are the gas and electron temperatures, here p
represents the discharge species instead of electrons, such as He', He;7 N; , He" and He; in He-Ny gas.

The gas temperature equation is calculated by using the following relation [44] as

ang(xayat) + 8(¢Hm + %ng‘/-'l) + 8((1)_% + %ng‘/y)

5 - 5 =5, (2.13)

where the subscript g corresponds to the gas temperature. In this equation, ng is the gas temperature
density and written as a product of
P

ng = Z Nphp sens and  hp sens = CprTy is the sensible enthalpy (2.14)
p=1
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where P, covers the heavy gas species (He™, Hey, Nj, He" and He;) and C,j corresponds to the
specific heat at constant pressure, here Cpr, = %ij for the monatomic species, i.e., carry energy due to
translational motion and Cpi = %kB for diatomic species, i.e., carry energy with the translational and
rotational motion because of the quantization of vibrational and to a smaller extent, rotational states.
The flux of bulk gas energy density in the drift-diffusion form can be expressed as

5 5 ong(z,y,t)
(I:'gw (.’L‘,y,t) = _§MpE;e),];fng(x7yat)_§Dp <gax (215)

and the similar expression for ®, in the y direction. The source terms for the gas temperature equation

is comprised of the following parts as

Sg = JHEH electric field + ETThermal Conduction + ELEIastic"’ ELInelastic (216)

where JH g electric fietld = € Y, Zp(®p+n, V). Eefp shows the joule heating of ionic species, ETThermal Conduction
p

= V.(n,VT}) corresponds to the energy transport due to thermal conduction, ELgjastic = %k BT fr::*“ (T.—
b

Ty)Te,p, illustrates the energy loss due to the elastic collisions with the background gas atoms and mole-
Ig
cules, and ELyelastic = € >, AESR; represents the loss of energy due to electron-impact inelastic colli-

i=1
sions, respectively. The thermal conductivity 7, of the gas species is defined as 1, = gnkk]ng€7 where
the collision frequency between any species k and the background species kj is calculated as vy, ¢, =

Nk, Ok, k,Ji- Here, the term o, 1, represents the hard-sphere momentum transfer cross section for the

1
collision and g, is the average molecular speed of species k; where the term is given by gr = (%) ’
hoRp
and my, 1, = % is the reduced mass of species k with k;, [45].
’ b
2.5 Formulation of Poisson’s equation
The Poisson’s equation for the electric field is expressed in the two dimensional form as
0(eE;) O(eEy)
5w oy = Zp:qpnp (2.17)

where ¢ is the relative permittivity of the dielectric barrier material, £, and E, are the electric field
strengths in z and y directions that depend on the space charge density (gpn,). This can also be written

in the two-dimensional electric potential formulation as

0? 0°
éifa) N ézfa) — =S g (2.18)
P
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where ¢, is the electric potential in the rectangular gap. The electric field strengths in both directions

are calculated from the change in the electric potential along z and y axes as

_0¢4(x,y,1)

09, (x,y,t)
oz » E

E, = = o

(2.19)

The effective electric field is calculated for the ions transport equations and the procedure is described

as
OBt f

af; = vess(E — ESYT) (2.20)

where vepr = ﬁ, g; is the charge on the ionic species, u,; is the mobility of ions and m; is the

corresponding mass of ionic particles, E;f f is the effective electric field for the ionic species of discharge
plasma and F is the resultant electric field in the discharge plasma. Therefore, the effective electric
field ng f is used for the evaluation of ionic particle balance equation in the discharge fluid model and

described in [26].

2.6 Scharfetter-Gummel exponential scheme

This scheme is employed for the discretization of transport terms in the fluid model equations. The SG!
scheme is a special finite difference method and different types of interpretations are available depending
on the applications [46]. The term Z; 1408 used to calculate exponential functions in the discretized

fluid model equations and can be expressed according to the following technique as

sgn(@)pis 1 ; sgn(@) it L ;
Lo = e ( o u>a:72’ E, . Az, 2.21
i+5.] Di+§,j (¢“)l+1aJ (¢a)w Di+%7j i+5.] (2.21)
Here, a is a unit vector and the particle flux can be written by the substitution of Ej1,=- <%) a
as 4
Z;\ 1, D, e 50 D s
_ 55] T, 57,7 i+1,5M0+1,5 o . )
Qi1 = Ax it = ol n;j — B jni1; (2.22)
where p
Zii1jD;jethi Ziyij Diy1,j

/Bli,j =

Az 6Zi+%,j _ 17 Az 6Z77+%=j -1
The main advantage of Scharfetter-Gummel exponential scheme is to provide numerically stable estimate
of the particle flux under different conditions. We consider the variable cases with |Z, 1 4l >>1and

Z; 1 ;| << 1 because these approximations provide the drift and diffusion parts of flux. It has been

1SG: Scharfetter-Gummel
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observed that the solution of partial differential equations are stable by using the SG scheme. The

influence of these conditions discussed in [47] for the particle flux of discharge plasma. Hence, the

particle flux can be written as

b . = 1 E
1+35,] eZi+%'j 1 1+5,7 i+%-,j
ok o .
Py _ nlde n74+17] E
H‘%J - ek -1 'UJH‘%J i+%,j

where k=2, 1 ;. When [Z;, 1 ;| >>1

‘I’i+é7j

—k
TLij — Nj4+1 je
P L i Mt A— . . = ;L . .
’ul‘*‘%aJEH%.j nl’J’uH‘%v]EH%.j

k——+o00 1—ek
N % — i
= lim = . .. E T O
k——o0 ek —1 it i+ Z+17‘7'ul+%’j it+3.d

(2.24)

(2.25)

(2.26)

The above equations (2.25 and 2.26) show the drift flux of particle species in the discharge plasma.

When |Z; 1

P

4l <<1

i+3.,

..ok . . .ok ) D1
. My G€T — Mg, Ny Ge7 — My, i+3,]
hm”k—wiJrle-l.:hm ”k i1, g, 2
k—0 ek —1 27 it g.d k—0 el —1 Ax
) ) d .ok . .
D’LJ"%J lim dk {k I:nZ*Je - n"i’laJ}}
Afﬂ k—0 % [ekf — 1]
o k
Dity.j i i (L R)E” — it
Az k—0 ek
Mit1,j = Mij
Poda™ Az

(2.27)

This equation (2.27) corresponds to the diffusion part of particle flux and these estimates are derived

by applying the approximate conditions to the particle flux of discharge species along x - direction.

Similarly, the term (Z; ;) is approximated for other directions of discharge geometry.

2.7 Boundary conditions for the fluid equations

The exact description of physical phenomenon is not possible without proper implementation of boundary

conditions. In regard to the atmospheric pressure discharges, the meaningful boundary conditions are

applied for the fluid model equations on the rectangular simulation domain as shown in the figure 2.2.
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Figure 2.2. Rectangular simulation domain with its boundaries.

The two types of boundary conditions are assumed in the present simulation domain. One deals with
the solid dielectric barriers and other with open boundaries. A set of Von Neumann symmetry boundary
conditions are imposed on the virtual boundaries designated by AC and BD, whereas the Dirichlet
boundary conditions are considered for AB and CD solid electrodes. Therefore, a zero abscissa derivative
is supposed for the discharge species density, electron energy density, gas energy density and electrical

potential at = 0 and « = L (Barrier Length), which can be written in the mathematical form as

W - 0, (p=-e,i,n,g and ) (2.28)
99a(z,y,t)  _
@ _ 0 (2.29)

where e, i, n, g and € correspond to the electrons, ions, neutrals, gas energy density and electron energy
density. As the Dirichlet boundary conditions are applied on the physical solid boundaries [37, 48, 49],
Therefore, the flux of the heavy particle species, electrons, electron energy density and neutrals at the

solid dielectric boundaries are expressed as

®,n = (26— 1)sgn(qp)upEfo.nnp(9:, y,t) + %vth’pnp(x, Y, 1) (2.30)

®.n = —(28-1)pEnn.(z,y,t)+ %vthyene(x,yj) —-2(1-p) Z'yp@p.n (2.31)
P

d.n = —(28- 1)§,ueE.nns(x,y7t) + %vth,eng(x,y,t) (2.32)

$,n = %vth’nnn(x, Y, 1) (2.33)
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where n is the normal vector pointing towards the dielectric barriers; Here Ef,f f is the effective electric
field for the particular ionic species and the vy, p, is the thermal velocity of discharge species and can be

written as
8kpT),

Uth,p =
m™m
P

here kp is the Boltzmann constant, 7}, is the gas species temperature and m,, is the particle species
mass. The vy, represents the thermal velocity of discharge species at the gas temperature (300 K).
The integer number 3 is set to one if the drift velocity is directed towards the dielectric barriers and to

zero otherwise

8 1 sgn(q)pEn >0
0 sgn(q)pEn <0

where ,, exhibits the secondary electron emission coefficient for the ionic species and is defined as the
average number of the electrons emitted per incident ion. The secondary electron emission coefficient
for He", He; and N3 ions is considered as 0.01 in the present simulation model.

Suppose a sinusoidal voltage is applied on the large flat plate electrodes, which provides the electric

potential along the electrode surface and satisfies the Dirichlet boundary conditions as

4, = @ sin(2m ft) at driven electrode (2.34)

0 at grounded electrode
where ¢, is the amplitude of the applied voltage on the driven electrode, f is the driving frequency for
the simulation domain and ¢ is the time elapsed for the discharge progress. The list of the chemical
reactions between the active discharge species are described in the tables 2.1 and 2.2 with their reaction
rates and source references. The charges are accumulated on the dielectric barrier surfaces during the
operation of atmospheric pressure discharge and the surface charge density oy is taken into account by

using Gauss’s law [37], which can be calculated by the equation:
Os (.’17, Y, t) = 80‘(':7‘]'?‘dielectric-I’I_EO:Epl'cLsmau-n (235)

where Egiclectric and Epjasma are the electric fields at the dielectric surface and outside the dielectric
barrier material respectively. The discharge current density j is calculated by using Sato’s equation [50]

in one-dimensional formulation with time-dependent applied voltage as

d
j= 21(@ —®,)dz + Jp (2.36)
0
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where the first term is composed of fluxes (®; and ®.) of charged particles on the surface of dielec-

tric barriers and second term (Jp) represents the displacement current, i.e., Jp = gg aa‘;“, here V, is the

amplitude of applied voltage and ¢ is the permittivity of free space.

2.8 Major features of fluid model

1. The electron temperature is calculated from the solution of electron energy density equation rather

than implying so called the local field approximation.

2. The chemistry set is composed of all major processes, such as ionization, excitation, stepwise
ionization, charge transfer, Penning ionization and dissociative recombination through multiple

channels in pure helium as well as in He-Ny mixture.

3. An effective electric field is employed for the numerical solution of ionic particle balance equations.

The equation for the evaluation of effective electric field has been explained in section 2.5.

4. The constant bulk gas flow velocity is introduced in the reactor chamber along the horizontal

direction by using the parabolic profile.

5. The gas temperature equation is solved due to the effects of heavy particle species (He', Hey , N,

He" and He;) in the stagnant and flowing atmospheric pressure discharges.

2.9 Input data for the simulations of atmospheric pressure dis-
charge

The two dimensional simulation model is composed of the following species, such as electrons, atomic and
molecular ions (He™ and He] ), helium metastables and excimers (He  and He,) and molecular nitrogen
ions (N3 ). The helium excited states (2°S and 2'S) are grouped into single form He" and Hey(a® 3.)
is represented as He;. The model is based on the continuity equations for the plasma particle species,
electron energy equation, gas temperature equation, and Poisson’s equation for the electric field. The
list of chemical reactions between the active discharge species are described in the tables 2.1 and 2.2
with their standard symbolic form, reaction rates and source references. The table 2.1 represents the
chemical reactions in pure helium gas, whereas the table 2.2 corresponds to the additional reactions for

the nitrogen impurities.
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No
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

Table 2.1: List of chemical reactions with reaction rates in pure helium gas

Symbolic Form

He + ¢ — He™ + 2¢

He + ¢ — He" + ¢

He' + 2He — He; + He

He' + He" — He' 4+ He 4 ¢
He" + He' — Hej + ¢

He* +e¢ — He + ¢

Het +e +e¢ — He + e
Het + He + ¢ — He + He"
Hej +e¢ — He" + He

He; + He + ¢ — 3He

He" + 2He — He; + He

He, + He, — Hey + 2He + e
He' + He, — He' + 2He + ¢
He" + He, — Hey + He + e

Reaction Rate

Boltzmann Solver (BOLSIG+)
Boltzmann Solver (BOLSIG+)
1.5x1073" cm® s7!

2.9x10 cm? st

2.0x10 cm? s

2.9x10? cm? st

7.1x102% cmb 57!

1.0x10727 cm® st

5.3x1077 T)9 cm? s
2.0x10%7 ¢cm® s

1.3x103% cm® !

1.5x107 cm? !

2.5x10 cm? st

2.5%10 em? st

Source

ot ot Ot ot Ot gt gt ot
ot o Ot =2 NNe) Tt

W

L e e i A = A =L R L e et

ot

55
[55]
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As the nitrogen impurities are introduced in pure helium gas, then the helium gas atoms interact

with the nitrogen molecules and the major chemical reaction scheme is represented in the following table

as

No
R1
R2
R3
R4
R5
R6
R7
RS

Table 2.2: List of chemical reactions with reaction rates in He-N» gas

Symbolic Form

Ny + e — Nj + 2e

Ny +e +e— Ny +¢
Ny +e —N+N

He" + Ny — He + NJ + ¢

He" + Ny + He — 2He + Nj + ¢

Hej + Ny — 2He + Ny
He; + Ny + He — 3He + Nj
He, + Ny — 2He + Nj + ¢

Reaction Rate

4.5x10°7 Tgo'ge% em? s
5.6x10727 T8 ¢cmb st
2.0x107 cm? st

5.0x10°'" em? st

3.3x1073% emb 7!

1.1x107 cm? s!

1.3x10% ¢cm® st

3.0x10°" cm? st

Source
[53
[53
[5
[
[

[
59
60

[SA S
Ne) =)

t

S L o v o v »w »

Some reactions in the above tables are a function of the electron temperature T, as shown in the

tables 2.1 and 2.2. The electron temperature T, is calculated from the solution of the electron energy

density equation that consider all the elastic and inelastic energy losses due to the electron impact re-

actions. The electron mobility and the reaction rate coefficients of the electron impact reactions are
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evaluated with the freeware Boltzmann solver BOLSIG+? [51], which consider the electron energy dis-
tribution function in uniform electric field with a set of cross sections. The reduced diffusion coefficients
and mobilities of ionic species (He™, He; and N3 ) in pure helium and He-N, gases are calculated from
the data available in [30, 52]. The diffusion coefficients of the neutral species, Dy, = 4.116 cm? s,
Dy, = 2.029cm? 57! [53], are used in the present simulation model. The Scharfetter-Gummel exponen-
tial scheme is employed for the discretization of transport terms in the continuity equations of discharge
species and electron energy density equation as described in section 2.6.

The reactions taken into account in the fluid model simulations of the atmospheric pressure discharges
are listed above in the tables 2.1 and 2.2. The reaction scheme described in the tables 2.1 and 2.2 is
composed of all major chemical processes, which analyses the behavior of atmospheric pressure discharge
in pure helium and He-Ny gas. We consider a two-dimensional uniform grid of size 34x34 cells, which

fulfils the criteria for the reliable simulation results according to [10, 54]. The cartesian grid consists of

straight lines along the horizontal and vertical axis with equally spaced intervals Az = ﬁ, Ay =

x

((Ce;l%)‘, where BL? and GW* correspond to the barrier length and gap width along the 2 and y directions.
The f)lasma fluid model equations are solved on the entire grid, except inside the electrode areas.

We use constant secondary electron emission coefficients for different mixtures of the atmospheric
pressure discharges. The dependence of SEEC® on the reduced electric field is ignored because the data
contains few contradictions in this area [61]. However, the dependence of electric field is prominently
associated with the backscattering of emitted electrons as discussed in the literature. As follows from our
discussion in Section 2.3, the exact understanding is not enhanced when such field-dependent secondary
emission coefficients are coupled with the fluid model boundary conditions of electron transport. The
secondary electron emission coefficient is not so effective due to the metastables and excimers, so the
SEEC? is ignored for the neutral discharge species [37].

The metastable-metastable ionization processes (R4 and R5 of table 2.1) produce electrons at 15 -
19 eV of energy, which is not enough to excite or ionize helium atoms but at the same time too much to

be efficiently lost in elastic collisions. In pure helium, the metastable-metastable ionization performs a

substantial role for the description of atmospheric pressure discharge.

2BOLSIG+: Boltzmann’s Solver

3BL: Barrier length

1GW: Gap Width

5SEEC: Secondary electron emission coefficient
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Figure 2.3. Electron mobility versus electron mean energy with 20 ppm Ny impurities in He-Ny gas [51].
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Figure 2.4: Rate Coeflicients of electron impact reactions with 20 ppm nitrogen impurity, (a) He elastic
(b) He (2 3S) excitation, (c) He (2 'S) excitation, (d) He direct ionization, (e) Ny elastic and (f) Ny

direct ionization [51].
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Figure 2.5. Ton mobilities of He" and He; ions in Pure helium gas [38, 62].

The spatial variations of electronic and ionic mobilities in pure helium and He-N, gases provide the
insight and intuition of their evolution with the reduced electric field for these particular cases as shown
in figure 2.3, 2.4 and 2.5. In He-N5 mixture, the values of mobilities and diffusion coefficients are modified

according to trace amount of molecular nitrogen impurities, i.e., 5, 10, 20, 50 and 100 ppm Nj.
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Chapter 3

Numerical solution of fluid equations

in three-dimensional form

3.1 Introduction

In this chapter, the computational techniques are discussed and applied to the system of fluid model
equations for the atmospheric pressure discharges. The solution of a coupled system of fluid model
equations correspond to the original description of the discharge phenomenon. The system of fluid
model equations are discretized in cartesian space and time by using the finite difference scheme [63]. A
semi-implicit sequential algorithm is advanced in time to find the stable solution of system of fluid model
equations. The stationary-state achievement is mandatory to justify the fluid model results because the
non-stationary state shows the unstable and nonphysical results. We describe in detail the discretization
procedure for the partial differential equations of plasma fluid model and the algorithms for their solution
in different sections of this chapter.

In this chapter, Section 3.2 describes the representation of cartesian grid in finite difference form.
Section 3.3 explains the fluid model equations with electron energy equation in the implicit form. Sec-
tion 3.4 exhibits the three-dimensional grid with nodes and half nodes. Sections 3.5 and 3.6 solve the
discretized form of transport and Poisson’s equations. Finally, the solution of seven-point equations are

performed by using different numerical techniques in section 3.7.
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3.2 Representation of cartesian grid

The discretization is the process by which a closed-form mathematical expression, such as a function
or a differential or integral equation involving functions, all of which are viewed as having an infinite
continuum of values throughout some domain, is approximated by analogous expressions which prescribe
values at only a finite number of discrete points in the domain. The analytical solutions of partial
differential equations involve closed-form expressions which give the variation of dependent variables
continuously throughout the domain. On the contrary, the numerical solutions can provide answers only
at discrete points in the domain, called as the grid points. The different discretization methods, such
as finite difference method, finite element method and finite volume method are used for the solution of
partial differential equations. These numerical methods are considered in different scientific disciplines
for the number of industrial applications. As the discharge area is rectangular between the flat parallel

plates, the finite difference method will provide stable and physical numerical simulation results [64].

3.2.1 Finite difference method

To understand the physical description of the fluid model, the partial differential equations of the fluid
model are discretized by using the finite difference method. The partial derivatives are replaced with the
suitable algebraic difference quotients. The most common finite-difference representation of derivatives

is based on the Taylor’s series expansion. For example,

ou 0%u (Ax)? Pu (Ax)3
ik = Ui v g au 1
Uikl = Uik F (ax)i,j,k At (aw2>i,j,k 2 - (axg)ij,k 6 " (3.

The equation (3.1) is mathematically an exact expression for u;11 j , if the number of terms are infinite

and the series converges for Az — 0. The simplified form of equation (3.1) can be written as

Ou L Uitk — Wik 2
< aa:)m = Mtk Z Uk L O((Ax)?) (3.2)

where O(Axz) is the formal mathematical notation which shows “terms of order Az”. The equation (3.2)
is called as the forward difference method (FDM), whereas the backward and central difference methods

can be expressed as

Ju Ui, 5.k — Ui—1,5,k 2 ou Uit1,5,k — Ui—1,5,k 2
— = bt __mdn A d — = =k L A
<8w)m)k Az +O0((A2)7T)  an oz ), iy, 2Ax +0((A)7)

There are number of advantages of finite difference method (FDM) and some of them are described as

under
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e The values of boundary variables are directly used in the Dirichlet boundary conditions.

e The gradient of variables are easily evaluated in the Von Neumann symmetry boundary conditions.

3.3 System of fluid model equations

The discretized system of fluid model equations are evaluated by using different numerical schemes, such
as explicit, implicit and semi-implicit. To understand the role of these numerical schemes and their effect
on the solution of fluid model equations. The continuity equation for the discharge species is analyzed

under different constraints and can be written as

8nsp
ot

~V.®,, =5, (3.3)

where sp corresponds to the different discharge species. The forward finite difference scheme is used to
discretize the continuity equation as

nbetl—nfe = C(t" nk)At (3.4)

When the species flux and source terms in the function ({) are available from the previous time step
(kt), equation (3.4) provides the explicit solution of discharge species equation. The implicit solution of
species density equation can be formulated as
ke+1
nbetl ko= ¢t kAt (3.5)
Here, the flux and source terms of ({) are evaluated at the current time step (k; + 1), the semi-implicit

form of discharge species equation can be written as
1 k ki+1
nbgt k= 5 [C(t nk) + (T nl ] A (3.6)

where the function ({) is divided into previous and current time steps, and take the average of them. This
scheme is better than the explicit method and also provides the relaxation for some time step restrictions.
The density in the transport term is always calculated implicitly (k: + 1) because the explicit treatment
would lead to the strict time step constraints due to the Courant-Friedrichs-Lewy (CFL) condition as
discussed in [65, 66]. The continuity equation for the particle species in the discretized form can be
expressed as

I

—r s T V(BN u, DY) = S5 (3.7)
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If the electric field is calculated explicitly, then the following time step restriction must be considered

and applied to the fluid model [67], At = Zlaio in order to avoid the numerical instabilities.
qs

‘ pW.;p”sp
Therefore, the electric field is calculated at (t*¢*1) after the calculation of species density. Equation
(3.7) is independent of time step restrictions and the electric field is calculated by the substitution of

discharge species density as
(Bt = qupn’“t“ (3.8)

The CFL time step constraint may be prohibitive for high plasma densities (> 10° cm™3) as described
in [68]. However, we can skip from the strict time step restrictions by using a semi-implicit approach.
The semi-implicit approach is attractive for the discharge plasma at high pressure, whereas the Poisson’s
equation solves before the continuity equations in this approach. Since the space charge density at time
tF*1 is not known yet, an approximate initial estimated numerical value can be considered for the

solution of Poisson’s equation as
(eEF T = qupnkt"’l (3.9)

where nk;fl is an approximate estimate for nkiH, arising from the continuity equation (3.3). The
calculated electric field is used at the current time step (k; 4+ 1) and the discharge species density is given
by

ﬁ];]t?‘i’l = nl‘:; + At V'QSP( I;;)’ Ekt+17 :u“sp7 Dkt) (310)

The source term S, is ignored in this case because no space charge is formed after the substitution in
equation (3.7), all source terms would cancel each other. By using the above mentioned semi-implicit
procedure, the larger time step can be used for the numerical solution of fluid model equations, which

makes the calculation fast.

3.3.1 Implicit treatment of the electron energy source term

The electron energy density equation is solved additionally to verify the profile of electron temperature
in the atmospheric pressure discharges. The source term of electron energy equation is composed of the

following parts and can be written in the simplified form as

S, = —eE.®, —n, Zgrkrnr (3.11)
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After linearization and substitution of number of expressions, the above source term can be written in

complex form as

c

+ 0 E, (%)t ke

' (3.12)
The last term on the R.H.S of equation (3.12) represents the correction of the energy source term for the
variations in the electron mean energy, which stops oscillations for the solution of energy equation [37].
As the transport coefficients are the smooth functions of electron mean energy equation, the continuity
equation of electrons must be solved before solving the electron mean energy equation. Therefore, the
value of n¥+*1 is available before the solution [69]. The semi-implicit technique is coupled with this
implicit method and finally developed the consecutive steps.

The Poisson’s equation for the calculation of electric field E***! can be written as
V. (cEF*Y) Z Gsp (nF2 + AtV B, (nfit B ki D) (3.13)

k:t+1

Then for every species sp, the density n; is evaluated from the equation as

n§t+1 _ nkf

pT V. @sp ( bt Ekt+1auspa Dkt) = Sf}é (314)

Thus the solution of electron energy density equation is evaluated after the solution of electron density

equation as

ke

e 9%, u 9%®. 9D,
nketl — pke E. (aue o T op. 0% )

B kil kbl ke k) — gk | e ketl . kotlok
At V@ (ne L BN et D) = S +Z€r( =) 1y (ner ™ = met e

€

(3.15)
where the time step At is calculated by trail and error for the achievement of steady-state in the

atmospheric pressure discharge simulations.

3.4 Finite difference form of spatial grid

Let us consider a cartesian equally spaced spatial grid in three z, y and z directions and a finite difference
technique is used to divide the physical spatial domain into a set of discrete points between the flat plate

dielectric barriers. There are n,, m, and p, number of grid points in the z, y and z directions. So the
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smallest possible element along x, ¥ and z direction is given by

Ax=— Ay=—"L Az=-—" (3.16)

where L;, L, and L, are the lengths of the simulation domain along z, y and z - axis. The minimum
number of grid points are considered as n, X m, x p, to verify the characteristics of atmospheric pressure
discharge and n, = m, = p, = 34 for different cases in the present simulation modelling. This is in
accordance with the criteria for the numerical simulations [10], which describes the minimum number
of grid points for the physically reliable numerical solution. The grid points in figure 3.1 are designated
by an index ¢ which moves in the z direction, an index j which travels in the y direction and an index
z which steps in the z direction. So, if (4, j, k) is the index at the central point O, then the point next
to the positive x-axis (east) of O is labeled as (i + 1, j, k), the point immediately to the negative x-axis
(west) is (¢ - 1, j, k), the point towards positive y-axis (north) is (i, j + 1, k), the point below (south)
s (i, 7 - 1, k), the point towards positive z-axis (front) is (¢, j, ¥ + 1), and the point back (back) is (3,
J, k- 1). The set of partial differential equations in finite difference form is evaluated at each discrete
point of the spatial domain for every time step interval. The large number of algebraic equations are
formed by applying the finite difference discretization scheme. These equations provide the reflection of
the original phenomenon of atmospheric pressure discharge plasma. The small difference between the

nearest grid points in z, y and z directions are calculated by the following parametric equations as

AT = Tig1jk = Tijks DAY= Yijrik = Yighs A2 = Zijht1 = Zijk (3.17)
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Figure 3.1 Computational mesh in three-dimensional zyz plane.
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From the figure 3.1, it is clear that the symbols, such as circle, square, triangle and star are assigned
at different locations of the cartesian three-dimensional grid. These symbols represent the scalar and
vector quantities in the fluid model at specific grid points of rectangular geometry in three-dimensions.
The scalar parameters in the fluid model, such as charged particle densities (np, ;, ), electron energy
density (n., ,,) and the electric potential (¢, )s,j,x are evaluated at the node locations, designated by the
circles. The electric field (E) and particle species fluxes (®) are the vector quantities and represented
by the squares in between the nodes along x-axis. The continuity equation for the discharge species can

be written in the zyz - plane based on the mentioned discretization scheme as

8n5p(l’, Y, z, t)

En +V.®,,(z,y,2,t) =Gsp — Lsp (3.18)

where G5, corresponds to the generation and Ls, represents the loss of discharge species due to the

chemical reactions of the atmospheric pressure discharges.

3.5 Spatial discretization of the transport equations

The transport part of particle balance equation has an immense influence and discretized according to

the following procedure as

Poivige ~ Poi-ijk N Pyijiie — Puig-tak | Peighet — Poigar-i

(V-®)ijn = Az Ay Az

(3.19)

The drift-diffusion approximation is used for the evaluation of particle flux of different species. As the
species density fluctuations are present in the particle flux term, the Scharfetter and Gummel exponential
technique is suitable in this case and provides the stable solution under different conditions. The particle

flux in the y - direction can be written as,

1
(P?/’W”F%’k - _KyDi’j+%’k (fl(Zw,i,j+%vk)ni’j+1’k N fQ(Za/,i,jJr%vk)ni’j’k) (3.20)
sgn(@) i 3 kEy i1 kDAY
with Z = (@) Itk Ty btk (3.21)

il g
vtk Di,j+%,k

and the functions f;(Z) and f2(Z) are composed of the following terms as

Z

h(z) = Z_1 (3.22)
Ze?
f(2) = Zz—=h@)+2 (3.23)
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When Z # 0, then the functions are calculated as, f1(0) = f2(0) = 1. The particle flux (®, and ®.) in

z and z directions are calculated similarly. The particle continuity equation is transformed into seven-

point linear equation by the substitution of above expressions. The mathematical form of seven-point

linear equation can be expressed as

AP J, knfflrl] pHAL i, knfﬂflj wHAL i, knfzill k+ASJ k"f}+11 v HAL g, knft;rklﬂ"‘Azg k“fﬁl \FAY kT fﬂl = Aijk
(3.24)

Here, the subscripts (4, j, k) represent the z, y and z axis and the superscripts of A, such as E, W, N, S,

F, B and C show the east, west, north, south, front, back and central. The above equation (3.24) is able

to make a relationship of particle species density at every grid point with six neighboring grid points in

three spatial directions. The east, west, north, south, front, back, central and the source coefficients of

above equation can be expressed as

A gk T *AA;Dzﬁr%,j,kfl(Z.x,y:+%,j,k)7 (3.25)
Al = —%Dz”,g wf2(Zyiot i) (3.26)
A%,k = _AiytzDi,j-'r%,kfl(Zy,i,j—i-%,k): (3.27)
A = AA; it kf2(Zy 051 k) (3.28)
AEM = _%Di,j,k—&-%fl(Zz,i,j,k+%)a (3.29)
A i,k T _%Di,j,kféfQ(Zz,i,j,kfé)a (330)
Afj,k = Az 1,5,k — Aﬁl,j,k - Aﬁfj—l,k - Aij-&-l,k - Afj,k—l - Afj,k-i—l (3-31)
Aige = 1+ AtSy k. (3.32)

respectively. The seven-point formulation is developed for the grid points between the parallel plate
dielectric barriers and a proper set of boundary conditions is considered for the geometric configuration.
The boundary conditions for the electron flux in cartesian discretization form can be written as

(@), ;= (28 — V)san(q)p; j ki k By i1 p +

1
S Vth,igkTigk = 2(1 = f) > 7,®pm (3.33)
p

on a south dielectric barrier boundary. Here, the index p in the third term of above equation (3.33)
corresponds to the ionic species, which are responsible for the production of secondary electrons emission

from the surface of dielectric barriers. So, the seven-point coefficients for the south boundary layer after
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substitution of above equation is given by

At
Az{\,fj,k = _@Di,jJr%,kfl(Zy,mur%,k), (3.34)
Af,j,k = Afj,k = A%k = Afj,k = Afj,k =0, (3.35)
1 At At
Agj,k = 97 Als,j+1,k + @(25 - 1)Sqn(q):u‘i,j,kEy,i,j+%,k + mvth,i,j,k (3.36)
1 At
Aijr = §“f}k + 751‘4,1@7 (3.37)
where
g =1 sgn(q)uE.n >0
=0 sgn(q)pEn <0 (3.38)

In equation (3.37), the factor 3 in both terms corresponds to the interval (%) rather than Ay. The
numerical expressions for the north, east, west, front and back boundaries, and for other particle species,
are similar. However, the secondary electron emission coefficient v, is used for electron flux term instead
of heavy and neutral species as in equation (3.20). The 7p is dominant for heavy species because they
can easily knock out the electrons from the dielectric barrier material.

The source term of electron energy equation plays a significant role and the inner product in the y

direction is defined as,

0%, (Ou 0. 0D, -2
() (52) + (500) (5] = et sy s =i

1 0
R ( Me) Peijri (3.39)
Heyij+1k 0z ij+1k 2

where the function h(Z) is defined as

nz) = hiz) - 8y - )

o 2,7
= JC;(ZZ)Z = (65—61)2 (3.40)

The above equation (3.39) is derived by using the Einstein relation and defined in chapter 2. The energy
source term is not appeared in the optimal discretized form of equation (3.24). It is divided into two
parts, one absorbs in A and other in A®. The electron energy equation can be written in the presence

of implicit correction part as

nk (2, y, 2, 1) — nkr(z,y, 2, t)
At

— V. (ke BRetL ke DRey = Ghe p pRephetl _pketlzy o (3.41)
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The L.H.S of equation (3.41) is comprised of time variations of electron energy density and spatial change
in drift-diffusion flux, whereas the R.H.S corresponds to the energy source term and implicit correction

part. The central and source coefficients are written in the discretized format as

C _ E w N S F B ki
A =V = A = Apr g — Aijore = Aljrie — Aije—1 — A — AW (3.42)
and
ke L ket ke
Aijk = N5kt AtSe ik AtVZJvkne,i,j,kEi,j,k (3.43)

3.6 Spatial discretization of Poisson’s equation

The Poisson’s equation in the simplified form is exhibited by equation (3.8). It can be written in the

finite difference form as

€ivlghbrivtje = €1 inbei 1k
o 3.0,k x4 5,7, 1—5,],K7x,0—35,],
(V.(E)), jx = Az 1 (3.44)
€+t by igrin = € -1 kByii-1k +€i,j,k+§Ez,i,j,k+% — €kt i1
Ay Az

The transport terms are present in the R.H.S of the above equation (3.44) and the discretization should
be in accordance with the transport terms of the continuity equation of discharge plasma species. It
is difficult to perform implicit discretization because of the presence of electric field in the exponential
part. Thus, the central difference scheme is considered and applied to calculate the flux of transport

terms in the Poisson’s equation as

k¢
k 0P ko41 k
@ P = @ t + _ E t _ E t
Y4+ gk y,ii+ 3k y,ig+ 5.k Y,ig+ 5.k
’ OF ) yiityn ’ ’
ke g +1
— t
= [SQH(Q)ﬂi,j+%,k (gl(zy,i,j+%,k)ni7j+l,k - gQ(Zy,i,j-&-%,k)ni,j,k)} Ew‘,ﬁ%’k
n n ke
1,j+1,k T "5,k
- |:Di,j+§,kh(zy,i,j+§,k)Ay } ) (3.45)

where the functions g;(Z), and g2(Z) are defined as

0h(Z) _ (1-2)e” ~1

w(2) = —5—= -1 (3.46)
eZ —
92(2) = af;(ZZ) = 627(62 (_1 522 ), (3.47)
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for Z #0, and ¢1(0) = —% and g2(0) = 3; h(Z) is evaluated by using an equation (3.40). The equation

(3.20) is more useful and provides the flux for the transport terms of Poisson’s equation even at higher
time steps for the numerical simulations. The electric field in the y direction between two grid points is

calculated by the gradient of the electric potential as

15 . (¢a>i,j+1,k B ((ﬁa)m’,k
yibgtzk T Ay

(3.48)

and the similar expressions for E, ;.1 ;. and E,, ... 1. The formulation of Poisson’s equation in seven-
Z,i+ 3,75 2,1,5,k+3

point form can be written by the substitution of U = ¢, as

E w N S F B C
Ak Uin1,5 A Uiz, 0 A5 6 Ui 1,6 HAT 5 kUi j— 1,6+ A5 kUi g 1A 10U je—1+A7 5 6 Ui e = Ai ok,

(3.49)
where
1
Azgk = AgECithak T [|Q|#z+2 gk(miv1jkg1(Z, il k) — Migkg2(Z i35,k L(B 50)
av, o= L lq] (Z ) —ni1 (3.51)
VL AxQEiféﬁj’k AxQ qu——,jk 0.,k 91 @,i—3%,4,k nlfli’ng :El**,jk »
A lq| (z ) — i (3.52)
B4,k T Ay2 Cij+ik Ay2 qiHi 541k nz,]-i—l kI Ly i 541k nz,j,kQQ yz_7+ k )
S 1
ik = R pCii-bk [Iqluz 1 k(Mg k91(Zy i 51 k) = Mig-1,692(Zy 5 51 1 } (3.53)
Yy P
Al = o " (Zegiss) = migite(Zes s )| (354)
i,k T AZ2 %JJH‘Q AZQ q IU’L,J,k-‘r n%J,k-‘rlgl z,0,9,k+% N, 5,k92 20,5, k4L p, .
1
Aijk = A2 N2 Cigk— [‘qmz jk—% (i s kgl(Zz7¢7j7k,%) - ni7j7k*192(zz,i,j,k7%))]p (3.55)
c
Aije = Auk Amk Auk Amk Auk Aak (3.56)
and
At
Aijr = *Z lanigpe + Az @ity gkt Zaiv g k) Mk 1 = Migix)
At At
Az D1 ikl Ze iy k) (Mg = nic1k) + Ay qu i kM Zy s 1) (a1 e — Mijik)
At At
_Ay2 qu,j—%,kh(Zy,i,J—f k) (Mg — i j—1k) + A2 qu,j,k-&-%h(Zz,i,j,k+%)(ni,j,k+l — Nijk)
At
=738t - y) (g = i), (3.57)
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The Poisson’s equation is solved inside the reactor gap, whereas the Dirichlet boundary conditions apply
on the solid plate electrodes. During the discharge progress, the charge is deposited on the dielectric
barriers and the expression for the surface charge density can be written as

Cijtdklyijtie ~ Cig-tkPyii-1k = Tsighs (3.58)

for the south dielectric barrier. Although, the exact convergent solution of physical problem is not pos-
sible without proper implementation of boundary conditions. Now the boundary conditions of Poisson’s
equation are described by the following expressions for open east, west, front and bottom surfaces. For
the westward and eastward rectangular surfaces, the coefficients for the boundary points of the surface
can be written as Ag‘fj) x = 0 and A{f ik # 0 for the westward and similarly for other open boundaries.
As the electric potential is applied on the north and south surfaces, therefore the north and south co-
efficients are treated by a using different method. The coefficient matrix (A; ;) is modified due to the

effect of south and north coefficients on the solid dielectric barriers. Thus, it can be expressed as
S,N .
Ai,j,k* = Ai,.;',kUivjvk for ] = 0, (cells)y (359)

for the solid dielectric barriers.

3.7 The solution of seven-point equations

The finite difference scheme is used to simplify the complex equations. The general simplified linear

seven-point equation is described by the following representation as

A5j7kXi+1,j,k+AK/j7kXif1,j,k+A£\)g7kXi,jJrl,k+A§j7kXi,jf1,k+A5j7kXi,j,k+1+A5j7kXi,j,kf1+Agj,kXi,j,k = Aijk,
(3.60)

The above equation (3.60) is solved to calculate the variables of bulk gas at every time step. The

number of numerical techniques are available to solve the set of seven-point linear equation. However,

the iterative scheme is most commonly used and considered to evaluate the accurate solution of linear

system of equations. In this method, the iterative procedure improves an initial estimated input until

the convergence criteria is satisfied. There are different numerical algorithmic schemes available in

the literature [70, 71] for the numerical solution of linear seven-point equation. The famous iterative

techniques, such as Alternating direction implicit [72, 73], Successive over relaxation [74] and Modified

strongly implicit [71, 75], are applied to solve the linear system of seven-point equations. The MSI!

IMSI: Modified strongly implicit
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iterative method is used to find the solution of transport equations, whereas the SOR? is applied for
the Poisson’s equation. The alternating direction implicit solver is considered and employed to find
the solution of electron energy density equation. The combination of these three methods provide the

solution of linear system of partial differential equations of fluid model in three-dimensional form.

3.7.1 Modified implicit solver for transport equations

As the expressions are large and intricate in the coefficients of Modified strongly implicit solver, the
different expressions of coefficients are divided into small parts by assigning the arbitrary variables. The

C1, Cs and C3 variables are used to calculate the coefficients of a; ;. as

¢, = hi,j,k(hi+1,j,k—l + ?"i+1,j,k—1), Cy = Ti,j,k—1 *Pi+1,j,k—1hi,j,k—1,

and C3 = Ry jq1k—1 + Dij+1,k—1 + Tij+1,k—1s (3.61)

if (14 a(pijr—1 —C1—C2C3) <0.5)

ai i = 247, 1, (3.62)
else 5
i = Aljk
“ 1+ a(pijr-—1 —Cr1— CaC3)’
bijr = =ikl k-1, (3.63)
Cijk = —@ijkTijk—1 = ijkPit1,j,k—1, (3.64)

The C4 to C7 variables are employed to evaluate the coefficients of d; ;1. as

w
Ci = (hiy1j-1k +28i41 -1k T Vit1j-1.8)0i jkSit1jk—1, Cs = 8ic1 k(AL — @i jkWijk—1)
Co = 28ij-1k+Uij—1k — Si—1,j,kPij—1ks C7 = hij—1k(Rit1j-1k + 28i41,-1,% + Vit1,j-1,k);
(3.65)

if (1 + a(CG - 07) < 05)

di,j,k = Q(Ais,j,k — @5, kSi,5,k—1 T a(C’4 — 05)), (3.66)

280R: Successive over relaxation
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else
Z(Ais,j,k — Qi kSijk—1 T a(Cy — C5))
1+ a(Cs—Cy) ’

dijk =
€ijk = —bijkSit1,5,k—1 — dijkhij—1k (3.67)

The Cg to Cyg variables are contributed to evaluate the coeflicients of f; ;1 as

w
Cs = Ak — QijkUijk—1 —dijkPij—1k Co= (aijkPijk—1~+ CijkPij+1k—1+dijklij—1k)
3Js

Cio = 1+ a(2pi,1,j,k + 81,5k t+ 2ui,17j,k) (3.68)

if (14 a@pi-1,jk + Si—1,5,6 + 2ui—1,5%) < 0.5)

fij =2(Cs = Cy), (3.69)
else
Cg — C.
fijk=2="5—", (3.70)
10

The coefficients of matrix product are defined by the following variables from (bil, ok to qbzli &, as

¢},j,k = bijrhit1,k—1, <Z5i2,j,k = Q4 j,kPi,jk—1> ¢§’,j7k =b; ;. kTit1,5k—1 F CijkPij+1,k—1,

qlf,j,k = CijkPijk—1 Qf,j,k = CijkTij+1,k—1s ¢?,j,k = e jkhit1,j—1,ks

¢¢7,j,k = fi,j,kpiq,j,kv ¢§,j,k = di,j,ksi,jfl,ka ¢?,j,k = €4,5,kSi+1,j—1,ks

¢}2‘,k = di,j,kui,j—l,k + fi,j,ksi—l,j,ka ¢zlljk = €4,5,kVi+1,5—1,k; flﬁé,k = fi,j,kui—l,j,k, (3-71)

So, the arbitrary variables can be calculated by the following equations:

Cn1 = Agj7k = @ j kVij k-1 — bij kUWit1jk—1 = CijkSij+1k—1

—d; jkTij—1.k — €ijkPit1,j—1,k — fijkPi-1jk (3.72)
Ciy = 2(¢2{j,k + ¢?7j,k + ¢?’j,k) + 3¢?,j,k7 Ciz = 2(¢?,j,k + ¢?,j,k + ¢i7,j,k + ¢§,j,k)7 (3.73)
Ciu = 25k + Pijn + Pisik)s (3.74)

Thus the coefficients g; j k, i jk, Dijks Ti,jk> Sijk and v; j are described as

ik = Ci1+ 04(012 + Ci3 + 014)7 (3,75)
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where the variables C1; to Cy4 are substituted from the equation (3.72) to equation (3.74) in equation

(3.75),

B 1 3 9 11
A = i kUit k=1 — € kTit1,j—1k — (205 5k + &5 5k + Bk + i)
hijr = p , (3.76)
1,5,k
(—Cijkij+1k — fijkTiz1,5k)
Dijk = b o et (3.77)
5,75
N 2 3 4 5 7
Ak — CigkVig+ik — (D e T 7 g + 205 k6 + 207 5k + B4 k)
Tigjk = p , (3.78)
1,5,k
B 1
Sijh = (=dijkvij—1k i,5, kWit 1,k), Uik = fijkvi 1,J7k7 (3.79)
Gij.k Yi,.j,k

and
P 8 9 10 11 12
S Aije — B + Pk + Pijk T Piik + isir)
g =
" i gk ’

where « is a constant variable and its range cover the numerical values from 0 to 1. Consequently, the
iterative procedure for the solution of system of fluid equations in the three-dimensional form can be
expressed by the following steps. The above coefficients a through v remain the same for one complete

iteration process. The residual vector (R) is evaluated by the formula as

C E w N S a B
Rijk = A7 = Ak Xit 1,56~ Ai j ke Xi-1,5.6—Ai j 6 X 16— A7 16 Xi -1,k — A7 j 1 X g k1= Aij 1k Xi g k-1,

(3.80)
The intermediate vectors are calculated according to the backward and forward substitutions as
Vi o = Disik = JogkVirgh = dijkVig-1k = GigikVige (3.81)
i.J, Giih )
Oijk = Vigk = hijk0it1jk = Tij ki g1k = VijkOijkt1, (3.82)

where §; ;1 is the change over an iteration. The final iterative solution is appeared in the following form
as

Xigw = Xijk +0ijk (3.83)

The combination of previous four steps of iterative procedure from equation (3.80) to (3.83) is contin-
ued until the magnitude of the residual vector ||R|| is smaller than the convergence criterion ||R|| <
10~ (|| A]| + ||A®|| x ||X]|). The rate of convergence depends on the choice of . The fastest conver-
gence is achieved for the species continuity equations at v = 0.6 in the atmospheric pressure discharge.

However, the following assumptions also avoid the divergence of numerical solution during the evaluation
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of the continuity equation of fluid model as,

_ 247, 1 L+ a(pijr-1—C1—C2C3) < 3 3.84
Gk = AP L O
1+(X(pi,j,k71;bl_(0203))7 1+ Oé(pi,j,k—l —Gi- 0203) = 2
" 2(Ai5:j,k — @ j.k5ij,k—1 + a(Cs — Cs)), 1+a(Cs —Cr) < % (3.85)
1,5,k Q(Af’ij_ai,j,ksi‘j,kfl+a(C4—Cs)) 1 C C) > 1 ’ .
e s 7 +a(Cs — C7) > 5
and
f 2(08 — C’g)7 1+ a(2pi71,j’k +Si—1,5k T 2u’i*1’j,k) < % (3 86)
igk = '
7086—1009, L+ a(2pi1 ik +sic1jnk+2ui1jk) >3

The solution becomes divergent if the denominators of coefficient a, d and f are zero. Therefore, the
coefficients a through v along with the above mentioned imposed conditions are used to find the solution

of transport equations.

3.7.2 Successive over relaxation method for Poisson’s equation

The successive over relaxation (SOR) numerical method is implemented to evaluate the solution of
Poisson’s equation in the discretized three-dimensional cartesian grid. However, the coefficients A”

i,9,k>
AV AN AS. | AF

B c . . .
i g A Aij ks Aijrs A x and A; jx are directly used to find the residual vector (R). The

following iterative steps are followed to calculate the required solution. Hence, the residual vector (R)

during the calculation at any stage is given by the following relation:

E w N S F B
Rijk = A 6 Xit1, k6t A 6 Xi—1,5 6T A5 1 X j+1,6HA7 5 15X -1k A 1 X g k1A 1 X g k—1— Ak

(3.87)
Then the SOR algorithm can be written as
ik = X0k = 0k (3.88)
where
wRZ— ik
dijh = — (3.89)
TA

Here w is called the overrelaxation parameter, and the method is called as successive overrelaxation
(SOR). The method SOR is convergent for the numerical simulations only if 0 < w < 2. The overre-
laxation range (0 < w < 2) can provide the faster convergence than other iterative techniques. This
formulation is very easy to program and the norm of the residual vector ||R|| may be considered as a

criterion for terminating the iteration. The previous three iterative steps from equation (3.87) to equa-
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tion (3.89) are continued until the magnitude of the residual vector || R|| is smaller than the convergence
criterion ||R|| < 107%||A]|. The convergence is achieved fastly by the careful selection of accelerator
factor w. We use w = 1.9 for the fastest possible convergence of solution of Poisson’s equation in two

and three-dimensional fluid model algorithms.

3.7.3 Alternating direction implicit method for electron energy density equa-
tion

Consider an implicit solution of electron energy density equation using an Alternating direction implicit
solver. As long as we are dealing with the linear system of equations, the implicit solutions are directly
obtained from the application of Thomas’ algorithm. This is possible in the situation when the finite
difference scheme gives the equation in tridiagonal form. The standard tridiagonal form is solved by
the use of Thomas’ algorithm. The three time steps are used in three-dimensional case to update the
quantities between ¢ and ¢t + At. During first ¢t = ¢+ %, the integration steps are marched along the z
- direction, the finite difference equations are solved along the y - direction in t5 = ¢+ QTM with updated

quantities of previous step and finally the integration solution is evaluated in the z - direction during

ts =t + At.
ke+4t ks ki+% _ ki+% Kt _ &k k¢ . 1.1
igk Tk z,it+1,5,k Ti=ggk _ ke URNEE N yid—gk T zigktg z,0,5,k— %
(&) Ax baik Ay Az ’
(3.90)
kt+2Tm kri—% kt*‘% _ kt""% (I)kt"'% _ (I)kt"'% (I)kf"'% _ kt"‘%
ik gk " y,ii+%.k yii—gk _ gkt 28t T witsgik wi=3.gk " zigktd 2,0,5,k—%
(%) Ay i-:k Az Az ’
(3.91)
ky+At k)t“!‘% ki+At . TR A @kar%M _ @kar%M kf+%u _ k”L%M
Migk  — ik L phikts #igk— _ ket23t @itk zi—g.gk " yigtg.k Y=gk
(%) Az ik Az Ay ’
(3.92)

The ADI® method is stable and provides the convergent solution for different types of complex problems.
The above set of electron energy density equations are transformed into tridiagonal standard form and

their representations along z, y and z directions are discussed in the following equations, In the x

3 ADI: Alternating direction implicit
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direction, Suppose

,Jk = A

ki ki
zgk A,ij j+1.k A,ijj 1,k A,jk zgk—i—l A,jk gk 1 (393)

then the tridiagonal representation can be expressed by the substitution of Ai ok 88

ket 5t ket 4t PG T

A 4,7, sz+1,j,k + A .7, sz g,k + Az s k: i—1,5,k Ai,j,k (394)
b+ 4t kt+% kt+%

A i, sz+1,j,k + Az J . gk T Az s kX i-1,5,k Bi jks (3.95)

where B; jx = A7 ;, Similarly the tridiagonal forms are formulated by the substitution of similar type

of expressions in the y and z directions. In the y direction,

ky+4t 3t k1+A3 ke+ 4t 3t kf+A3 kr‘r%
7.k _A,Jk‘ A,jk i+1,5,k — A ij —1,5,k A,jk i,7,k+1 A7]k? i,5,k—17
xker2s XETE 48 xRetRE gy
Al ik N1k T Af ik Xige - AKX % = Ak (3.96)
N ki35 et xhet3t
Ai,j,sz gtk T Az kX gk T Al kX ij—1k Cijiks (3.97)
where C; i, = AY . and similarly, in the z direction
2J» 4,5,k Y )
kot 29t e 2st xhet28 Nyt s kot 252
z — t 3 t 3 t 3 t 3 t 3
1,5,k Aid,k AZ] E<*i4-1,5,k Al 2 k i—1,5,k Al i,5+1,k A7 1,j—1,k
kit At c kAt xhotAt 2
AT R XTI T AR H AT XT2 = Al (3.98)
xkitAt ¢ xkitAt B xkitAt o
AT X0+ AT R X H ATLXTEY = B (3.99)

where E; ;1 = Af,j,k- The Alternating direction implicit solver provides the stable and convergent
solution for the electron energy density equation in three spatial directions. The effect of boundary
conditions are spread over the complete volume by implementing the ADI* solver. It is comparatively

slow as compared to the MSI solver for the calculation of system of seven-point equations.
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Chapter 4

Numerical simulations using

one-dimensional fluid model

4.1 Introduction

In this chapter, the numerical simulation results are described by using one-dimensional fluid model of
atmospheric pressure discharge. As the number of scientists already performed research work in this
field, a short and necessary outline is described of their recent work. The experimental and numerical
investigations are explored for the atmospheric pressure discharges, whereas the glow and Townsend
discharge modes elaborate the brief perception of uniform dielectric barrier discharge in [15, 76]. Plasma
diagnostics and numerical modelling tools are considered to discuss the effects of impurities for the
uniform and filamentary atmospheric pressure discharge modes in [77]. The one-dimensional fluid model
is used to examine the influence of interaction between the charged particles and dielectric surface over
a homogeneous barrier discharge in nitrogen at atmospheric pressure in [78]. The clear and precise
understanding of uniform atmospheric pressure glow discharge is the major objective for high pressure
discharge applications and the cathode fall region plays a significant role for the description of discharge
plasma characteristics in this regard. The comparative experimental study is performed to understand
the features of diffuse barrier discharges in different gases by electrical measurements and by spatially
and temporally resolved optical emission spectroscopy in [79]. The stability of atmospheric pressure
dielectric barrier discharge is explicated with the help of positive and negative differential conductivity,
whereas the period multiplication and chaotic behavior provide the precise understanding of discharge
plasma in pure helium gas [80]. The experimental observations and findings are characterized in an open

reactor with flowing helium gas in the presence of impurities and the comparison of current limitation
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effects through the dielectric in atmospheric pressure glow discharge also enhances an insight in the high
pressure discharge regimes [33, 81].

We discuss the spatio-temporal characteristics of atmospheric pressure discharge in the presence of
discharge species, such as He", He;, N, He" and especially the excimers He, (a? Z: ). The space
and time variations of electric field and electron density are investigated at 20 kHz, which enhance the
understanding of the evolution of atmospheric pressure glow discharge. The analysis of atmospheric
pressure discharge is performed at different quenching frequencies, which shows the transition from
the glow to Townsend discharge mode. The temporal profile of metastables and excimers show that
they are dominant species with higher density in the uniform glow and Townsend discharge modes.
As the nitrogen impurities have substantial impact on the helium discharge, so their implications are
explored for the atmospheric pressure glow and Townsend discharge modes. The spatial structures of
ionization rate and electron mean energy are shown that link the higher and lower rates to APG! and
APT? discharges. The spatio-temporal evolution of discharge species is manifested by the influence
of external operating parameters. The examination of lower (< 7 kHz) and higher frequencies (>
7 kHz) exhibit that the intricate and uniform discharge structures are described in pure helium gas.
The lower and higher ionization modes of atmospheric pressure discharge are randomly appeared in
the discharge current pulses of several cycles, which provide the evidence of chaotic behavior in the
lower frequency regime. The presence and absence of stepwise ionization processes of metastables and
excimers develop the non-uniform and uniform discharge plasma, which are illustrated with the temporal
evolution of discharge current density. The sufficient amount of nitrogen impurities is considered for the
uniform discharge plasma because the higher amount of impurities causes the possibility of formation
of filamentary atmospheric pressure discharge due to atypical destruction of metastables. The chaotic
and bifurcation processes are identified in the lower frequency regime (< 7 kHz) and develop the further
perception of the dielectric barrier discharges at high pressure. The reliability of numerical simulations
are provided by comparing the modelling and experimental results.

In this chapter, Section 4.2 describes the characteristics of atmospheric pressure discharges under
variable conditions. Section 4.3 explores the spatial structures of discharge species parameters. Section
4.4 illustrates the effect of impurities and secondary electron emission coefficient. Section 4.5 provides
the chaotic behavior and bifurcation processes of the atmospheric pressure discharges. Section 4.6
compares the experimental and one-dimensional fluid model results. Finally, the last section discusses

the conclusions of one-dimensional fluid model simulations.

LAPG: Atmospheric pressure glow
2APT: Atmospheric pressure Townsend

62



4.2 Characteristics of atmospheric pressure discharge

We consider an AC sinusoidal voltage for the parallel plate dielectric barrier discharge configuration at
reference constant gas pressure 760 torr. The density of neutral helium gas is calculated by the equation of
state, p = nkT, whereas the gas temperature is considered at room temperature (300 K) for the numerical
simulations. Initially, a quasi-neutral plasma with equal electrons and ions of ~ 108 cm™ is assumed in
pure helium and He-N, gases. The numerical simulations of dielectric barrier discharge are discussed
at variable driving frequencies and amplitudes of the applied voltage. It is discussed and described in
55, 82] that the lifetime of excimers (a® Y7) is uncertain and its collisional lifetime may reach tens of
millisecond at below 100 torr. The quenching of excimers into ground state is also small because of high
energy interval. If the lifetime of excimer molecules exceed the 10 s, the ionization processes interacting
with this molecule may influence on the total ionization rate. However, the destruction frequency of
excimers Hez is used as 1.0 x 10% s! for the numerical simulations of atmospheric pressure discharge.
The quantitative influence of nitrogen impurities is varied with their concentration in pure helium and
use 10, 20, 50 and 100 ppm molecular nitrogen impurities in this chapter under different external input
conditions. In the parallel plate dielectric barrier discharge arrangement, the dielectrics perform an
important role and the charge is deposited on the dielectric barrier surface. Due to charge deposition,
the voltage is dropped across the dielectric barriers and consequently, the gap voltage becomes smaller
than the external applied voltage. The applied voltage is calculated by using the formula, V,=V, +
Va4, whereas V, is applied voltage, V, is gap voltage and V4 is the voltage trap across the barriers. The
voltage trap is developed due to the charge accumulation on the dielectric barrier surface and assumed
the charge accumulation of previous cycle before starting the numerical simulations [83]. Although, an
analytic model is proposed of a dielectric barrier discharge in the Townsend ionization mode, which
describes the complete discharge operation in two parts, such as the active and passive phases. The
conduction current is sharply changed in the active phase due to the higher electric field as compared to
the passive phase, whereas the activities of breakdown occur in the active phase along with the variation
of surface charge density [84]. The discharge plasma is called as self-sustaining, when each primary
electron creates a secondary electron and this process becomes continuous. A stage is reached after
sometime, when the production of electrons becomes independent of the applied voltage. This condition
is usually called as self-sustaining of discharge. The spatio-temporal characteristics are explored in the
atmospheric pressure glow and Townsend discharges, which provide the justification about the exchange
of discharge modes. The chaotic and bifurcation processes are demonstrated in pure helium gas, whereas
the stationary state achievement requires for the physical understanding of the atmospheric pressure

discharge and it takes normally five to six cycles.
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4.3 Spatial distribution of discharge species parameters
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Figure 4.1. Spatial distribution of (a) electric field and (b) electron density for f = 20 kHz, ¢, = 7.5,
Barrier width = 0.1 cm, Vgpp = 2.4 kV in pure helium gas, t1 - t3 = 2 ys and t4 - t6 = 1 ps.

When a discharge breakdown initiates in the parallel plate reactor, a strong avalanche is formed in
which the electrons, ions, metastables and excimers are produced and interacted with each other for
the development of weakly ionized discharge plasma. The temporary cathode and anode barriers are
represented by the symbols C and A, which change their polarities according to the external applied
voltage. The space and time variations of the electric field and electron density are displayed in figure
4.1 (a, b). The time elapsed for the electric field and electron density distributions are approximately
(< 3 us) after initialization of the breakdown of gas. The interval between these time instants is not
exactly same and the first three time instants (t1 - t3) take approximately 2 us, whereas the last three
events develop at very rapid rate and use less than 1 us approximately. Initially, the profile of electric
field exhibits the gradual change for the first three time events and then a sudden rise appears during the
evolution of atmospheric pressure glow discharge. The strong electric field is observed near the cathode
barrier (C), which falls from the higher value 2.0 x 10* V cm™! to very smaller values in the reactor gap
as shown in the figure 4.1 (a). The magnitude of electron density also follows the similar trend during
the evolution at these time instants. The electron density increases gradually from t1 to t3 in the gap
and then an abrupt change is observed in the last three steps. The electron density has a peak away from
the cathode barrier and reduces to smaller values in the gap as shown in the figure 4.1 (b). The presence
of electrons in the gap as well as a little away from the cathode barrier are due to the large mobility
of electrons as compared to the ionic and neutral species, which confine in the narrow space near the
cathode barrier. The spatial and temporal evolution of electric field and electron density manifest that

their numerical magnitudes are increased during the rise of discharge current pulse from t1 to t6.
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4.3.1 Effect of excimer destruction frequencies
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Figure 4.2. Distribution of discharge current density at variable destruction frequencies for f = 20 kHz,

e, = 7.5, Barrier width = 0.1 cm and Vg, = 2.4 kV in pure helium gas.

As the metastables and excimers play crucial role in the atmospheric pressure discharges, the excitation
rate of metastables is dominant during the whole cycle and they are destroyed through deexcitation,
stepwise ionization and three-body chemical reaction processes. The major source of production of
excimers is the three body chemical reaction R11 of table 2.1 and annihilates through the stepwise
ionization process of metastables and excimers in pure helium gas. The figure 4.2 illustrates the temporal
evolution of discharge current density at different destruction frequencies under the same conditions of
input parameters. The discharge current density possesses its maximum value when the destruction
frequency of excimers is 1.0 x 10° s! as shown in figure 4.2. However, the physical understanding can
be explained by the help of chemical reaction analysis. When the destruction frequency of excimers
increases, the production of large number of electrons and helium ions become greater and results a
higher discharge current density. The residual current density is observed in the atmospheric pressure
glow discharge mode, which disappears at lower destruction frequencies, such as 5.0 x 10° s' and

1.0 x 10° 57! because of weak discharge plasma. The presence and absence of residual current density

peak in the higher and lower destruction frequency cases exhibit that the discharge plasma is operated
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in the glow and Townsend discharge modes. The profiles of breakdown voltage are formed by the effect
of variable destruction frequencies, which enhance the development of Townsend discharge mode from
the glow discharge mode. Correspondingly, the stationary-state results of current density is displayed
in figure 4.2 for different quenching frequencies. The discharge current density at different destruction
frequencies follow the similar trend as described in [82]. Now, the analysis of spatial distribution of
discharge species parameters are essential to identify the uniform glow and Townsend discharge modes

at variable destruction frequencies.

4.3.2 Spatial evolution of APGD? and APTD*

1.2E11 . :

_ {a) DestFreq:1.0e6s” CF 2 DE4
o _ 1.0E11 m
g PC NG 2
2 BOE10 S 1.9E4 5
— i i 7]
2 60610 | === Electric Field m
2 = He, lONs 10E4 &
=9
E LOEAD | — Electrons =
3 Jo.5E4 E
20810 s

L] T L] T T nnE’d’

__ &60E10 4 (b) DestFreq:5.0e5 5" ’

% 1.4E4
E 5.0E10 m
-F..: 1.2E4 E
G 4060 4 1.0E4 =
[+ ] T
o 3.0E10 0-2E4 =
E 2 DE4D ocet 2
o 2 . ey
2 Jo.4E4 §
W) 1.0E10 | To.2e4 5;
—

. . 0.0E4

1.2810 4 (c) Dest Freq : 1.0e5 s 0.2E4

-
E . m
5 10E10 8
2 ] J|osE4 5
z 2.0E09 e
-
[<k] -
O 6.0E09 )
b J0.4E4 =
= 4.0ED8 =
& g
&7 2.0E09 Jo.2E4 =
0.0 0.1 02 03 0.4 0.5
Gap Distance (cm) c
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3APGD: Atmospheric pressure glow discharge
Y{APTD: Atmospheric pressure Townsend discharge
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The homogeneous uniform atmospheric pressure glow discharge is obtained when the excimers destruc-
tion frequency rises to 1.0 x 10 s'!. The spatial structures of electrons, Hej ions and electric field are
exhibited in figure 4.3 (a, b, ¢) at various destruction frequencies in pure helium gas. The four distinct
regions are developed in the atmospheric pressure glow discharge mode, such as cathode fall region, neg-
ative glow, Faraday’s dark space and positive column at 20 kHz frequency and 2.4 kV external applied
voltage. The cathode fall (CF) is defined as the region where the electric field falls from higher value
~2.0x10* V em! to very small value ~ 1.0 x 10 V em™. The negative glow (NG) region is expressed in
the gap space, whereas the electron density possesses its maximum value ~ 2.0 x 10!° cm™. The lowest
values of electrons and He; ions density are present in the Faraday’s dark space (FDS) ~ 0.8 x 10%°
cm™3, whereas a quasi-neutral plasma form is developed in the fourth section of gap, called as positive
column (PC). The role of positive column is very important because it traps the electrons, which use in
the next breakdown pulse. The four prominent regions are remarkably observed in figure 4.3 (a), which
can consider as a criteria for the homogeneous uniform atmospheric pressure glow discharge [81, 85].
It is evident from the figure 4.3 (b, c) that these regions are effected due to variation of destruction
frequencies. As the destruction frequency of excimers decreases, the cathode fall region is extended but
the negative glow and Faradays’s dark space regions are coupled together and become indistinguishable.
This represents the process of mode transformation from the glow to Townsend discharge plasma. We
can say that this mixed mode behaves as a partial uniform glow discharge mode as shown in figure
4.3 (b). The complete transformation is enhanced in figure 4.3 (c), which displays the emergence of
uniform Townsend mode and the discharge activity builds up near the anode as clearly illustrated in
figure 4.3 (c) for 1.0 x 10° s'! quenching frequency. In this case, the electron density increases towards
the anode from ~ 1.0 x 10% cm™ to ~ 1.1 x 10 cm™3, whereas the cathode fall region expands in the gap,
which absorbs other regions of the atmospheric pressure glow discharge especially the positive column.
The uniform atmospheric pressure Townsend discharge mode corresponds to the lower ionization mode
as compared to the higher ionization mode, like atmospheric pressure glow and non-uniform discharge
modes. In Townsend discharge mode, the electron density is maximum near the anode barrier and the
maximum density of ions exists a little away from the cathode barrier. The distortion in the electric field
is reduced and varies slowly. Sometimes, the Townsend discharge is usually called as dark glow discharge
at atmospheric pressure because of lower ionization rate in this mode. The secondary electrons from the
cathode barrier play a substantial role for the next breakdown pulse and the secondary electron emission
coefficient of numerical value, 0.01 is considered in this research work for the numerical simulations.
The electrons are not trapped in the Townsend mode due to the absence of positive column. Thus the
discharge is sustained by the secondary electrons emission from the dielectric barrier and effective role

performed by the metastables. The above discussion indicates that the excimers are destroyed at variable
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destruction frequencies in the atmospheric pressure discharges and produce different types of discharge
characteristics in pure helium gas. Therefore, the reduction of destruction frequency of excimers causes

the shift of APGD into APTD because of smaller ionization growth during the discharge progression.

4.3.3 Temporal profile of metastables and excimers
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Figure 4.4. Temporal profile of metastables (He") and excimers (He,) density for f = 20 kHz, ¢, = 7.5,
Barrier width = 0.1 cm and Vgpp = 2.4 kV in pure helium gas.

The temporal profile of metastables (He") and excimers (He,) are displayed for a complete cycle as
shown in figure 4.4 for quenching frequency 1.0 x 10% s'. The role of metastables and excimers is
entirely different as compared to the electronic and ionic species. The metastables provide a rich source
of ionization through stepwise ionization of metastables and excimers in pure helium gas. The figure
4.4 provides the average magnitude of the metastables and excimers at different times along with the
discharge current density during the different phases of evolution of atmospheric pressure glow discharge.
The density of metastables and excimers increases continuously after the discharge current density
peak, which are shown by two different closed loops. The density of excimers is always smaller than
metastables throughout the whole cycle except in the last phase of decay of half cycle. The density
of metastables increases gradually during the rise of discharge current pulse, whereas the density of
excimers increases slowly at first and then swiftly after breakdown during the glow discharge activity.

The density of excimers is suddenly increased at higher values of discharge current density and becomes
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maximum during the fall of discharge current pulse. The behavior of metastables and excimers are
approximately similar at very small values of current density as shown in figure 4.4. The excimers
have sharp behavior during the rise of current pulse and before the polarity reversal of electric field.
The large density of metastables is converted into excimers by using three body reaction (R11 in table
2.1), which exhibits in figure 4.4. The metastables are actively interacted with other discharge species
and have a higher average density in the atmospheric pressure glow discharge mode. The higher slope

An

He' He Differenc 1 i : :
Y= ¢ He, _ Difference between neutral species densities ) ¢ pyatastables also verifies this argument that
Aj Difference between current densities

they have higher densities in the growing phase of atmospheric pressure glow discharge than excimers.

4.3.4 Spatial distribution of electron mean energy and ionization rate
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Figure 4.5. Spatial structures of electron mean energy and ionization rate in (a) APGD and (b) APTD
for f =20 kHz, e, = 7.5, Barrier width = 0.1 cm and V,,,; = 2.4 kV in pure helium gas.

The electron energy density equation is solved with the addition of a set of particle balance equations
and Poisson’s equation. The structures of ionization rate and electron mean energy are illustrated in
the atmospheric pressure glow and Townsend discharge modes, which correspond to the highest and
lowest destruction frequencies. The electron mean energy in figure 4.5 (a) indicates the sharp falling
trend in the cathode fall region and varies smoothly in the gap. The electron mean energy becomes
smaller and flat when the destruction frequency is decreased to 1.0 x 105 ! as shown in figure 4.5 (b).
The sharp and small change in electron mean energy are observed in the atmospheric pressure glow
and Townsend discharge modes as shown in figure 4.5 (a, b). The electron mean energy varies from
12.0 to 5.0 eV near the cathode barrier and ~ 6.0 eV in the remaining part of gap at 1.0 x 106 s'!.
The ionization rate provides the production of electrons and ions from the helium gas atoms, which
develops the discharge plasma in the glow and Townsend discharge modes due to different destruction

frequencies. The ionization rate is maximum near the cathode barrier and possesses very small values in

the gap. On the contrary, the ionization rate is extended in the remaining part of gap and reduces from
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~ 7.0x10'7 cm™3s! to 7.0x 10 cm™s!, when the excimers quenching frequency decreases from 1.0x 106
to 1.0 x 10° s'. The distribution of ionization rate and electron mean energy accentuate the electron
related activities near the cathode barrier, which further enhance the perception of atmospheric pressure
glow and Townsend discharge modes under different quenching frequencies. The above discussion shows
that the activities of electrons near the cathode barrier play an extensive role in the glow discharge mode

as compared to the Townsend discharge mode at atmospheric pressure.

4.3.5 Electrical characteristics of atmospheric pressure glow discharge
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Figure 4.6. Current voltage characteristics for f = 20 kHz, ¢, = 7.5, Barrier width = 0.1 ¢cm and
Vappt = 2.4 kV in pure helium gas.

The temporal evolution of discharge current density and applied voltage are described which illustrate
the steady-state situation of atmospheric pressure glow discharge as shown in figure 4.6. The amplitude
of applied sinusoidal voltage to the parallel plate driven electrode is 2.4 kV and the driving frequency is
20 kHz. The profile of applied voltage is evaluated by using the relation, which described in section 4.2.
The discharge current density is calculated from the equation (2.36) that forms with the combination

of conduction and displacement currents. The rising time of discharge current density is very small as
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compared to the fall time, which corresponds to the similarity of atmospheric pressure glow discharge
and follows the similar trend of current-voltage characteristics [15]. The sharp and large current density
peak represents the glow discharge mode and the further details of the temporal profile are explored by
analyzing the spatial distribution of discharge species parameters, such as electric field, species density,
ionization rate and electron mean energy. A small current density peak is also observed in figure 4.6,
which represents the residual current peak. The residual current is produced when the trapped electrons

in the positive column begin to move quickly during the polarity reversal of electric field.

4.4 Influence of nitrogen impurities
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Figure 4.7. Temporal profile of discharge current density for f = 10 kHz, ¢, = 7.5, Barrier width = 0.1
cm and Vgpp = 1.7 kV in the presence of 10, 20 and 50 ppm N.

To understand the influence of nitrogen impurities, a temporal profile of discharge current density is
considered at 10 kHz with 10, 20 and 50 ppm nitrogen impurities. The remarkable influence of nitrogen
impurities provides the strong ionization due to small ionization potential of nitrogen in He-N, gas
and the Penning ionization of metastables (He') and excimers (He,) play a dramatic role to change
the characteristics of atmospheric pressure discharge. It has been observed that the breakdown voltage
of helium gas is decreased with small amount of nitrogen impurities [86] and the Penning ionization

process becomes dominant, which destroys the metastables through this process. As the breakdown
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voltage falls in the presence of nitrogen impurities, the amplitude of applied sinusoidal voltage in this
case is used as 1.7 kV for the numerical investigations. The ionization process becomes faster in the
presence of nitrogen impurities, such as 10, 20 and 50 ppm in pure helium gas. The large amount
of nitrogen impurities transforms the atmospheric pressure glow discharge into filamentary discharge
because the metastables are annihilated through Penning ionization process. The smaller amount of
nitrogen impurities is acceptable in certain situations, when the overvoltage possesses a smaller difference
between the applied and breakdown voltage. Therefore, the discharge current density is reduced from
~ 4.0 to 0.6 mA cm™, when the nitrogen impurities vary from 10 to 50 ppm in He-N, gas as shown
in figure 4.7. This evidence explores the effect of nitrogen impurities in different quantities, which
convert the atmospheric pressure glow discharge mode into Townsend mode. The higher amount of
nitrogen impurities (2 500 ppm) changes the internal structure of atmospheric pressure discharge and
the discharge is operated in the filamentary discharge mode. The present research thesis deals with the
variable amount of nitrogen impurities especially from 10 to 100 ppm. The discharge is in homogeneous
uniform Townsend mode, although the metastables and excimers destroy through Penning ionization
process. The Penning ionization process works fastly as compared to the stepwise ionization process
in pure helium gas and the destruction of metastables and excimers due to stepwise ionization are not

effected strongly in He-Ns than pure helium gas.
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Figure. 4.8. Spatial evolution of species density for f = 10 kHz, ¢, = 7.5, Barrier width = 0.1 ¢cm and
Vappt = 1.7 kV in the presence of 10 ppm Nj.
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To perceive the internal spatial distribution of electrons and ionic species (He', He; and Nj) in the
He-Ny discharge plasma, the spatial distributions of electrons and ionic species are analyzed in He-Ny
gas with 10 ppm nitrogen impurities. The homogeneous uniform structure of discharge species shows
that the molecular helium ions are dominated near the cathode barrier (C) and has a higher numerical

value of ~ 8.0 x 10'° ¢cm™

as compared to other ionic species. The density of molecular nitrogen ions
are higher throughout the gap as compared to the He* and He; ions density. The He™ ions density is
smaller than other ionic species because the three-body chemical reaction (R3 in table 2.1) converts a
major portion of He™ into He, ions density during the discharge progression. The electronic and ionic
structures of discharge species are extracted at the maximum discharge current density during the half
cycle as shown in figure 4.8. The positive column exhibits that a quasi-neutral region is developed in the
larger portion of the gap due to the electrons and Nj ions. The overall species structure verifies that
the discharge plasma is carried out in the homogeneous uniform glow discharge mode. It is evident that
the nitrogen impurities actively perform a significant role in He-Ny discharge plasma in the presence of

even 10 ppm nitrogen impurities.

4.4.1 Effect of secondary electron emission coefficient
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Figure 4.9. Temporal evolution of discharge current density with variable SEEC for f = 10 kHz,
e, = 7.5, Barrier width = 0.1 cm and Vg = 1.7 kV in the presence of 10 ppm Nj.
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The surface characteristics of dielectric barriers are implied by considering the effect of SEEC® due to
ionic species bombardment in the atmospheric pressure discharge. When the gas breakdown occurs, the
electrons and ions are rapidly moved towards the anode and cathode dielectric barriers by the influence
of strong electric field. The heavier ionic species strike the cathode barrier energetically and knock out
the secondary electrons from the dielectric barrier surface. The emission of secondary electrons from the
dielectric barrier surface due to the metastables and excimers are negligibly small and can be neglected in
high pressure discharges [87]. To understand the discharge characteristics due to the effect of SEEC, the
temporal progression of discharge current density is elaborated at different values of SEEC under similar
input conditions during the complete cycle. The figure 4.9 exhibits that the discharge current density is
increased by the increment of SEEC. As the value of SEEC varies from 0.01 to 0.1, the symmetric current
density structure is modified into asymmetric form due to the strong secondary electrons emission from
the cathode barrier. The asymmetric atmospheric pressure discharge is remarkable in case of 0.1 SEEC.
This shows that the strong breakdown is occurred with higher SEEC and the discharge plasma cannot
decay during the remaining part of half cycle. Therefore, the weaker breakdown is the most probable
in the next half cycle. The fundamental understanding of SEEC is developed for the dielectric barrier
surface when the atmospheric pressure glow and Townsend discharge modes are formulated in weakly

ionized He-Nj gas.

4.5 Emergence of chaotic behavior
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Figure 4.10. Chaotic behavior of discharge current density for (a) 5 kHz and (b) 6 kHz, ¢, = 7.5,
GW=0.5 cm and Vgp,; = 2.4 kV in pure helium gas.

In order to understand the chaotic behavior of atmospheric pressure discharge, the temporal evolution of

discharge current density is examined at the driving frequencies of f = 5.0 and 6.0 kHz as shown in figure

5SEEC: Secondary electron emission coefficient
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4.10 (a, b). The strong instabilities are prominently present in the lower frequency regime (1.0 < f < 7.0
kHz) as compared to higher frequencies, which has been discussed in [4, 15, 88]. These instabilities appear
in the mentioned frequency range and then they are suppressed under different operating circumstances.
We discuss the chaotic behavior of the atmospheric pressure discharges in this section and the procedures
are explored for the removal of instabilities in the non-uniform discharges. The discharge is randomly
operated in the higher and lower ionization modes for the positive and negative half cycles, which exhibits
the chaotic behavior of atmospheric pressure discharge at 5.0 and 6.0 kHz in pure helium gas. The figure
4.10 shows the chaotic behavior of discharge current density for the number of consecutive cycles. The
physical understanding of strongly asymmetric discharge current pulses can be explained by providing
the details of discharge breakdown mechanism. When a strong gas breakdown is occurring during the half
cycle, the discharge operates in the uniform homogeneous glow mode. Consequently, the discharge cannot
decay completely and the weaker breakdown is formed for the next discharge. The atypical breakdown
process is observed frequently at lower frequencies in this range and this argument is supported with the
temporal profile of atmospheric pressure discharge current density. This means that the development
due to the chemical processes are carried on strongly in a random fashion, which enhances the chaotic
behavior of discharge current density as shown in figure 4.10 (a, b). The development of inhomogeneous
modes at lower frequencies are the major cause of instabilities in the atmospheric pressure discharges.
These instabilities illustrate the ionization oscillations, which are occurred due to the various reasons.
As the metastables have higher density as compared to the other species in the atmospheric pressure
discharges, so they prominently influence the discharge characteristics in the lower frequency regime.
The major and important target is to identify the source of instabilities with the numerical modelling

and produces the recipes for the removal of instabilities.
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Figure 4.11. Temporal profiles of current density for f = 5.0 kHz, ¢, = 7.5, GW=0.5 cm and
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The logical understanding of instabilities can be explained by the effect of different chemical reactions,
such as the stepwise ionization of metastables and excimers in pure helium gas. When the stepwise
ionization processes of metastables and excimers are switched off in the fluid modelling exercise under
similar input conditions at 5 kHz, the source of ionization stops due to the metastables and excimers
stepwise ionization. The chaotic behavior of discharge is abolished and emerges in the atmospheric
pressure Townsend discharge mode as shown in figure 4.11 (a). This establishes a valid argument that
the metastables are very important in the atmospheric pressure discharges and effect the discharge
characteristics resolutely. The instabilities are normally appeared in the lower frequency regime because
the discharge species interactions have more time to interact and produce the resultant in the form of
strong and weak discharge breakdown during the half cycle. However, the instabilities are suppressed
in the higher frequency regime (2 7.0 kHz) because the discharge species interacts optimally during the
small time period and generates discharge plasma quickly in both positive and negative half cycles. The
authors [15, 89] discussed the possibility of non-uniform discharge in different frequency regimes and
especially in the lower frequency range (< 10 kHz) and the uniform discharge structure is prominently
observed at higher frequencies. The nitrogen impurity is also used as an efficient quencher for the
metastables and excimers. Therefore, the Penning ionization process destroys the metastables as well
as excimers and the discharge plasma is enhanced in the homogeneous uniform glow and Townsend
discharge modes based on the amount of nitrogen impurities as shown in figure 4.11 (b). The figure 4.11
(a, b) provides the uniform structures of the atmospheric pressure discharges under the above mentioned

imposed conditions.

4.6 Chaotic and bifurcation behavior at lower frequencies
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Figure 4.12. Chaotic and bifurcation behavior of current density for f = 1 kHz, ¢, = 7.5, GW=0.5 cm

and Vgppr = 2.4 kV in pure helium gas.
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The different types of chemical processes are involved for the production of atmospheric pressure glow
and Townsend discharges. The excitation and ionization processes perform a governing role as compared
to the other chemical processes because they have large production rates than others. We provide the
discharge current density structure at 1 kHz in pure helium and the magnitude of current density
falls in the Townsend regime. The chaotic and bifurcation processes are clearly observed as shown in
figure 4.12, which verify the experimental predictions in the lower driving frequency regime [15]. The
bifurcation process means the repetition of event after a certain time interval and the pattern of current
pulses follows a similar trend at 1 kHz. It is observed from the figure 4.12 that the pattern from 1 to
10 between small solid balls is repeated, whereas the magnitude of current pulses in the pattern are
not exactly similar. Thus, the chaotic behavior is identified in this pattern because the magnitude of
current pulses in the consecutive patterns are not matched perfectly. The combination of both behaviors
provide the filamentary discharge at 1 kHz. This simulation result strongly supports the experimental
observations in the lower frequency regime. The above distribution in figure 4.12 exhibits that the chaotic
behavior is dominant at lower frequencies, while the discharge plasma operates in the lower ionization

mode, usually called as Townsend discharge mode.
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Figure 4.13. Chaotic and bifurcation behavior of current density for f = 7.0 kHz, ¢, = 7.5, GW=0.5

cm, Vyppr = 2.4 kV in pure helium gas.

It is believed that the chaotic and bifurcation processes are dominant in the lower frequency regime
especially from 1 to 7 kHz approximately. The mixed type of pattern are exhibited in the figures 4.12
and 4.13 at 1 and 7 kHz to explore these phenomena in the atmospheric pressure discharges. The pattern
of discharge current density shows that the discharge plasma is operated in the glow mode with higher

magnitudes of current density. Therefore, it is evident from the figures 4.12 and 4.13 that the chaotic and
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bifurcation processes are prominently existed in the lower frequency regime, which has no association
with the mode of discharge plasma at atmospheric pressure. The filamentary discharge is also observed
at 7 kHz driving frequency and the magnitude of current density falls in the atmospheric pressure glow
discharge mode, whereas it appears in the Townsend discharge mode at 1 kHz. The third and fourth
pattern in figure 4.13 shows that the number of rising pulses are same and repeated but their magnitudes
are not exactly similar. The above structures exhibit that the chaotic behavior and bifurcation processes
are central in the lower frequency regime. From the above analysis in the lower frequency regime, it
is clear that the filamentary behavior is dominant in pure helium gas, which can be suppressed with
the described mechanisms in section 4.5. The range of different operating conditions are considered to

explore the characteristics of atmospheric pressure discharge.

4.7 Comparison of one-dimensional fluid model and experimen-

tal results
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Figure 4.14. Distribution of current-voltage characteristics for f = 10 kHz, ¢, = 9.0, BL=0.1 cm,
GW=0.5 cm and Vgpp = 1.85 kV in 100 ppm Ny impurities.

The reliability of fluid model results can be provided with number of methods, such as comparison with
experimental work, analysis of physical phenomenon under different conditions and spatio-temporal
profiles. Here, the temporal evolution of applied voltage and discharge current density are explored in
the presence of 100 ppm nitrogen impurities and compared with the experimental work published in [81].
The similar amplitude of applied voltage 1.85 kV, driving frequency 10 kHz, gap width 0.5 cm, barrier
width 0.1 cm and dielectric barrier permittivity as 9.0 are considered in one-dimensional fluid model to
evaluate the current-voltage characteristics. The fluid model simulation results are compared with the
experimental work as shown in figure 4.14 (a, b). The figure 4.14 (a, b) exhibits that the fluid model

results are approximately matched with the experimental results.
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4.8 Conclusions and summary

In this chapter, a one-dimensional fluid model is developed to understand the basic physical insight
of atmospheric pressure discharge. The simulation results are obtained by the variation of external
input discharge parameters, such as applied voltage, driving frequency, SEEC and trace amount of
nitrogen impurities. We explore the role of important metastables in the atmospheric pressure glow and
Townsend discharge modes, which enhance their behavior in the growth and decay phases. The influence
of destruction frequencies is analyzed in the glow and Townsend discharge modes, which provides the
importance of excimers in the atmospheric pressure discharges. The four distinct regions, such as
cathode fall, negative glow, Faraday’s dark space and positive column are discussed in the homogeneous
uniform atmospheric pressure glow discharges, which can be used and considered as a criterion for
the uniform atmospheric pressure glow discharges. These prominent regions are disappeared at lower
destruction frequency of excimers and in the presence of excess amount of nitrogen impurities because the
atmospheric pressure discharge operates and persists in the Townsend discharge mode. The influence of
nitrogen impurities exhibit that they play an important and glaring role in He-Ny discharge plasma. The
spatial profile of ionization rate and electron mean energy are displayed, which provide the evolvement
of electrons near the cathode barrier in the atmospheric pressure glow and Townsend discharges. The
chaotic behavior is discerned in the lower frequency regime usually (1.0 < f < 7.0 kHz), which shows
the particular details at 5.0 and 6.0 kHz for the number of cycles. The chaotic behavior is suppressed in
the absence of stepwise ionization and the presence of nitrogen impurities in pure helium gas. Finally,
the one-dimensional fluid model simulations and experimental results are compared with a specific set

of parameters, which display the authenticity and reliability of fluid model results.
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Chapter 5

Evolution of two-dimensional

uniform and filamentary APD!

5.1 Introduction

In this chapter, we apply a two-dimensional fluid model to explore the behavior of atmospheric pressure
discharge in the parallel plate reactor geometry. In industry, it has been demonstrated that the discharge
plasma can be successfully used as an excellent tool for different industrial applications [90, 91, 92]. How-
ever, the mechanisms and conditions for the evolution of different phases of the atmospheric pressure
discharge demand a more comprehensive knowledge. The evolution of non-uniformities entails a spe-
cial attention during the transition of different discharge modes. In this specific area, the significant
development has been performed in the technology modelling, simulation modelling of the atmospheric
pressure discharges and the immense recent progress of different applications during the last decade
[4, 12, 93, 94]. The ultimate solution is the bridge between the experiment and numerical simulations
to understand and describe the transverse characteristics of the uniform and non-uniform discharges at
atmospheric pressure. Initially, the two-dimensional fluid modelling of the dielectric barrier discharge in
air and nitrogen has been investigated the four marked phases, a Townsend phase, an ionization wave,
a cathode layer formation, and a decay phase. The streamer dynamics of the space-charge dominated
plasma simulations are considered in the nitrogen plasma and the ionization growth exhibits itself con-
striction of the discharge [95, 96, 97]. So, the complete description of discharge plasma can be provided

in detail by the help of two-dimensional modelling in different gas mixtures under different conditions.

LAPD: Atmospheric pressure discharge
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In order to enhance our intuition for the numerical simulations of the atmospheric pressure discharges,
it becomes necessary to model the spatio-temporal evolution of the external discharge parameters under
variable conditions. We have developed a two-dimensional self-consistent homogeneous fluid model to
describe the spatio-temporal characteristics of the atmospheric pressure discharge in pure helium and
He-Ny gases. This chapter provides the basic concepts of dielectric barrier discharge in three different
phases. The different phases are elaborated to provide the brief insight of atmospheric pressure discharge.

In the first phase, the uniform glow discharge structure is discussed in pure helium gas, which il-
lustrates the four distinct regimes of atmospheric pressure discharge and describes the effective role of
chemical processes. In the second phase, the profile of constricted filamentary glow discharge is ex-
plored by the help of streamer breakdown mechanism and the decay phase demonstrates the evolution
of filamentary discharge clearly. The transition between the uniform and non-uniform discharge modes
are investigated with and without combined imposed conditions in the dielectric barrier discharges. In
the third phase, the electrical characterization and spatial distribution of uniform atmospheric pressure
discharges are elaborated. The uniform discharge modes can be expressed by an adjustment of barrier
thickness, which develops the atmospheric pressure glow and Townsend discharge modes. The temporal
evolution of the discharge species density exhibits that the metastables and excimers are actively in-
teracted with other discharge species because they have a dominant concentration during the complete
cycle. The influence of nitrogen impurities, Penning ionization of metastables, relative permittivity of
the dielectric barriers and variable frequencies are analyzed with the spatio-temporal distribution of the
atmospheric pressure discharges. It is noted that the major difference between the electrons and He;
ions density is greater in pure helium as compared to the He-Ns discharge because of the absence of
Penning ionization of nitrogen impurities. This confirms that the nitrogen impurities have a large influ-
ence and decrease the difference between the electrons and He; ions density with the help of Penning
ionization process. Overall, this chapter is useful to deliver satisfactory information for the uniform and
non-uniform atmospheric pressure discharges, and describes the origin of non-uniformities.

In this chapter, Section 5.2 describes the distribution of discharge species and chemical reaction
analysis in pure helium gas. Section 5.3 explores the filamentary discharge behavior in He-Ny discharge
plasma. Section 5.4 analyzes the electrical and spatial properties of uniform atmospheric pressure dis-
charge modes. Section 5.5 investigates the space and time variations of electron density and surface
charge density in the uniform atmospheric pressure discharge. Section 5.6 describes the temporal varia-
tions of discharge parameters. Sections 5.7 and 5.8 inquire about the relative permittivity of dielectric
barrier and variable driving frequencies of atmospheric pressure discharge. Section 5.9 examines the
summary and conclusions of two-dimensional fluid model in stagnant bulk gas.

Let us consider a sinusoidal AC voltage for the parallel plate dielectric barrier discharge geometry at
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constant pressure 760 torr. The numerical simulations are discussed in pure helium and He-Ny gases,
whereas the nitrogen impurities are changed from 20 to 100 ppm. Initially, a quasi-neutral plasma is
assumed in the gap with equal electrons and ions density of ~ 10% cm™. We discuss the spatial and
temporal evolution of the atmospheric pressure discharge in the lower frequency range from 20 to 50 kHz
and the variable amplitude of the applied voltages are considered to understand the influence of external
discharge parameters. The special features and aspects are examined for the atmospheric pressure glow
discharge with fixed gap width and barrier length, and the stationary state achievement requires few

number of cycles after the first breakdown.

5.2 Spatial distribution of discharge species and electric field
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Figure 5.1. (a) Electric field E,, in axial direction, (b) Hej ions and (c) electrons density distribution

for f = 20 kHz, e, = 7.5, 7, = 0.1 and V4, = 2.1 kV in pure helium gas.

We consider the periodic stationary-state of atmospheric pressure discharge with 20 kHz driving fre-
quency and 2.1 kV amplitude of applied voltage in pure helium gas. As the sinusoidal voltage increases
gradually, the electrons acquire enough energy to excite and ionize the helium gas atoms and mole-
cules, i.e., He', He* and He; . The next stage is the breakdown of gas, which occurs only when the
applied voltage V,,; is greater than the breakdown voltage V. The breakdown voltage depends on
the following factors, such as gap distance between the barriers, operating gas and pressure of a reactor
and varies for gas mixtures. When the breakdown electric field strength is occurred in the reactor, the
dielectric barriers behave like conducting materials and offer a very small resistance. The ionization rate
is enhanced to higher values and a discharge is established in the gap. The dielectrics accumulate the
charges on their surfaces and the charge accumulation depends on the voltage drop across the dielectric
barriers. Correspondingly, the spatial structure of electrons, He, ions and electric field explicate the four

distinct regions of atmospheric pressure glow discharge as mentioned in chapter 4. In the cathode fall
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region, the electric field distribution shows the drastic fall from 1.0 x 10* V em™ to nearly zero because
a large positive space charge layer is formed due to He™ and He; ions as shown in figure 5.1 (a). The
He, ions have a maximum density of ~ 8.0 x 10'® ¢cm™ near the cathode barrier surface and becomes
small on the cathode peripheral edges as shown in figure 5.1 (b). The electrons are accelerated to high
energies in this region and develop a strong ionization and avalanche in the negative glow region. The
maximum electrons density is of ~ 1.5 x 10!° ecm™ and satisfies the criteria for the quasineutrality. The
evolution of Faraday’s dark space exhibits that the density of He; ions is greater than electrons and
the smallest values are obtained in this particular discharge region. Lastly, the electrons are trapped in
the positive column due to the interaction with the He; ions and exist approximately in equal density
values in the positive column. The preionization level of electrons is achieved by the presence of elec-
trons in the positive column before the next breakdown pulse. The electrons response in the positive
column is not very sharp during the sudden rise of electric field and ionic species density during the
glow discharge evolution. However, the discharge properties in this section are explored in pure helium
gas without excimer species. The above contour structures in figure 5.1 provide a concise picture of the
uniform atmospheric pressure glow discharge at the peak of maximum discharge current density, which
are similar to the traditional DC glow discharge at low pressure [4].

Cathode Cathode

Gap Width {cm)
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(a) b C|

Figure 5.2. (a) Hej, (b) He' and (c) He" species density for f = 20 kHz, &, = 7.5, v, = 0.1 and
Vappt = 2.1 kV in pure helium gas.

In the atmospheric pressure glow discharges, the metastables are created by the excitation of helium
atoms from the ground state due to the less ionization potential (He (1S) and He (3S) for 19.8 and 20.6
eV) respectively and perform an important role for the production of ions (R2, R4 and R5 in table 2.1).
The three-step conversion process explores the formation of He; ions from the metastables (He") by
considering the related chemical reactions. The spatial profile of metastables and helium ions (He™ and
He; ) show that the maximum values of density are present near the cathode barrier as shown in figure

5.2 (a, b, ¢). The metastable species form a remarkable twin peak distribution as compared to the other
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discharge species as exhibited in figure 5.2 (c). The large and small peaks are created simultaneously and
their density magnitudes vary from the higher 3.0 x 10! cm™ to lower values 1.5 x 10'* cm™. The lower
density peak of metastables near the anode barrier provides the seed electrons for next discharge pulse,
whereas the higher density peak near the cathode barrier supplies the He™ ions for the maintenance of
the atmospheric pressure glow discharge consecutively. The small peak exhibits that the metastables are
not vanished completely in the previous discharge pulse due to their long life time and the low loss rate.
They also supply electrons in the positive column when the electric field has the lowest values during the
discharge progress. The above discussion indicates the distinct behavior of metastables as compared to
other discharge species in the glow discharge formation. The twin peak structure of metastables is similar
to the previous one-dimensional fluid modelling results as discussed in [99]. The He™ ions are created
by the chemical reactions, such as the direct ionization of helium gas atoms and stepwise ionization of
metastables, and fastly transformed into He; ions using the main channel of three body reaction (R3
of table 2.1). Therefore, the density of He™ ions is very small as compared to HeJ ions as displayed in
figure 5.2 (b). The density of He; ions distribution show that they are spread and strongly attached
with the surface of cathode barrier than He™ ions and metastables (He*) respectively as shown in figure
5.2 (a). The distance between the peak of maximum species density and cathode surface increases from
Hej ions to He™ (left to right) in figure 5.2 (a, b, ¢), which provides their peak spatial occurrence in the
atmospheric pressure glow discharge. The distribution of metastables (He*) in figure 5.2 (c) illustrates
that the secondary electron emission coefficient is not very effective because they have maximum spatial
density a little away from the cathode barrier. The above discussion in pure helium gas provides an
insight for the uniform atmospheric pressure glow discharge and the effect of major chemical processes

for the production of active discharge species in pure helium gas.

5.3 Filamentary structure of an APD

The filamentary discharge is defined as an aggregate of thin conducting plasma channels developing
chaotically between the dielectric barriers. The real atmospheric pressure discharge always possesses
small amounts of different gas impurities and they have a substantial impact in pure helium gas. The
nitrogen impurities are considered in the present modelling study and the gas breakdown voltage is
decreased due to the effect of nitrogen impurity. The nitrogen is recognized as a very effective quencher
for the helium metastables and excimers because the ionization potential of nitrogen is smaller than
the metastables and this helps in Penning ionization process for the production of the electrons. It
is supposed that the nitrogen impurities are very small and the electron distribution function is not

influenced with the trace amount of nitrogen impurities in He-Ny gas. We now analyze the spatio-
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temporal profiles and current-voltage characteristics of the filamentary and uniform atmospheric pressure
discharges under different conditions. The filamentary discharge is achieved by the help of imposed
conditions, such as overvoltage effect and increased recombination of molecular nitrogen ions and the
mechanism of discharge creation is explained in this section.
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Figure 5.3. Phases of electron density evolution for f = 20 kHz, €, = 9.0, RC = 5.0 x 107% cm?® s! and
Vappt = 1.7 kV with 50 ppm Ny impurities.

The space and time variations of electron density are illustrated in figure 5.3 (a - d) during the evolution
of different steps of filamentary discharge, which describe the prebreakdown, breakdown and filamentary
discharge formation and start of decay phases. The powered cathode and anode dielectric barriers
are not shown in the diagram and their polarities link with the external applied voltage. The discharge
parameters continuously update during the complete cycle, whereas the major and quick distortion is seen
during the breakdown pulse as compared to the evolution of different phases in the filamentary discharge
plasma. Initially, a quasi-neutral plasma is considered in the gap and the initial avalanche develops from
the assumed seed electrons and ions present in the gap. It is described in the experimental work [101, 102]
that the breakdown initiates at the same position of the former cathode fall and in the middle of the
gap. The direct excitation, ionization and Penning ionization processes are the leading and governing

processes in He-Ny gas during the evolution of breakdown. The time duration (t1 - t4) represents that
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the evolution of filamentary discharge covers the four distinct phases with a gap of approximately 3
us. The figure 5.3 (a) corresponds to the prebreakdown phase and the magnitude of electron density
is ~ 0.7 x 10° cm™ in this case. As the gas breakdown starts, the ionization processes are lead off at
an enormous rate and create a remarkable change in the avalanche structure as shown in figure 5.3 (b),
whereas the magnitude of electron density in this case is ~ 1.0 x 10'® em™. The distorted cathode fall
region evolves when the discharge current density is maximum and the distribution of electron density is
shown in figure 5.3 (c) with the numerical magnitude of ~ 5.0 x 101® cm™. The electron density further
increases after the maximum discharge current density until the end of current pulse. The figure 5.3 (d)
provides the electron density when the distorted cathode fall region start smashing and the magnitude
is ~ 6.0 x 1019 ¢cm™. This phase is termed as the start of decay in the filamentary discharge. The
distinct phases of the filamentary atmospheric pressure discharge are obtained due to the overvoltage
effect at 20 kHz driving frequency. It is clear from the figure 5.3 (a - d) that the density of the electrons
is varied in different phases of atmospheric pressure discharge. A streamer is formed of an avalanche if
the electric field of its space charge reaches a value of the order of the external field. This avalanche
creates enough ions to localize the electric field. The structure of filaments in figure 5.3 (c, d) is created
due to the streamer ionization mechanism because the electric field is higher at the streamer head than
the filamentary discharge in the reactor gap. The figure 5.3 (¢) exhibits that there is a strong interaction
between the electron impact processes at the streamer head near the cathode barrier as compared to the
whole reactor gap. The higher electric field is developed due to the accumulation of positive ions in the
distorted cathode fall region near the cathodic dielectric barrier. Consequently, the noticeable steps of
electron density distribution in figure 5.3 (a - d) constitute the pre-breakdown, breakdown, filamentary
structure in constricted form and start of decay in the filamentary atmospheric pressure dielectric barrier

discharges.
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Figure 5.4. Profiles of electron density in the afterglow phase for f = 20 kHz, ¢, = 9.0, RC
=5.0x107% ecm?® s! and V,,,, = 1.7 kV with 50 ppm Ny impurities.

To understand the non-uniform discharge behavior with combined imposed conditions, such as the
overvoltage and increased recombination coefficient of N ions, the analysis of the filamentary discharge
is also performed in the afterglow phase from t1 to t6 us in order to understand the effect of increased
recombination coefficient of molecular nitrogen ions. As the recombination reaction processes (R7 - R10
in table 2.1, R1 - R3 in table 2.2) play a significant role in the afterglow phase as compared to the other
reactions, so the higher recombination rate destroys the electrons before the next breakdown. Therefore,
a non-uniform distribution of electron density develops in the gap and the evolution of electron density is
shown at different time instants with an approximately equal time interval of 1.25 us as shown in figure
5.4 (a - f). The electron density is decreased to the smaller values ~ 1.0 x 10° cm™ in the filamentary
discharge because the filaments create due to Townsend ionization mechanism in the afterglow phase.
The origin of non-uniformities is described by the streamer and Townsend ionization mechanisms, which
enhance the processes of constricted glow discharge formation and afterglow filamentary form as shown
in the figures 5.3 (b, ¢) and 5.4 (c - e). In the decay phase, the constricted filamentary structure of
electrons density is divided into two layers, which show the strong and weak formation of filaments on

both sides of electron density structure due to the existence of variable density gradient as shown in

87



figure 5.4 (d - ). The authors [100, 101] discussed the source of filamentation in the discharge plasma
with two-dimensional fluid model, which has been produced under different imposed conditions than
discussed in this section. The stages of electron density structure build up the better perception for the

formation of non-uniform discharge distribution in the afterglow phase as displayed in figure 5.4 (a - f).

5.3.1 Absence of imposed conditions
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Figure 5.5. Uniform structure of (a) electrons and (b) Hej ions density for f = 20 kHz, ¢, = 9.0, RC
=2.0x10"" cm® s! and Vappr = 1.5 kV with 50 ppm Ny impurities.

The uniform structure of discharge species is recovered without the combined imposed conditions, such
as overvoltage and increased recombination coefficient as shown in figure 5.5 (a, b). The previously dis-
cussed four distinct regions are identified precisely as shown in figure 5.5 (a, b), which provide a sufficient
indication for the uniform distribution of atmospheric pressure glow discharge. The uniform distribution
of electrons and He; ions density manifest the source of non-uniformities under variable conditions in
helium gas with 50 ppm nitrogen impurities. When the applied voltage is slightly greater than the
breakdown voltage, the probability of Townsend ionization mechanism becomes greater as compared
to the streamer breakdown of the dielectric barrier discharges at atmospheric pressure. Therefore, the
uniform glow discharge is possible only under normal conditions, such as trace amount of nitrogen impu-
rities, small positive difference between the applied and breakdown voltages and standard recombination
coeflicient of ionic species. The large positive difference between the applied and breakdown voltage
causes the filamentation in the atmospheric pressure discharge and the above results support these ar-
guments. The species distribution of uniform and non-uniform discharges represent the stationary-state

of discharge, which can be verified with the temporal evolution of current-voltage characteristics.
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5.4 Characteristics of uniform APD

5.4.1 Electrical characterization of the APGD
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Figure 5.6. V - i characteristics for the periodic stationary-state of APGD for f = 30 kHz, ¢, = 7.5,
Barrier width = 0.1 cm and Vgpp = 1.5 kV with 20 ppm N, impurities.

The V - i electrical characterization profile is demonstrated with the temporal evolution of the voltage-
current parameters and the voltage boundary conditions [15, 104] are used in the present two-dimensional
fluid model for the dielectric barrier discharge. The pattern in figure 5.6 shows that the higher and lower
current density peaks are noticed per half cycle and the remaining discharge properties are identical
from one cycle to another. The stationary asymmetric structure can be dominant for the large current
densities but the magnitude of positive and negative discharge current density pulses are equivalent. The
stationary-state means the equal generation of electrons and ions pair in a number of consecutive cycles.
The electric field accelerates the charged particles which absorb the energy from the field. Therefore,
the electrons absorb sufficient energy to ionize the gas particles in the breakdown pulse and release the
energy in the decay phase, and this process becomes continuous in steady-state. Although, the large
current density peak corresponds to the uniform homogeneous glow discharge and its rise time is small
as compared to the fall time as shown in figure 5.6. The origin of the small current density peak or
residual current density peak differs from the large current density peak because it is created due to
the trapped electrons in the positive column during the glow discharge. The residual current is induced

when these trapped electrons swiftly move during the polarity reversal of the electric field. The above
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voltage-current characteristics structure is similar to the structure observed in [100, 101].

5.4.2 Difference between Glow and Townsend discharges
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Figure 5.7. Electron density in the (a) glow and (b) Townsend modes for f = 30 kHz, ¢, = 7.5, Barrier
width = 0.1 and 0.3 cm, Vgpp, = 1.5 kV with 20 ppm Ny impurities.

The major and important species in the atmospheric pressure discharges are the electrons, which repre-
sent the state of discharge during the progress. We consider the mesh distribution of electrons, which
are illustrated with the atmospheric pressure glow and Townsend discharge modes. These structures are
developed by the effect of dielectric barrier thickness and the discharge characteristics manifest in two
distinct uniform discharge modes. The glow discharge mode shows the maximum electron density near
the cathode fall region and the Townsend mode displays near the anode barrier respectively as shown
in figure 5.7 (a, b). The electric field is strongly distorted due to presence of space charge in case of
glow discharge mode as compared to the Townsend discharge mode. However, the intense and weak
uniform discharge plasma are developed in the glow and Townsend discharge modes in He-Ny gas. The
atmospheric pressure glow discharge is obtained with an axial gap width of 0.5 cm and the dielectric
barrier thickness of 0.1 cm and the corresponding maximum electron density is ~ 7.3 x 10° cm™. The
Townsend discharge mode is accomplished by increasing the barrier thickness to 0.3 cm and the positive
column disappears in this case. This indicates that the atmospheric pressure glow discharge is shifted
into Townsend mode because of the large voltage drop across the gap and higher impedance of dielectric
barrier due to the higher thickness. The result is confirmed with the electron density mesh structure

3 near the

as shown in figure 5.7 (b), which describes the maximum electron density ~ 2.0 x 10 cm
anode and minimum ~ 1.0 x 10® ¢cm™ near the cathode. The figure 5.7 (a, b) shows that the location
of discharge activities are changed in the uniform glow and Townsend discharge modes. The above

mentioned difference between atmospheric glow and Townsend discharge modes can be verified with the
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previous modelling results [99, 101].
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Figure 5.8. Electron mean energy (a, ¢) and ionization rate (b, d) for f = 30 kHz, &, = 7.5, Barrier

width = 0.1 and 0.3 cm, Vpp = 1.5 kV with 20 ppm Ny impurities.

As the number of the atmospheric pressure discharge studies [52, 100] assumed a local field approximation
and the simulation model in this study solves an electron energy density equation using the drift-diffusion
approximation in addition to the plasma fluid model equations. The figure 5.8 (a - d) exhibits the
spatial discharge structures of the electron mean energy and ionization rate for the APGD and APTD
respectively. The structures of electron mean energy show that the electron energy is maximum and
suddenly falls from 9.0 to 3.0 eV near the cathode in case of APGD, whereas the inclined slope of the
electron mean energy structure is noted and varies smoothly from 8.0 to 3.0 ¢V in APTD as shown in
figure 5.8 (a, c). The ionization rate is maximum near the cathode in the glow mode and immediately
drops from the numerical value ~ 1.0 x 10'7 ecm™3s! to ~ 1.0x 10'® cm™s™! in case of Townsend discharge
mode as exhibited in figure 5.8 (b, d). The ionization rate in figure 5.8 (b) displays that the volume
concentration is strongly dense and uniform in the central part as compared to the peripheral edges of
the barriers in APGD. The one-dimensional structure of the electron mean energy calculated from the
hybrid model at the current density peak is matched with the above electron mean energy distribution
[29]. The simulation results of two-dimensional fluid model are consistent with the one-dimensional fluid

model results, which provide the reliability of analysis of atmospheric pressure discharge.
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5.5 Evolution of electrons density in uniform APD
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Figure 5.9. Phases of electron density evolution for f = 30 kHz, ¢, = 7.5, Barrier width = 0.1 cm and
Vappt = 1.5 kV with 20 ppm Ny impurities.

To understand the features of uniform atmospheric pressure discharge during its progression, the distri-
butions of electron density are explored at different time instants from (t1 - t4) as shown in the figure
5.9 (a - d). The time duration covers approximately quarter of a cycle from 0 to 8.3 us. The structure
of electrons density is shown in figure 5.9 (a) at time t1 2 0, which represents the state of electrons just

before the breakdown with a numerical magnitude of ~ 3.5 x 10 cm™.

The electrons do not occupy
the whole space in the reactor gap as clearly shown in the figure 5.9 (a). As the breakdown completely
occurs at t2 = 2 us approximately, the electron density is forced to extend radially outward due to the
influence of the radial electric field. Although the diffusion of the electrons is supported by the radial
field along with the axial progress of the avalanche in the direction of axial electric field. The source of
electrons and ions near the cathode barrier is the direct ionization of helium atoms and Penning ioniza-
tion process for the maintenance of uniform atmospheric pressure glow discharge. The uniform cathode
fall region evolves with four distinct parts due to the fast movement of charge particles in the gap, which

discussed in section 5.2 in detail. The magnitude of higher current density is acquired during the fast

progression of discharge plasma towards the cathode barrier and enhances a strong displacement current
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at the position of the cathode. In this case, the discharge current density reaches to the higher values and
the structure of electron density is exhibited in figure 5.9 (b). The electron density increases after the
maximum discharge current density because the ionization processes continuously produce the electrons
in the presence of impurities during this phase. The electron density increment process halts at the
position of new cathode fall layer in the gap near the end of current pulse. The figure 5.9 (c) represents
the electron density distribution in the decay of discharge current density at t3 & 4 us. During the dis-
charge progress, the creation and destruction of discharge species persist along with the electron energy
losses. The electron energy losses play a meaningful role because they are composed of the joule heating,
elastic and inelastic electron impact collision processes. These energy losses are not exactly balanced by
the ionization processes but act to reduce the production of electrons. The atmospheric pressure glow
discharge is stable in the presence of energy losses and avoids to move in the filamentary form. Finally,
the electron density approaches to its maximum value at the position of new cathode fall layer of next
breakdown pulse after t4 = 8.3 us approximately. This indicates that the significant contribution of
electrons is emerged during the evolution of breakdown phase and the discharge characteristics provide
a better perception of the evolution of uniform atmospheric pressure discharge phases. The figure 5.9
(a - d) displays the course of consecutive events betided in the atmospheric pressure uniform discharge,
whereas the magnitude of the electron density increases in the mentioned phases. The spatial structures
of electron density are synchronized with the temporal evolution of discharge current density pulse as

shown in figure 5.6.
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5.5.1 Spatio-temporal evolution of surface charge density
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Figure 5.10. Spatio-temporal evolution of surface charge density for f = 30 kH, ¢, = 7.5, Barrier width
= 0.1 cm and Vgpp = 1.5 kV with 20 ppm N, impurities.

As the surface charge density is calculated by using the Gauss’s law, which described in chapter 2 by
the equation (2.35). The figure 5.10 exhibits the distribution of surface charge density on the powered
dielectric barriers as well as with the spatial evolution of electrons density in the reactor gap at the same
time instants (t1 - t4) of figure 5.9 (a - d). The temporary cathode and anode dielectric barriers change
their polarities with the external applied voltage. Just before the breakdown, the dielectric barrier is
negatively charged, which mention the memory effect of the last breakdown at t1. With the effect of large
number of positive ions on the surface of cathodic barrier, the resultant surface charge density becomes
positive, which has a peak value at the end of current pulse. The electric field in the cathode fall region
decreases due to the accumulation of positive charges on the dielectric barrier. The charge particles in
the reactor gap are destroyed through different chemical processes, such as dissociative recombination
of different ionic species. However, the recombination process performs a significant role in the positive
column of the discharge in the decay phase. Therefore, the cathode fall region smashes in the afterglow
phase due to the effect of above mentioned processes and these results are agreed with the previous

modelling results in [100].
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5.6 Temporal evolution of discharge species variables

5.6.1 Temporal profiles of averaged species density
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Figure 5.11. Temporal profiles of averaged species density for f = 30 kHz, ¢, = 7.5, Barrier width =
0.1 cm and Vg = 1.5 kV with 20 ppm Ny impurities.

The overall behavior of atmospheric pressure discharge can be expressed by the temporal evolution
of average species density for a complete cycle as illustrated in figure 5.11. The metastables (He*)
perform the governing role during the APGD and have a maximum density after the ionic species
density in the presence of 20 ppm nitrogen impurities. The chemical reaction R11 in table 2.1 shows
that the metastables are converted into excimers through a three body collision process and this strongly
explicates the average profile of excimers during the temporal evolution. The metastables and excimers
interact with the nitrogen molecules through the Penning ionization process (R4, R5 and R8 in table
2.2) and produce the NJ ions. The temporal distribution of molecular nitrogen ions shows that the
average density of Nj ions is greater than He" and Hej ions, whereas they have different behavior in
the afterglow phase as shown in figure 5.11. Therefore, the average density of Nj ions is greater than
other ionic species in the APGD, which expresses the importance of nitrogen impurities. Lastly, the
volume concentration of vast majority of He™ ions are converted into the He; ions using the three body

reaction (R3 in table 2.1) [97] and emerge as the lowest density of species in the glow discharge. The
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temporal evolution of averaged discharge species density illustrates the distinct role of different species

in the atmospheric pressure glow discharge.

5.6.2 Temporal distribution of production rates
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Figure 5.12. Production rates of major chemical processes for f = 30 kHz, ¢, = 7.5, Barrier width =

0.1 cm and V,pp = 1.5 kV with 20 ppm N, impurities.

As we consider only 20 ppm nitrogen impurities in helium gas for the evolution of uniform atmospheric
pressure discharge but the substantial influence of N ions over the other density of ionic species is
analyzed by the production rates of main plasma processes. The temporal evolution of the ionization
rates of different species exhibit that the direct ionization of helium atoms is the dominant as compared
to the other ionization processes as shown in the figure 5.12. Secondly, the Penning ionization process
of metastables is greater than the charge transfer between He; and Nj ions and Penning ionization of
excimers. The direct ionization of nitrogen, the step-wise ionization of helium metastables and excimers,
and other production rates are smaller as compared to the displayed production rates and not shown
here due to the smaller influence. The delay in the peak of Penning ionization as compared to the
direct ionization of helium helps us to understand that the N ions continuously produce long after the
glow discharge due to their long lifetime of metastables and excimers. The density of NJ ions has a

strong influence on the discharge characteristics because they perform an outstanding role in the decay
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phase and effectively influence on the characteristics of discharge plasma. The direct ionization process
is linked with the electric field strength and it is maximum when the electric field has large values. This

provides the precise role of different production processes during the progression of a complete cycle.

5.6.3 Dissociative recombination of ionic species
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Figure 5.13. Recombination rates of ionic species for f = 30 kHz, ¢, = 7.5, Barrier width = 0.1 cm and

Vappt = 1.5 kV with 20 ppm Ny impurities.

The ionic species are created by the number of sources during the progression of atmospheric pressure
discharge, which were discussed by the temporal evolution of mean production rates. The dissociative
recombination rates of ionic species reactions are exhibited in figure 5.13 for a complete cycle. It is
observed that the temporal evolution of averaged recombination rates is partially similar except for the
molecular nitrogen ions. As we have discussed the strange behavior of filamentary discharge in the decay
phase, which were emerged due to the higher recombination coefficient of molecular nitrogen ions. The
behavior of dissociative recombination rate of molecular nitrogen ions is completely different than other
ionic discharge species in the decay phase, which clearly displays by an arrow in figure 5.13. However,

the behavior of molecular nitrogen ions is modified by the influence of variable amount of nitrogen
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impurities. This evidence supports the effective role of molecular nitrogen ions in the decay phase when

they are considered for use as an impurity in helium gas.

5.6.4 Influence of Penning ionization
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Figure 5.14. Spatial distribution of N ions and He" metastables density for f = 30 kHz, ¢, = 7.5,
Barrier width = 0.1 cm and V,p,; = 1.5 kV with 20 ppm Ny impurities.

The spatial evolution of NJ ions and metastables (He") density are shown in the figure 5.14 (a, b), when
the discharge current density possesses its maximum value. The distribution of N ions and metastables
(He") are uniform in the gap and they have maximum concentration near the cathode barrier. The
figure 5.14 (a) shows that there are small density gradients of Nj ions on both sides of the cathode
periphery as compared to the metastables. This can be examined by the help of the production rates of
Nj ions as defined in table 2.2. The Penning ionization is the strongest source of Nj ions as compared
to the direct ionization of Ny and charge transfer between He; and N; ions. However, the reason for the
density gradient near the edges can be explained with the properties of weakly ionized plasma. As the
molecular nitrogen ions are heavier than other discharge species of atmospheric pressure discharge, the
collisions are remarkable in weakly ionized plasma at high pressure. When the ionic species and electrons
travel to their respective cathode and anode barriers, the lighter particles are rushed quickly and heavier
particles crawled gradually. If this process continue for some time, then the heavier species also slide
towards the edges as well as to the cathode barrier due to the effect of different collisional interactions.
They form a thick layer of molecular nitrogen ions on the cathodic barrier as compared to the thin layer
of molecular helium ions and their density magnitude is higher in the reactor gap than the molecular
helium ions. As the metastables density is very small near the peripheral edges of the cathodic barrier as

shown in figure 5.14 (b), so the Penning ionization is negligible near the edges. The charge transfer and
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direct ionization of nitrogen molecules continuously produce molecular nitrogen ions with the smaller
production rates at the cathodic barrier edges, which supplies a smaller quantity of molecular nitrogen
ions at the peripheral edges. This develops a small change in the density of molecular nitrogen ions at
the peripheral edges and the effect is varied with the amount of nitrogen impurities. This analysis shows
that the small amount, i.e., 50 ppm nitrogen impurities has a remarkable effect on the characteristics of
discharge plasma. The analysis shows that the small amount (20 ppm) has a remarkable effect on the
discharge characteristics in He-Ny discharge plasma. It is also noticed that the twin peak structure of
metastables in pure helium as shown in figure 5.2 (c¢) is not matched with metastables in He-N, gas as
shown in figure 5.14 (b). The small peak of metastables in He-Ny gas is extinguished due to the effect
of Penning ionization and the metastables don’t trap in the positive column. This enhances the role of

Penning ionization in He-N, gas for the atmospheric pressure discharges.

5.6.5 Effect of dielectric barrier length (diameter)
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Figure 5.15. Discharge current density for f = 30 kHz, ¢, = 7.5, BL=3, 6, 9 and 12 cm, Barrier width
= 0.1 cm and Vgpp = 1.5 kV with 20 ppm N, impurities.

As the voltage drop across the dielectric barrier depends on the barrier width and the discharge character-

istics are modified substantially with the change in the barrier width as discussed in case of atmospheric
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pressure glow and Townsend discharge modes in section 5.4. The temporal evolution of the periodic
steady-state of the discharge current density is displayed in figure 5.15, which shows a small increase in
the current density with the increase in barrier length. This assumption is ignored in one-dimensional
fluid model case but their role can be analyzed by the help of two-dimensional fluid model. The discharge
current density is evaluated for different barrier lengths under similar input conditions. It is evident from
figure 5.15 that the current density increases slightly when the barrier length is increased from 3 to 12
cm. This indicates that the uniformity and structural properties are the same at variable barrier radii
without changing other discharge parameters. Hence, the fluid model can be applied for different types

of geometric dimensions of parallel plate reactor.

5.7 Effect of relative permittivity of dielectric barrier
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Figure 5.16. Effect of relative permittivity (2.5, 5.0, 7.5 and 10) on the radial and axial electric field
(E;, E,) and ionization rate for f = 30 kHz, Barrier width = 0.1 cm and Vg = 1.5 kV with 20 ppm

Ny impurities.
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The relative permittivity of dielectric barrier is an important parameter influencing on the characteristics
of atmospheric pressure discharge modes, which are described with the spatial distribution of discharge
parameters. It is defined as the way to characterize the reduction in the effective electric field due to the
polarization of the dielectric material. The electrical characteristics of atmospheric pressure discharge
are described by the effect of relative permittivity, which exhibits the decrease of gas gap voltage with
the increase in barrier permittivity [87]. This section investigates the spatial distribution of discharge
parameters due to the influence of relative permittivity of barrier. The internal structure of the radial
and axial electric field, and ionization rate provide a sufficient variation at different relative permittivities
as shown in figure 5.16 (i - ii - iii) (a - d), when the discharge current density is maximum during the half
cycle. The charged particles are drifted towards the dielectric barriers due to the imposed electric field,
which accumulate charge on the dielectric surface and induce a surface charge density on the barriers.
Therefore, the dielectrics are polarized due to this charge accumulation and the strength of polarization
is directly proportional to the relative permittivity of the material. The accumulation of surface charge
on the dielectric barriers serves to diminish the voltage across the discharge gap and results a rapid
decrease of gap voltage until the discharge current density attains a smaller value for the increase of
external voltage. The extinction of dielectric barrier discharge is developed due to reduction of gap
voltage that stops the formation of cathode spot [15, 98]. The profile of electric field is enhanced by the
change of relative permittivity of barriers at the maximum discharge current density, whereas the axial
electric field strength is increased from ~ 4.0 x 103 to 1.2 x 10* V cm™ and the radial electric field is
varied from ~ £5.0 x 102 to 2.0 x 103 V cm™! on both sides as the relative permittivity of the dielectric
barriers changes from 2.5 to 10. The radial electric field causes the extension of ionization flit on the
surface of dielectric barrier in the radial direction. The ionization rate is gradually increased near the
cathode barrier as shown in figure 5.16 (iii) (a - d) and the magnitude varies from ~ 1.0 x 10!5 ¢cm™ s
to ~ 1.0 x 107 em™ s! with the change in permittivity from 2.5 to 10. The highest distortion of axial
electric field and ionization rate are observed in the cathode fall region at €, = 10 as shown in figure

5.16 (ii - iii) (d) and they have the maximum values in this case.
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5.7.1 Influence of nitrogen impurities
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Figure 5.17. Temporal evolution of discharge current density for f = 30 kHz, ¢, = 7.5, Barrier width =
0.1 cm and Vgpp = 1.5 kV with 5, 10, 20, 50 and 100 ppm Ny impurities.

We now examine the influence of variable amount of nitrogen impurities in the He-N2 gas for the
atmospheric pressure discharge, which is illustrated by the temporal evolution of discharge current den-
sities as displayed in figure 5.17. The approximate amount of nitrogen impurities performs an indicative
role for the formation of atmospheric pressure glow discharge. When the amount of nitrogen impurities
is high, the destruction of metastables becomes dominant and eventually the discharge plasma evolves
in the lower ionization mode. On the contrary, if the amount of nitrogen impurities is very small, the
Penning effect becomes extremely insufficient and the discharge avoids to emerge in the uniform glow
discharge form. As the quantity of nitrogen impurities varies from 5 to 100 ppm under the similar
imposed conditions, the discharge plasma is operated in the lower and higher ionization modes. It is
observed that the discharge current densities are smaller at 5 and 10 ppm nitrogen impurities and the
discharge operates in the Townsend mode in the presence of very small impurities. This confirms that
the Penning ionization is not enough to produce sufficient electrons and ions for the glow discharge

mode and the discharge falls in the lower ionization mode with small discharge current densities. The
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Penning ionization becomes sufficient for the production of the glow discharge mode at 20 ppm nitrogen
impurities and the sharp discharge current density evolves with four prominent regions of APGD, which
discussed in section 5. At further higher nitrogen impurities, the Penning ionization becomes stronger
and intensifies the quenching of metastables and excimers consecutively. This is elaborated with the de-
crease of discharge current density from 50 to 100 ppm nitrogen impurities under the similar operating
conditions. The structure of lower discharge current density in case of 100 ppm falls in the category
of Townsend discharge mode, i.e., lower ionization mode because the electric field is not disturbed effi-
ciently by the space charges and the smaller densities of species are evolved than the 20 ppm nitrogen
impurities. The structure of discharge species is perfectly modified for the higher amount of nitrogen
impurities, especially from 500 to few thousands ppm. It is also pointed out that the overvoltage alter
the behavior of discharge plasma even in case of small or large amount of nitrogen impurities. Thus,
the magnitude of overvoltage has a substantial effect to modify the internal structure of atmospheric

pressure discharge plasma.

5.7.2 Spatial distribution of discharge participating species
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Figure 5.18. Spatial distribution of discharge species for f = 30 kHz, ¢,, = 7.5, Barrier width = 0.1 cm
and Vgpp = 1.5 kV with 20 ppm N, impurities.

To get an overall spatial view of distribution of discharge species, the figure 5.18 enhances an insight and
behavior of all species in the uniform glow discharge at 30 kHz driving frequency. The characteristics

of discharge species are discussed for the atmospheric pressure glow and Townsend discharge modes
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in the previous sections of this chapter. These structures are extracted from the discharge half cycle
when the current density has the maximum value. The comparison of their role in the uniform glow
phase is prominently displayed and the species width near the cathode barrier elaborates their active
participation in the discharge plasma. Due to the difference between the electrons and ions mobility, a
positive space charge layer is formed which enhances an accumulation of ions on the cathodic barrier as
exhibited in the figure 5.18 (b, ¢, d). It is clear that the neutral and ionic species are spread near the
cathode barrier and the electrons occupy a space in the remaining part of the gap. The Penning mixture
of He-Ny gas shows that the spread of molecular nitrogen ions is greater than other ionic species near
the cathode barrier as shown in figure 5.18 (c). The magnitude of electrons, Het, Hej , N, He" and He,
species are ~ 7.3 x 10°, 2.0 x 10'°, 1.0 x 10'°, 8.0 x 108, 2.0 x 10!, and 8.3 x 10'° cm™ respectively as
displayed in figure 5.18 (a - f). It is observed that the major difference between the density of Hej ions
and electrons is greater in pure helium gas as displayed in figure 5.1 (b, ¢) than the He-Ny gas because
of the absence of strong Penning ionization of impurities as displayed in figure 5.18 (a, b). From the
above review analysis, a sharp picture about the behavior of discharge species is developed during the

evolution of atmospheric pressure glow discharge.

5.8 Effect of driving frequencies
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Figure 5.19. Temporal evolution of discharge current density for f = 20, 30, 40 and 50 kHz, ¢, = 7.5,

Barrier width = 0.1 cm and Vg = 1.5 kV with 20 ppm N, impurities.
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As the electrical energy is supplied to the dielectric barrier discharges by sinusoidal voltage with a driving
frequency, this energy is used to excite and ionize the gas atoms and molecules. The basic structures of
discharge characteristics do not change but only an increase in the current density is observed and the
discharge oscillates fastly with the increase in frequency. The physical significance of this increase can
be linked with the electron energy losses and ionic species heating mechanism. It has been observed that
the electrical energies are transformed into kinetic energies sharply under high frequency as compared
to the low frequency dielectric barrier discharges [106, 107]. The different kinds of energy losses, such
as joule heating, elastic and inelastic collision energy losses are dominant at lower frequencies than
higher because the discharge plasma operates in a longer time span at lower frequencies. Although, the
dynamic response of ionic species density is higher at smaller frequencies than higher frequencies in the
atmospheric pressure glow discharges. The ionization rate becomes larger at higher frequencies due to
the collisions of ions with gas atoms as well as secondary electrons emission. The temporal evolution of
current density reveals that the discharge current density is directly proportional to the driving frequency

in the mentioned range from 20 to 50 kHz under similar input conditions as shown in figure 5.19.

5.9 Conclusions and summary

We have developed a two-dimensional self-consistent homogeneous fluid model to describe the spatio-
temporal characteristics of atmospheric pressure discharge in pure helium and He-Ns gases. This chapter
provides an understanding of dielectric barrier discharge in three different phases. In first phase, the
uniform glow discharge structure is discussed in pure helium gas, which illustrates the four distinct
regions of atmospheric pressure discharge and describes the effective role of chemical processes. In the
second phase, the profile of constricted filamentary glow discharge is explored by the help of streamer
breakdown mechanism and the decay phase elaborates the filamentary behavior of discharge. The
transition between the uniform and non-uniform discharges are investigated with and without combined
imposed conditions in the dielectric barrier discharges. In third phase, the electrical characterization and
spatial distribution of discharge species parameters are examined for the uniform atmospheric pressure
discharges. The uniform discharge modes are expressed by an adjustment of barrier thickness, which
develops the atmospheric pressure glow and Townsend discharge modes. The temporal evolution of
the discharge species density exhibits that the metastables and excimers are actively interacted with
other discharge species because they have a dominant concentration during the complete cycle. The
influence of nitrogen impurities, Penning ionization of metastables, relative permittivity of the dielectric
barriers and variable frequencies are analyzed with the spatio-temporal distribution of the dielectric

barrier discharges. It is noted that the major difference between the electrons and Hej ions density is
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greater in pure helium as compared to the He-Ny discharge because of the absence of Penning ionization
of nitrogen impurities. This confirms that the nitrogen impurities have a huge impact and decrease the
difference between the electrons and He] ions density with Penning ionization process. Overall, the two-
dimensional fluid model is useful to deliver a meaningful information for the uniform and non-uniform

atmospheric pressure discharges, and describes the origin of non-uniformities.
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Chapter 6

Effects of constant bulk gas flow in

APD

6.1 Introduction

This chapter is an enhancement of the two-dimensional fluid model under specific conditions and as-
sumptions in the presence of bulk gas flow. Recently, there has been significant advances in the numerical
modelling of flowing gas discharges as well as experimental progress in this area. The bulk flow of gas
performs an efficient role to change the dynamic features of the discharge in the parallel plate dielectric
barrier discharge configuration. The influence of high speed gas flow has a considerable impact on the
uniform and filamentary profiles of surface dielectric barrier discharge and these effects are discussed
with the electrical characterization of discharge at subsonic and supersonic gas flow speeds in [108]. The
significant impact of asymmetric and symmetric configuration of electrodes are analyzed experimentally
by the influence of gas flow [109, 110] and the mechanism of supersonic gas flow control is examined and
evaluated in [111]. The different modes of direct current glow discharge plasma actuators provide the
concise understanding of properties in the low pressure supersonic flow regime [112]. The spectroscopic
emission, stagnation pressure and drag enhancement effects are conferred on the supersonic rarefield air
flow over a flat plate [113]. Corresponding, the development and formation of non-uniform discharge
plasma is elaborated by providing the experimental results in high-speed air flows [114].
In this chapter, a self-consistent nonequilibrium multispecies multitemperature two-dimensional plasma-

gas dynamic fluid model is developed to implement the parallel plate dielectric barrier discharge geometry
with symmetric boundary conditions along the vertical discharge axis. The chemistry of discharge plasma

is composed of major chemical reactions to describe the discharge characteristics in He-Ny atmospheric
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pressure discharge. The spatial distribution of electrons and ionic species, such as He', He; and Nj
are described in the stagnant, subsonic and supersonic bulk gas flow regimes. The spatial structures of
metastables, excimers, electric field strength and electron mean energy show that the structures of uni-
form and filamentary discharge are observed in the lower and moderate subsonic bulk gas flow regimes.
The distribution of neutral gas species density illustrates that the reduction of neutral species density
(He) near the cathode barrier is in accordance with the constant pressure supposition. The rates of
production and destruction of different species play a significant role in the glow discharge activity and
the ionization rate is illustrated at the maximum discharge current density in the filamentary discharge
mode. The atmospheric pressure bulk gas temperature is reduced with the increase in imposed gas flow
speed and converts into near room temperature at higher subsonic bulk gas flow. The distribution of
electronic and ionic fluxes exhibit that the portion of input energy is carried by the electrons and ions
at different places in the gap during the formation of filamentary glow discharge.

In the stagnant and lower subsonic bulk gas flow regimes, the uniform distribution of electrostatic
body force illustrates that the force strength is maximum near the cathode barrier and decreases sharply
in the gap away from the cathode barrier. On the contrary, the non-uniform distribution shows that the
force strength is dilatational and constricted filamentary near the cathode in the higher subsonic and
supersonic bulk gas flow. The force strength is varied randomly in the gap and possesses the highest value
in the constricted part of the discharge plasma because of high local ionic species density. The temporal
evolution of discharge current density manifests that there is very small decrease in the lower subsonic
bulk gas flow regime. The current density is suddenly reduced in the moderate subsonic flow regime and
follows the trend to the supersonic bulk gas flow regime. The major aim of this chapter is to understand
the influence of different bulk gas flow regimes for the uniform, filamentary and constricted filamentary
atmospheric pressure discharge modes. This establishes a clear view point that the high-speed imposed
gas flow (> 1.0 x 10* cm s7!) is not useful for the uniform glow discharge plasma applications and lower
speed flow (< 1.0 x 10* cm s7!) provides the homogeneous uniform glow discharge plasma at atmospheric
pressure. The influential properties of atmospheric pressure discharge are examined systematically under
different operating conditions in the presence of imposed bulk gas flow speed.

In this chapter, Sections 6.2 and 6.3 describe the assumptions of formulation of fluid model and
effect of bulk gas flow for the atmospheric pressure discharge variables. Section 6.4 is dedicated to
provide the numerical simulation results in the stagnant and flowing He-Ny gas, and their physical
interpretation in the atmospheric pressure discharges. Section 6.5 distinguishes the filamentary and
constricted filamentary atmospheric pressure discharges by exploring the electron and gas temperature.
Section 6.6 examines the ionic and electronic flux distributions and influence of lower subsonic bulk gas

flow speed. Sections 6.7 and 6.8 elaborate the effect of electrostatic body forcing and temporal evolution
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of discharge current density at variable bulk gas flow speeds. The last section 6.8 is devoted to express

the conclusions of atmospheric pressure discharge in the presence of bulk gas flow.

6.2 Assumptions of fluid model formulation

We now proceed to formulate a multispecies multitemperature two-dimensional fluid model in such a
way that the parallel plate dielectric barrier discharge configuration is employed in the presence of He-Ny
bulk gas flow under the specific boundary conditions. Suppose a sinusoidal voltage is applied on the top

driven electrode (ABCD) and zero potential is applied at the bottom grounded electrode (EFGH) as

C
Driven Electrode /
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d1xd2

shown in figure 6.1.

N

Gas Flow

H G
Grounded Electrode
F

Figure 6.1. Parallel plate dielectric barrier reactor with driven and grounded electrodes in the presence

\A

of bulk gas flow.

The following numerical assumptions are considered for the implementation of numerical model as,

1. The two-dimensional uniform grid geometry of size 34 x 34 cells, a dielectric barrier length 2.5 cm
in the radial direction, a barrier width 0.1 cm and parallel plate gap 0.5 cm are applied for the

present numerical investigations.

2. The chemistry of atmospheric pressure discharge is composed of all major chemical processes,
such as excitation, ionization, Penning ionization of nitrogen impurity (20 ppm) molecules, charge

transfer and recombination, which discussed in the chapter 2.

3. The virtual discharge boundaries AD to EH and BC to FG represent that the discharge is symmetric

along the vertical direction (y-axis).
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4. The Reynold number is defined as Re = #, where p is density of bulk gas, V is free stream
velocity, L is the gap distance between the parallel plates and p is dynamic viscosity of the gas.
The Reynold number in the reactor channel is varied from 200 to 14000, which covers the laminar,

transient and turbulent gas flow regimes.

5. The Mach number in the channel reactor is found by the following equation M = 7, where v is
the speed of sound and v, is the velocity of bulk gas relative to the medium. The Mach number

in the numerical simulations is changed from subsonic to supersonic range, such as 0.1 to ~ 1.0.

6. The plasma gas fluid is supposed to obey the ideal gas law and freestream gas temperature, i.e.,

300 K is considered in the reactor chamber.

7. A fixed bulk gas flow is assumed between the parallel rectangular plates by using the parabolic
profile and no-slip condition is applied on the bulk gas flow velocity. The bulk flow velocity profile
is calculated by the following expression V, = % (%)2 i for y < § from the lower and upper parallel
plates and V, = Vpi for y > 4 corresponding to a turbulent boundary layer profile. § is the
turbulent boundary layer thickness that is supposed to be 0.1 cm on both sides of plates.

8. The velocity component (V) is taken along the direction of bulk gas flow and the components in
the perpendicular direction are ignored because of the small changes in the perpendicular directions
for simplicity. A freestream velocity (V) of bulk gas is considered along z-axis and enter in the

reactor channel through the cross section d1xd2 as shown in figure 2.1.

The number of experimental and modelling studies discussed the effects of the variable convective
bulk gas flow rate in the atmospheric pressure discharge plasmas [115, 116, 117]. The He-Ny gas is highly
collisional at atmospheric pressure and the individual behavior of atoms and molecules is disappeared
because the mean free path is very small. The energy exchange between the gas particles take place
through the elastic and inelastic collisions. The distribution of discharge species are effected sharply at
higher bulk gas flow stream, which pull each other along by their internal frictional interaction in the
direction of bulk flow stream. This type of mentioned flow is designated as viscous flow and it can be

divided into two major parts, laminar and turbulent [21].

6.3 Influence of bulk gas glow

We consider a parallel plate dielectric barrier discharge reactor in the presence of fixed bulk gas flow
along the horizontal direction and the marked regimes, such as stagnant, subsonic and supersonic are

developed with the parabolic profile of bulk gas flow. The drift-diffusion fluid model of He-Ny gas mixture
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provides the spatio-temporal characteristics of the atmospheric pressure glow and filamentary discharges
in the presence of imposed bulk gas flow speed. A AC sinusoidal voltage is applied on the electrodes
with a driving frequency of 30 kHz at reference gas pressure (760 torr) and initially, a quasi-neutral
plasma is assumed in the gap with equal electrons and ions density of ~ 10 cm™. When the bulk gas
flow velocity has significant changes in the z - direction, the components in the y - direction can be
ignored because of small changes in this direction [42]. The freestream velocity (V,) of bulk gas and
freestream gas temperature (300 K) are considered, whereas the details and conditions of velocity profile
discussed in the previous section. The spatial distribution of discharge species at atmospheric pressure
are elaborated in the stagnant, subsonic and supersonic bulk gas flow regimes, which provide the insight
and perception of discharge properties. The stationary-state achievement requires several number of

cycles after the first breakdown in the dielectric barrier discharges.

6.3.1 Spatial distribution of discharge species parameters
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Figure 6.2. Spatial distribution of He; , Nj and He™ ions density for f = 30 kHz, ¢, = 7.5, V,, = 0,
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To understand the effect of bulk gas flow in the atmospheric pressure glow and filamentary discharge
modes, the spatial distributions of ionic species density are analyzed as shown in the three rows of figure
6.2 (a, b, ¢). The ionic species density of He; , NJ and He™ in the first row of figure 6.2 exhibit that they
are symmetric along the axial direction and have maximum density magnitudes in case of stagnant bulk
gas. The second row in figure 6.2 represents the structure of ionic species in the lower subsonic bulk gas
flow regime at bulk gas flow speed 1.0 x 10* cm s! and the magnitudes of species density are slightly
decreased from the stagnant bulk plasma as shown in the first row of figure 6.2 (a, b, ¢). In this case, the
profile of bulk gas flow is turbulent in the reactor gap. The magnitudes of ionic species density (He; ,
N; and He™) are reduced from 2.7 x 101°, 1.9 x 10!° and 1.1 x 10° cm™ to 2.6 x 101°, 1.8 x 10'° and
0.9 x 10% cm™ at the maximum discharge current density near the cathode barrier in case of stagnant
and 1.0 x 10* cm s! bulk gas flow speed. As the gas flow speed increases further to 2.0 x 10* cm s!,
therefore the structure of ionic species is completely changed into filamentary form and dragged along
the barrier surface on the downstream direction of bulk gas flow in the presence of non uniformities. The
numerical magnitudes of ionic species density (Hej , NJ and He") in filamentary discharge are sharply
reduced to 9.9 x 107, 1.2 x 10'° and 2.7 x 10® cm™ at the peak discharge current density, which show the
influence of fast bulk gas flow in the reactor chamber. It is clear from the three rows of figure 6.2 (a, b, ¢)
that the density of helium ionic species (He* and Hej ) are decreased significantly, whereas the density
of molecular nitrogen ions (N3 ) is not effected as moderately in case of even fast bulk gas flow. This
indicates that the behavior of Nj ions is entirely different than helium ionic species in the atmospheric
pressure discharges. The authors in [33] discussed the experimental observations of species density in He
- Ny discharge plasma and showed that the fall of molecular nitrogen ions density is smaller and gradual
than helium ions in the presence of variable bulk gas flow rate. The filamentary structure of ionic species
in the third row of figure 6.2 (a, b, ¢) exhibits that the maximum density of species is appeared on the
downstream edge of the dielectric barrier. The major shift of ionic species structure is observed along
the bulk gas flow but a small spread also appears in the perpendicular direction. The spread in the
perpendicular direction is more prominent in case of NJ ions density as compared to other ionic species,
which shows the glaring impact of small nitrogen impurities in the atmospheric pressure discharges. The
smaller density of He™ ions exhibits that it is transformed into He; ions fastly by using the channel of
three body chemical reaction (R3 in table 2.1) in the presence of variable bulk gas flow speeds. The
leading and dominant source of production of molecular nitrogen ions is the Penning ionization process
of metastables and excimers. The reduction in density of helium ionic species is marked in case of fast
bulk gas flow as compared to small change in the density of molecular nitrogen ions. This means that
the electrostatic force of discharge plasma is stronger than the force exerted by the gas flow and the

glow discharge structure is not effected distinctly at smaller gas flow speed as compared to higher bulk

112



gas flow speed. The above discussion verifies that the atmospheric pressure glow discharges are uniform

at lower subsonic bulk gas flow and filamentary at moderate subsonic bulk gas flow regime.
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Figure 6.3. Spatial distribution of He" and He, density for f = 30 kHz, ¢, = 7.5, V,, = 0, 1.0 x 10* and
2.0 x 10* cm s™! and Vappt = 1.5 kV with 20 ppm Ny impurities.

As the excitation rate is larger than all other production processes during the whole discharge cycle, the
metastables (He*) and excimers (He;) perform a leading a role in the atmospheric pressure discharges
and interact with the helium gas atoms and nitrogen impurity molecules through chemical processes as
shown in the tables 2.1 and 2.2. The metastables have negligible density near the cathode peripheral
edges as compared to the excimers for the stagnant bulk gas as displayed in the first row of figure 6.3 (a,
b). In case of atmospheric pressure glow discharge, the trapped electrons in the positive column produce
the metastables, which can further generate the electrons and ions with different chemical processes. The
ionic species are further responsible for the emission of secondary electrons from the dielectric barrier
surface. The above mentioned activities are effected in the presence of variable bulk gas flow and the
resultant distribution of metastables and excimers are illustrated in the second and third rows of figure
6.3 (a, b). The metastables and excimers are dragged along the surface of cathode barrier towards the

downstream edge, which represents the influence of bulk gas flow as shown in the second and third rows of
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figure 6.3 (a, b). The density of metastables and excimers are decreased extensively by the introduction
of the moderate subsonic bulk gas flow and they drag along the direction of bulk gas flow, and smaller
spread in the perpendicular direction. The numerical values of metastables (He") and excimers (He,)
are ~ 2.6 x 10" and 1.1 x 10'' ¢cm™ in the stagnant glow discharge plasma, whereas the magnitudes
reduce to ~ 8.9 x 10'° and 4.8 x 10'° cm™ in the moderate subsonic bulk gas flow at V, = 2.0 x 10* cm
s! and appears in the filamentary discharge mode. The spread of metastables and excimers density is
significant in the radial and axial directions, and they supply the electrons and ions through stepwise
ionization, charge transfer and Penning ionization for the maintenance of the atmospheric pressure glow

discharges in the stagnant and flowing bulk gases.
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Figure 6.4. Spatial distribution of axial F, and radial E, electric field strengths for f = 30 kHz,
£ =175,V,=0,1.0x 10* and 2.0 x 10* cm s™* and Vappt = 1.5 kV with 20 ppm Ny impurities.

The distribution of the axial (E,) and radial (E,) electric field strengths are calculated by using the
gradient of electric potential along the horizontal and vertical directions as described by equation (2.19).
The first row of figure 6.4 (a, b) represents the distribution of axial and radial electric field strength in
the stagnant bulk gas. The structure of axial electric field shows that there is a sudden fall of electric

field from higher to lower values near the cathode surface. The higher electric field shows that the glow
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discharge activity is dominated near the cathode dielectric barrier as shown in the first row of figure 6.4
(a). The electric field is decreased by the influence of bulk gas flow and the numerical value reduces from
~ —1.1x10* V em™ to —0.7 x 10* V em™ in case of bulk gas flow speed V,, = 2.0 x 10* cm s7'. The
magnitude of electric field is stronger in the axial (F,) direction as compared to the radial (£, ) electric
field as shown in the three rows of figure 6.4 (a, b) and the contour structure shows that the maximum
rate of change in the radial electric field is found near the edges of cathode surface in the reactor gap.
The newly developed structures after bulk gas flow are shown in the second and third rows of figure 6.4

(a, b).
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Figure 6.5. Spatial distribution of (a) ionization rate and (b) neutral gas density for f = 30 kHz,
g, =17.5,V, =20 x10% cm s and V,,,; = 1.5 kV with 20 ppm Ny impurities.

In addition to the above discussion, the characteristics of atmospheric pressure discharge depend on
the production and destruction rates of discharge participating species during the complete cycle. The
spatial distribution of ionization rate and neutral helium gas species density are explored during the
peak glow discharge activity in the presence of bulk gas flow speed V, = 2.0 x 10* cm s'. The He-N,
gas is ionized by the electron impact chemical reactions for the creation of electrons and positive ions
in the uniform glow and filamentary discharge modes. The ionization process has substantial influence
on the properties of atmospheric pressure discharge and responds effectively in the presence of bulk gas

flow. The numerical value of ionization rate decreases from ~ 1.0 x 10'7 to 2.4 x 1016 cm™ s'! and drags
along the cathode barrier surface, when the speed of bulk gas flow varies from 0 to 2.0 x 10* cm s!.
The same trend of radial expansion and axial spread of ionization rate is observed in the parallel and
perpendicular directions of bulk gas flow, which exhibits in figure 6.5 (a). The neutral background helium
gas density has smaller values near the cathode during the atmospheric pressure glow and filamentary
discharge modes, which is in accordance with the constant atmospheric pressure supposition. The change
in neutral gas species density is noticeable in the filamentary discharge region near the cathode surface,

and the density stands constant in the remaining part of the reactor as shown in figure 6.5 (b). The

above observations illustrate that the decrease of discharge species parameters is inversely proportional
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to the bulk gas flow speed. This result agrees generally and follows the similar trend as discussed in the

previous modelling results in [117].

6.4 Spatial structure of electrons and gas temperature
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Figure 6.6. Spatial structures of electron density and electron mean energy for f = 30 kHz, ¢, = 7.5,

V, =0, 1.0 x 10* and 2.0 x 10* cm s'! and Vappr = 1.5 kV with 20 ppm N, impurities.

In order to physically understand the response of electrons in the stagnant and flowing He-Ny discharge
plasma, the electrons are mainly responsible to describe the distinguishing features and properties of
atmospheric pressure glow and filamentary discharge modes. We consider the spatial distributions of
electrons density and electron mean energy in the stagnant, lower and moderate subsonic bulk gas flow
regimes as shown in the three rows of figure 6.6 (a, b). The structure of electron density is uniform
and symmetric along the axial direction in the stagnant bulk gas, which displaces slightly towards the
downstream edge in the direction of lower subsonic bulk gas flow. The electron density is dragged along
the bulk gas flow to smaller extent at V, = 1.0 x 10* cm s! but the uniformity exists in atmospheric
pressure glow discharge as shown in the second row of figure 6.6 (a). The filamentary structure of

electron density is emerged at moderate subsonic bulk gas flow speed V, = 2.0 x 10* cm s, which
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possesses approximately the half magnitude of electron density than the stagnant bulk gas as shown in
the third row of figure 6.6 (a). The distribution of electron density becomes non-uniform in the moderate
subsonic bulk gas flow regime and the maximum electron density is shifted near the anode barrier on
the downstream direction of the reactor gap, and smaller constriction is located at z = 2.2 cm and y =
0.1 cm as shown in the third row of figure 6.6 (a). The electron density in the filamentary structure is
reduced from ~ 6.0 x 109 to 2.5 x 10° cm™, when the discharge transits from the uniform to filamentary
mode. The electron mean energy illustrates the strength of electrons in the gap, which is calculated from
the solution of electron energy density balance equation with a number of elastic and inelastic collision
energy losses. The electron mean energy in glow discharge plasma has a sudden fall in the stagnant bulk
gas than the gradual fall in the moderate subsonic bulk gas flow, which explores the filamentary form of
spatial structure as shown in the third row of figure 6.6 (b). As the structural pattern of electron mean
energy moves from the uniform to filamentary phase as displayed in the second column of figure 6.6
(b), therefore the peak numerical magnitude of electron mean energy is decreased from 8.0 eV to 7.0 eV
approximately. The authors in [33] illustrated that the uniform and filamentary discharge plasma modes
are occurred in the presence of variable bulk gas flow in the parallel plate dielectric barrier discharge
arrangement. The uniform glow discharge mode with large current density is obtained at the lower bulk
gas flow regime, which transforms into filamentary form with smaller current density at higher bulk
gas flow speeds. The structures of uniform and filamentary discharge species in this chapter partially
follow the similar fashion of experimental observations, which discussed in [33] at variable bulk gas flow
speeds. The above information elaborates the brief role of electrons and other discharge species in the
atmospheric pressure glow and filamentary discharge modes under different bulk gas flow constraints. It
also verifies that the behavior of uniform discharge plasma is central in lower subsonic bulk gas flow and

transforms into filamentary mode in the moderate subsonic flow regime as shown in detail in figure 6.6

(a, b).
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Figure 6.7. Spatial distribution of gas temperature (K) for f = 30 kHz, ¢, = 7.5, V, = 0, 1.0 x 10* and
2.0 x 10* cm s and Vappr = 1.5 kV with 20 ppm Ny impurities.
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As the hydrogen and helium are light gases, they normally possess higher thermal conductivity values.
The bulk gas temperature in the atmospheric pressure glow and filamentary discharge modes depends
on the thermal conductivity and bulk gas flow rate through the reactor. The numerical magnitude
of thermal conductivity of helium gas is of ~ 1.6 x 10* dynes s' K at room temperature (300 K),
which is considered as the higher value as compared to other gases. The spatial distribution of bulk
gas temperature is shown for three different cases, such as 0, 1.0 x 10* and 2.0 x 10* cm s~! gas flow
speeds. It is apparent from the figure 6.7 (a, b, ¢) that the gas temperature in the atmospheric pressure
glow discharge mode is maximum in the stagnant bulk gas as compared to the filamentary mode at
moderate subsonic bulk gas flow regime. The bulk gas temperature approaches to the maximum value
of ~ 700 K near the surface of cathode barrier and decreases to the freestream temperature of ~ 300
K away from the glow discharge plasma region in case of smaller subsonic bulk gas flow regime from
1.0x 10% t0 2.5 x 102 cm s'. The temperature of bulk gas in the glow and filamentary discharge modes is
decreased from ~ 700 K to 400 K as shown in figure 6.7 (a, b, ¢), when the bulk gas flow speed increases
from 0 to 2.0 x 10* cm s'. The physical interpretation of this temperature fall can be expressed by
the help of conduction and convection processes in the bulk gas flow. The ionic joule heat, elastic and
inelastic energy losses play an important role for the bulk gas heating in the atmospheric pressure glow
and filamentary discharge modes. The conduction is dominant process in the helium bulk flow for gas
cooling because of higher thermal conductivity and the convection performs a sufficient role with the bulk
gas flow. These transport processes are responsible for the cooling of discharge plasma in the reactor.
The maximum value of gas temperature in the glow and filamentary discharge plasma modes for three
different cases are of ~ 714, 550 and 414 K near the cathode barrier at 0, 1.0 x 10* and 2.0 x 10* cm
s!. This shows that the reduction of bulk gas temperature in the atmospheric pressure glow discharge
mode is inversely proportional to the bulk gas flow speed in the subsonic flow regime. This indicates
that the numerical solution of gas heat equation is necessary to analyze the exact behavior of bulk gas

temperature distributions in the atmospheric pressure discharge modes.
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6.5 Distribution of constricted filamentary discharge
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Figure 6.8. Spatial distribution of electrons, Hej ions density and gas temperature for f = 30 kHz,
g, =7.5,V,=25x10* and 3.5 x 10* cm s™' and Vg, = 1.5 kV with 20 ppm Ny impurities.

The analysis of dielectric barrier discharge is not completed without considering the consequences of
supersonic bulk gas flow in the He-Ny atmospheric pressure discharges. The transition of spatial struc-
tures of discharge parameters are discussed in the variable bulk gas flow regimes as explained in the
previous sections. Now, the structures of electrons and He; ions density are explored at higher subsonic
and supersonic bulk gas flow speeds, such as 2.5 x 10* and 3.5 x 10* cm s™'. The four distinct regions
of atmospheric pressure glow discharge are observed at the maximum discharge current density from 0
to 1.0 x 10* cm s!, which correspond to the criteria of uniform glow discharge and described in the
number of studies [41, 118] . The spatial distributions of discharge species slightly disturb from 1.0 to
1.0 x 10* cm s! in the uniform glow discharge mode and a remarkable change is observed after 1.0 x 10*
cm st bulk gas flow speed in the filamentary discharge mode as shown in the figures 6.2, 6.3 and 6.6.
Consequently, the structures of uniform and homogeneous glow discharge plasma are noticed in the lower
subsonic bulk gas flow regimes, and transformed into constricted filamentary form in the higher subsonic
and supersonic bulk gas flow regimes. The first and second rows of figure 6.8 (a, b) exhibit that the
sharp constriction is developed in the start of filamentary discharge distribution, when the glow discharge
plasma interacts with the strong flowing of bulk gas. The species density is maximum in the constricted
region and reduces to smaller values along the barrier surface in the direction of bulk gas flow. A con-

traction in the structure of electron density is formed for the constricted filamentary discharge mode at
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the location z = 2.25 cm and y = 0.07 cm in the second row of figure 6.8 (a) because the residence time
of flowing gas is very small in the reactor. The chemical reactions are not properly advanced during
the passage of higher subsonic and supersonic bulk gas flow in the reactor. The atmospheric pressure
filamentary discharge plasma is momentary in the constricted filamentary form near the start of parallel
plate reactor and the magnitudes of species density are further decreased than the filamentary discharge
phase as shown in first two columns of figure 6.8 (a, b). Therefore, the higher speed of bulk gas flow
provides the constricted filamentary and abnormal form of discharge as compared to the lower speed of
bulk gas flow at atmospheric pressure. The gas temperature in constricted filamentary discharge mode
is reduced to near room temperature (~ 350 K) at higher subsonic bulk gas flow speed of ~ 2.5 x 10*
cm s7', whereas the bulk gas temperature again begin to increase at supersonic bulk gas flow speed, as
shown in third column of figure 6.8 (c). The higher value of gas temperature occurs in the constricted
part of discharge near the surface of cathode barrier and decreases to the freestream temperature in the
remaining part of gap.

This enables us to understand the above mentioned discussion that the high speed bulk gas flow
is not suitable for the uniform discharge plasma applications because the filamentary and constricted
filamentary behavior of discharge is dominant during these phases. The lower speed of bulk gas flow does
not disturb the basic structure of uniformity and it is used for the uniform atmospheric pressure glow
discharge plasma applications. So, we can distinguish the three modes of operation for the atmospheric
pressure discharges in the presence of bulk gas flow

a) Uniform glow discharge (Stagnant and lower subsonic bulk flow speed, V, < 1.0 x 10* cm s1)

b) Filamentary discharge (Moderate subsonic, 1.0 x 10* < V,, < 2.0 x 10* cm s™!)

c) Constricted filamentary discharge (Higher subsonic and supersonic, V, > 2.0 x 10* cm s7!)

The above uniform, filamentary and constricted filamentary discharge structures provide the precise

understanding of these atmospheric pressure discharge modes under the mentioned bulk gas flow regimes.
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6.6 Distribution of electronic and ionic flux
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Figure 6.9. Distribution of electronic and He; ions flux for f = 30 kHz, ¢, = 7.5, V,, = 2.0 x 10* cm s'!

and Vi, = 1.5 kV with 20 ppm Ny impurities.

To physically understand the role of conduction and convection processes in the atmospheric pressure
discharges, the spatial structures of electronic and ionic fluxes are analyzed in the moderate subsonic
bulk gas flow regime. The electronic flux ionizes the gas atoms and molecules in the gap, as a result,
the electrons and ions move towards the anode and cathode barriers respectively. The flux of He; ions
is maximum near the cathode barrier as compared to other ionic species and very small in the whole
reactor gap, whereas the flux of electrons is higher near the anode barrier as well as near the cathode
fall region due to the shielding of cathode barrier with the ionic species. The evolution of electronic
and ionic fluxes are displayed at the particular instant, when the discharge current density possesses
a maximum value during the half cycle. The spatial distribution of axial electric field in figure 6.4
(a) shows that the higher strength of electric field is reduced drastically to smaller values away the
surface of cathode barrier. The electronic and ionic fluxes in figure 6.9 (a, b) exhibit that the input
energy is consumed for the development of atmospheric pressure discharge by the electrons, ions as
well as other discharge species in the He-Ny gas. The ion pumping effect becomes very important in
the glow discharge plasma, which is created by the electric field across the bulk gas flow containing
electrons and ions. The authors [119, 120, 121] discussed and explored in their work that the properties
of glow discharge plasma are effected in the presence of bulk gas flow. However, the flux of electrons is
present in the whole gap approximately as compared to He; ionic species flux near the cathode barrier
only, so the electronic species carry the portion of input energy and also interact with other discharge

species through the multiple production and destruction processes as mentioned in the tables 2.1 and
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2.2. However, the electronic flux is also responsible for the source of production of metastables in the
positive column. Thus, the distributions of electronic and ionic flux provide the simple concept of species

energy consumption during the glow and filamentary discharge modes in the gap.

6.6.1 Structure of uniform electron density in lower subsonic flow
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Figure 6.10. Distribution of electrons density for f = 30 kHz, e, = 7.5, V,, = 2.5 x 103, 5.0 x 103 and
7.5 x 10% cm st and Vipp = 1.5 kV with 20 ppm Ny impurities.

As we have described the characteristics of spatial distribution of discharge species at different speeds
of bulk gas flow, such as 1.0 x 10%, 2.0 x 10%, 2.5 x 10* and 3.5 x 10* cm 57! in the previous part of this
chapter. Here, the spatial distributions of electron density are displayed in the lower subsonic bulk gas
flow regime to verify the uniformity of atmospheric pressure glow discharge at very small bulk gas flow
speeds. The figure 6.10 (a, b, ¢) provides the clear picture of uniform structure of electron density in the
mentioned bulk gas flow regime at 2.5 x 103, 5.0 x 10% and 7.5 x 102 cm s'. There is slight movement of
electron density in the direction of bulk gas flow and the magnitudes of electron density do not influence
strongly. This helps us to explain that the smaller bulk gas flow speed is useful and beneficent for the

uniform atmospheric pressure glow discharge applications.
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6.7 Properties of electrostatic body forcing in gas flow
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Figure 6.11. Distribution of electrostatic body force magnitude for f = 30 kHz, ¢, = 7.5, V,, =0,
1.0 x 104, 2.0 x 10* and 3.5 x 10* cm s and Vappt = 1.5 kV with 20 ppm Ny impurities.

The electrostatic body force field is evaluated due to the combined effect of electrons density, positive
ionic species density and electric field. The mathematical form of electrostatic body force can be written

as

Frsp = quzpan (6.1)
p

where p corresponds to the index of ionic species and electrons, here ¢,Z,n, is the space charge density
for the particular discharge species, E corresponds to the electric field. The smooth, scattered and
random effects of electrostatic body force field are observed in the uniform, filamentary and constricted
filamentary discharge modes as shown in figure 6.11 (a, b, ¢, d), which displays the magnitude of Fggp
at different positions in the gap.

As we change the flow speed from the subsonic to supersonic range, the combined effects due to
electrostatic body force vary with the discharge characteristics accordingly. The electric field and ionic
space charge density are substantial near the cathode barrier region of atmospheric pressure glow and
filamentary discharge modes as shown in the figures 6.2 and 6.4. This means that the electrostatic body
forcing of the bulk gas flow is confined in the uniform and filamentary discharge regions near the surface
of cathode barrier. The numerical magnitude of electrostatic body force is displayed at different points

in the reactor gap by the numbers and the maximum values are found near the cathode barriers. The
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magnitude of electrostatic body force increases towards the cathode barrier in the stagnant and lower
subsonic bulk gas flow regimes than the higher subsonic and supersonic bulk flow as shown in figure 6.11
(a, b, ¢, d). The small dilatational effects are produced in case of V,, = 2.0 x 10* cm s! and become more
intense in case of supersonic bulk gas flow speed V, = 3.5 x 10* cm s'. The above spatial distributions
verify that the speed of lower bulk gas flow produces the uniform and smooth influence of electrostatic
body forcing, and the higher bulk gas flow speed destroys the uniform structures as shown in figure 6.11
(c, d).

The uniform and small random effects are distinguished with the strength of electrostatic body forcing
near the cathode barrier as exhibited in figure 6.11 (a, b, ¢). On the contrary, the electrostatic body
force is diluted to smaller values and spreads in the larger area of the reactor gap as shown in figure
6.11 (c, d). The numerical magnitude of electrostatic body force decreases from 700 to 140 dynes cm™,
whereas the atmospheric pressure glow discharge shifts from the uniform to constricted filamentary mode
as displayed in figure 6.11 (a, b, ¢, d). The resultant force of atmospheric pressure glow and filamentary
discharge is obtained by the average of all force field points of cartesian grid between the parallel plate
dielectric barriers. These observations lead to a result that the role of electrostatic body forcing is

different in variable bulk gas flow regimes.

6.8 Temporal evolution of discharge current density

Sec)  100.0

Figure 6.12. Temporal evolution of discharge current density for f = 30 kHz, ¢, = 7.5, V, =0 to
3.5 x 10* cm st and V,,, = 1.5 kV with 20 ppm Ny impurities.
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The temporal evolution of atmospheric pressure discharge current density exhibits that the different
modes of discharge are conceived at variable imposed bulk gas flow speeds as shown in figure 6.12. It is
clear from the figure 6.12 that the discharge current density slightly decreases from 0 to 1.0 x 10* cm s
imposed bulk gas flow speed. In this range, the discharge is present in the uniform glow mode at lower
subsonic bulk flow regime and exists in favorable form for the uniform discharge plasma applications.
The discharge current density falls instantly to smaller values when the gas flow speed increases after

1 and

1.0 x 10* cm s'. The sharp falling trend of discharge current density appears at 1.5 x 10* cm s
forwards to supersonic bulk gas flow regime continuously. The conversion of discharge current density
from the higher to lower values support the argument that the uniform glow discharge plasma is shifted
into filamentary form and the uniformity is completely destroyed at the higher imposed speed of bulk
gas flow. So, the homogeneous uniform glow discharge plasma is obtained at lower imposed speed of
bulk gas flow from 0 to 1.0 x 10* cm s™! and the filamentary discharge structure develops from 1.0 x 10%
to 2.0 x 10* cm s! in the moderate subsonic bulk gas flow regime. Finally, the constricted filamentary
discharge mode is evolved after 2.0x 10* cm 57! bulk flow speed in the higher subsonic and supersonic bulk
flow regimes as shown in figure 6.12. Consequently, the temporal evolution of discharge current density

in different bulk gas flow regimes correspond to the uniform, filamentary and constricted filamentary

discharge modes.

6.9 Conclusions and summary

We have discussed the spatio-temporal characteristics of uniform and filamentary dielectric barrier dis-
charges in the stagnant and variable bulk gas flow regimes. The distribution of different discharge species
parameters are distinguished due to the influence of bulk gas flow, which provides the uniform and fil-
amentary behavior under various circumstances. The spatial structures of discharge species show that
the uniform, homogeneous and symmetric pattern along the axial direction are formed in the stagnant
bulk gas. The profile of gas temperature is described by the numerical solution of gas temperature
equation at atmospheric pressure and the bulk gas temperature is measured during the glow discharge
mode, which shows the higher value in the discharge plasma near the surface of cathode barrier than
the room temperature, i.e., 300 K. It means that the discharge species parameters are overestimated
in the stagnant bulk gas than flowing He-Ns gas. In second phase, the lower speed of bulk gas flow is
introduced in the reactor, which modifies the spatial distribution of discharge species in the lower and
moderate subsonic bulk gas flow regimes. The distributions of discharge species change into uniform,
slightly disturbed and non-symmetric form along the axial direction from 1.0 to 1.0 x 10* cm s™! bulk gas

flow speed, and convert further into filamentary structures of discharge species in the moderate subsonic
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bulk gas flow regime, i.e., 1.0 x 10* < V,, < 2.0 x 10* cm s'. The temperature of gas is a function of bulk
gas flow speed and decreases with the increase in bulk gas flow speed in the subsonic bulk flow regime.
The numerical magnitudes of discharge species density are reduced sharply and the bulk gas temperature
is approached to near room temperature in the higher subsonic bulk gas flow regime. The uniform and
filamentary structures of electrons and Hej ions density are discussed in the stagnant, lower and moder-
ate subsonic bulk gas flow regimes, which provides the precise intuition of discharge species in different
modes of atmospheric pressure discharge. Finally, the discharge species respond entirely different in the
higher subsonic and supersonic bulk gas flow regimes, and the constricted filamentary discharge mode
dominates in this phase. The filamentary distribution of atmospheric pressure discharge parameters are
completely transformed into constricted filamentary form in the mentioned bulk gas flow regimes. The
temperature of bulk gas again lifts up from the room temperature in supersonic gas flow regime and the
modified structures are described in this domain. The comparison of spatial distributions of electrostatic
body force elucidate the satisfactory information and perception in the stagnant and various bulk gas
flow regimes, which are helpful for the understanding of discharge characteristics in the uniform and fil-
amentary discharge modes. The temporal evolution of discharge current density demonstrates that the
distinct pattern is noticed in the stagnant, subsonic and supersonic bulk gas flow regimes. Therefore, the
current numerical simulation results articulate the atmospheric pressure discharge features in different
bulk gas flow regimes, which boosts our insight for the uniform and filamentary atmospheric pressure

discharge modes.
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Chapter 7

Characteristics of APD using

three-dimensional fluid model

7.1 Introduction

This chapter elaborates the real time distribution of atmospheric pressure discharge parameters in three-
dimensional volume space at variable driving frequencies and external applied voltages. The spatio-
temporal characteristics of atmospheric pressure discharge species are illustrated for the uniform and
filamentary discharge modes in different frequency regimes. The attributes of atmospheric pressure
discharge are described in the uniform glow and filamentary discharge modes with the spatial volumetric
distribution under different operating conditions. We have examined and discussed the origin of non-
uniformities in the stagnant and flowing discharge plasma with the help of two-dimensional numerical
fluid model in chapters 5 and 6. Although, the distribution of discharge species can be explained in
the uniform atmospheric pressure discharge by two-dimensional fluid model effectively but the non-
uniform or filamentary discharge has very dynamic behavior especially during the complete breakdown
pulse, i.e., start of avalanche and formation of cathode fall layer. Therefore, the three-dimensional
distribution of discharge species is essential to represent the spatial volumetric structures of filamentary
discharge plasma. As we observed in chapter 4, the chaotic behavior is prominently dominant in the lower
frequency regime (< 7 kHz). It is noticed that the emergence of filaments during the breakdown pulse
is remarkable in this frequency limit (< 20 kHz) as compared to the higher frequencies. The mechanism
of mode transformation from the uniform to filamentary discharge and vice versa is very complex and
dynamic, while different justifications are available in the literature for their physical understanding of

transition mechanism in the atmospheric pressure discharges [81, 122, 123]. The creation, measurement
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and stable structure of filaments are described in number of studies [124, 125, 126, 127] by employing
the various techniques under different categories of discharges. The volume distribution of electrons in
the filamentary discharge are compared from 5 to 20 kHz, which demonstrate the association between
the configuration and size of filaments in the presence of imposed conditions. The spatial evolution
of filamentary discharge species is explicated at 10 kHz for a quarter of cycle in which the different
prominent phases, such as prebreakdown, breakdown, filamentary cathode fall layer and decay phases
are specified with the volumetric concentration of electrons and He; ions density. The occurrence of
localized higher density gradients are precisely observed at different places in the reactor gap. The
spatial volumetric structures illuminate the pattern and shape of filaments by depicting their sequence
of emergence, growth and decay steps in the reactor gap. However, it is possible to explore the structure
of distinct filaments sharply at lower frequencies because the filaments coalesce to form a uniform or
partially uniform distribution of discharge in the higher frequency regime (> 20 kHz). The temporal
evolution of discharge current density exhibits that it increases with the increase in frequency from 20 to
50 kHz under similar input conditions, start decreasing from 50 to 70 kHz and becomes approximately

smooth and stable at further higher frequencies (70 - 100 kHz).

7.2 Spatial evolution of discharge species parameters

To validate the three-dimensional fluid model simulations, the distributions of discharge species are
analyzed for the uniform atmospheric pressure glow discharge in helium gas with 20 ppm nitrogen impu-
rities. Although, the evolution of breakdown process has been explained in chapter 5, which discussed the
formation of uniform glow and filamentary atmospheric pressure discharges with two-dimensional fluid
model. In order to provide more details of discharge species distributions for the uniform atmospheric
pressure discharge, the combination of slice distributions of discharge species give the spatial change of
densities at different locations in z, y and z directions respectively. As the advancement of discharge
plasma involves the number of phases, which will be discussed briefly to perceive the knowledge of nu-
merical simulations of atmospheric pressure discharge in the uniform and filamentary discharge modes.
Initially, the discharge is created from the presence of seed electrons and ions in the reactor gap, which
move towards their respective anode and cathode dielectric barriers. During this process, the Townsend
first ionization coefficient provides the electron multiplication in the Townsend ionization phase. After
a certain level of electron density achievement, a breakdown starts up and a sharp change is observed in
the electric field, which enhances an ionization rate in the gap. When the avalanche approaches near the
cathodic barrier, a complete cathode fall layer is formed with three more distinct regions in the reactor

gap. Finally, the cathode fall region collapes and the decay phase is started in atmospheric pressure
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glow discharge. This process performs normally in the uniform atmospheric pressure glow discharge.
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Figure 7.1. Spatial slice distributions of electrons and He; ions density for f = 30 kHz, e, = 7.5 and
Vappt = 1.5 kV with 20 ppm Ny impurities.

The discharge species parameters are represented with the combination of different slice distributions in
the uniform glow discharge mode, which exhibit the uniform changes of species density in the specific
spatial directions at different places in the parallel plate reactor as exhibited in figure 7.1 (a, b). The
characteristics of electrons and Hej ions density are similar which discussed in the previous chapters
for the cathode fall region in the uniform atmospheric pressure glow discharge. When the cathode
fall region is completely developed with the four distingusihed regions, the figure 7.1 (a, b) provides
the three-dimensional spatial slice distributions of electrons and Hej ions density. Correspondingly,
the major difference is the change of electron density in z direction as well as in z and y directions.
The magnitude of electrons and He; ions density are nearly same in the fourth region which forms a
quasineutral plasma in the positive column with a strong electric field bulge in the cathode fall layer.
The different slice structures of electron density are perfectly matched in z, y and z directions at variable
places in the reactor gap which illustrate the uniformity in three-dimensions as shown in figure 7.1 (a).
The magnitude of He; ions density is higher in the cathode fall region as compared to other ionic
species, which shows the clear uniformity in z, y and z directions. The numerical magnitude of He;
ions density is ~ 3.0 x 10 cm™ in the cathode fall layer, whereas the electrons density has the value of
~ 8.0 x 10° cm™ in the negative glow region. The criterion for the uniform distribution of atmospheric
pressure glow discharge is satisfied for the electrons and Hej ionic species as shown in figure 7.1 (a, b) in
helium gas with 20 ppm nitrogen impurities at 30 kHz. The magnitude of electrons and He; ions density
are approximately matched with two-dimensional fluid model simulations, which reveal the consistency

between the two and three-dimensional fluid model results.
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Figure 7.2. Spatial slice distribution of ionization rate and electric field (E,, E,, E,) for f = 30 kHz,
gr = 7.5 and Vypp = 1.5 kV with 20 ppm Ny impurities.

In order to illuminate the further details of uniform atmospheric pressure discharge parameters, the
different slice distributions of ionization rate and the electric field (E,, E,, E,) in three spatial directions
are examined in figure 7.2 (a - d). The ionization rate gives the production of electrons and ions
from different chemical processes in the reactor gap. The magnitude of ionization rate provides the
net ionization in the discharge plasma, which is sum of the multiple chemical processes (in tables 2.1
and 2.2) during the evolution of uniform atmospheric pressure glow discharge. The major sources of
production of electrons are the direct ionization and Penning ionization of metastables and excimers. The
three-dimensional structure of ionization rate exhibits that the different slice distributions are perfectly
uniform in z, y and z directions in the positive column as shown in figure 7.2 (a) and the strong bulge
appears near the cathode barrier with the numerical magnitude ~ 1.0 x 10’7 cm™ s at the maximum
discharge current density. Correspondingly, the stronger axial electric field (£, ) forces the electrons and
ions to move along the direction of applied potential, which can be verified with the uniform distribution
of axial electric field as shown in figure 7.2 (b) and the numerical magnitude in this case is ~ —1.0 x 10*

1

V cm. The electric fields in the z and z directions are weaker than the axial direction (y), which

bound the discharge plasma in the reactor gap as shown in figure 7.2 (¢, d) and their magnitudes are
approximately ~ £1.0 x 102> V cm’!. The different slice distributions of ionization rate and electric

field (E,, E,, E,) in , y and z directions enhance their spatial evolution in the uniform atmospheric
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pressure glow discharge plasma.

7.3 Evolution of volume distribution of electrons and He] ions
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Figure 7.3. Phases of spatial volume distributions of electrons (red) and He; ions (blue) density for

f=30kHz, e, =7.5 and Vgpp = 1.5 kV with 20 ppm Ny impurities.

As the space and time variation of electrons and He; ions density are necessary to understand their
evolvement during the different phases of uniform atmospheric pressure glow discharge. We describe the
evolution of uniform volume distribution of electrons and He; ions density from the time duration t1
to t6 in the three-dimensional space for 30 kHz driving frequency as shown in figure 7.3 (a - f). The
cathode and anode dielectric barriers change their polarities with the external applied voltage, which are
not shown in figure 7.3. The BL, GW and BH labels correspond to the barrier length, gap width and
barrier height of the parallel plate reactor configuration. The figure 7.3 (a - f) represents the stationary
spatial structures of discharge species which covers the prebreakdown, breakdown and progression of
cathode fall region with the maximum discharge current density. There is an interval of approximately
1 us between the consecutive time instants in the range from t1 to t3. The volumetric distribution of
electrons and Hej ions density are examined in the prebreakdown phase as displayed in figure 7.3 (a
- ¢). In the last structure of prebreakdown, the electrons and He, ions density acquire the numerical
magnitudes of ~ 5.0 x 10° and 1.0 x 10'® cm™. The figure 7.3 (d) exhibits the species density in the

start of breakdown phase, whereas the electrons and ions proceed towards their respective anode and
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cathode barriers. The electrons and He; ions density are increased to further higher values in the start of
breakdown pulse and reached to the values ~ 6.0 x 10° and 1.6 x 10 cm™. The movement of electrons
show that the ionization flit travels fastly towards the cathode barrier and the volumetric density of

electrons and Hej ions increase to ~ 8.0 x 10° and 2.6 x 10! cm™

as shown in figure 7.3 (e). It is
clear from the figure 7.3 (f) that the electrons exist near the cathode fall region as well as in the whole
gap. The volumetric structures of electrons and He; ions density provide a precise picture of electronic
and ionic species at the maximum discharge current density as shown in figure 7.3 (f). However, the
volume distribution of electrons and He; ions density show that the electrons occupy a large space in
the reactor gap and He; ions squeeze near the cathode barrier surface. The time span between t3 and
t6 is approximately ~ 2.1 ps. The volumetric structure in figure 7.3 (f) corresponds to the uniform
distribution of atmospheric pressure discharge with four remarkable regions in the gap. The change in
He; ions density is larger than electrons and it varies from ~ 4.0 x 10% to 3.0 x 10'° cm™, whereas
the electrons density changes from ~ 3.0 x 10° to 8.0 x 10° cm™ during the time interval from t1 to
t6. The volumetric structure of electrons and He, ions density prominently illustrate the evolvement of
prebreakdown, breakdown and cathode fall region formation from t1 to t6. Thus an overall movement of

electrons and He; ions density can be observed sharply from the above six distributions, which develop

a smooth picture of the evolution of electrons and Hej ions density.

7.4 Comparison of discharge species

This section highlights the difference between the spatial distributions of species in the uniform at-
mospheric pressure discharges at variable driving frequencies. Although the fundamental operation of
gas breakdown is similar in different frequency regimes but the spatial volume distribution of discharge
species are effected with the operating input parameters. The distribution of discharge species are com-
pared by using the spatial distribution of different slices at the maximum discharge current density. In
addition to the above uniform distribution of discharge species, the spatial profile of electrons, neutrals,

i.e., He" and He; and ionic species, i.e., He™ and Nj are compared from 30 to 90 kHz frequencies.
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7.4.1 Slice distribution of electrons density
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Figure 7.4. Spatial slice distributions of electrons density for f = 30, 50, 70 and 90 kHz, ¢, = 7.5 and
Vappt = 1.5 kV with 20 ppm Ny impurities.

As the behavior of electrons is effected sharply in different frequency regimes, we compare the various
slice distributions of electrons at 30 to 90 kHz under the similar operating conditions. The spatial
slice distribution of electrons shows that it is uniform in three spatial directions from the anode barrier
towards the cathode barrier for 30 kHz as shown in figure 7.4 (a), whereas the electron density is higher
near the anode barrier as compared to the near cathode fall layer at 50 - 90 kHz as exhibited in figure
7.4 (b). The density of electrons is uniform along z, y and z directions at 30 kHz as compared to 50 -
90 kHz, which shows the strong gradient in the electron density near the anode barrier as displayed in
figure 7.4 (b) in case of 50 kHz. This highlights a distinct observation that the electrons trapped in the
positive column do not dissociate entirely during the half cycle, which also enhance the higher residual

current density during the polarity reversal of electric field at 50 - 90 kHz. The magnitude of electrons
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density is higher for 90 kHz than 30 - 70 kHz, and the numerical values are modified from ~ 8.0 x 10°
and 3.5 x 10'° cm™ as shown in figure 7.4 (a - d). The basic operation of discharge plasma is same
at these frequencies, although they have sharp contrast in their electronic distributions near the anode
barrier at the maximum discharge current density as shown in figure 7.4 (b - d). The strong gradients in
the slice distributions of electronic species exhibit that the electrons are prominently trapped near the
anode barrier at higher frequencies. This confirms that the electrons are influenced quite remarkably
and the volumetric confinement of electron density decreases near the anode barrier with the increase of

frequencies in the mentioned range as displayed distinctly.

7.4.2 Slice distribution of neutral and ionic species
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Figure 7.5. Spatial slice distributions of He" (metastables) and He, (excimers) density for f = 30
and 50 kHz, ¢, = 7.5 and V,p, = 1.5 kV with 20 ppm Ny impurities.

The metastables are very important for the production of electrons and ions in the atmospheric pressure
discharges especially in the presence of nitrogen impurities, which accelerate with the axial electric field
in the reactor gap. The metastables can provide a substantial source of ionization with the interaction
of different chemical processes (in tables 2.1 and 2.2) and produce further secondary electrons in the

gap. The three-dimensional spatial slice structures of metastables (He") and excimers (He,) manifest
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that their population are dense near the cathode barrier in z, y and z directions as shown in figure 7.5
(a - d) for two different driving frequencies, such as 30 and 50 kHz at the maximum discharge current
density. The density of metastables is maximum as compared to other discharge species and actively
interacts through multiple chemical reactions in the uniform glow discharge mode, which matches with
the one and two-dimensional fluid model results. It is clear from the figure 7.5 (a, b) that the sharp
change is occurred in the neutral species density near the cathode barrier but not exactly with the
dielectric barrier surface. The metastables and excimers have higher densities at 50 kHz than 30 kHz
and, they provide the ions and electrons for the uniform glow discharge plasma. However, the numerical
magnitudes of metastables and excimers are ~ 4.0 x 10! and 2.0 x 10'* ¢cm™ as shown in figure 7.5
(a, b) in case of 30 kHz, whereas they have similar spatial slice distributions at 50 kHz except different

numerical magnitudes ~ 8.0 x 10'* and 4.0 x 10! ¢cm™ as shown in figure 7.5 (c, d).
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Figure 7.6. Spatial slice distributions of He" and N; ions density for f = 30 and 50 kHz, ¢, = 7.5 and
Vappt = 1.5 kV with 20 ppm Ny impurities.

The behavior of ionic species (Het and Nj ) has been discussed by using one and two-dimensional
fluid models in the previous chapters. The spatial evolution of He™ and Nj ions density are explored
for different frequencies, such as 30 and 50 kHz in the uniform atmospheric pressure discharge. The

numerical magnitudes of ionic species are maximum near the cathode barrier, whereas the He' ions
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have the smallest magnitude during the glow discharge phase in the cathode fall layer because of fast
conversion into He; ions. The molecular nitrogen ions density is also higher near the edges as well as
near the cathode barrier than other ionic species in the reactor gap. The magnitudes of He' and Nj
ions density are ~ 1.5 x 10° and 2.0 x 10'° cm™ for 30 kHz as shown in figure 7.6 (a, b) as compared
to other ionic species. The spatial slice distributions of ionic species (Het and N2+ ) show that they are
modified and increased in the numerical magnitudes of ~ 3.0 x 10 and 3.0 x 10'° cm™ as shown in figure
7.6 (c, d). The stronger electric field in the axial direction forces the ions to move along the direction of
applied potential, which can be verified with the uniform distribution of axial electric field as exhibited
in figure 7.2 (b). The three-dimensional fluid model provides the more and accurate information for the
discharge parameters than one and two-dimensional fluid models because all the spatial dimensions are
covered in this case. Therefore, the three-dimensional fluid model simulations are reliable and consistent

with the previous modelling results.

7.5 Emergence of filamentary discharge plasma

Suppose an electrical energy is supplied to the gas particles with an external applied voltage in the
parallel plate reactor. This energy is used to excite and ionize the atoms and molecules in helium gas
with trace amount of nitrogen impurities. The streamers are defined as the ionization waves that can
propagate through the small channels with Egeamer > Fgas, While Egreamer is the electric field in the
streamer and E,, is the electric field in the gas. These streamers can be produced by the influence
of an overvoltage effect. In case of streamer ionization of gas, the electrons and ions are created at
enormous rate due to the overvoltage and number of chemical reactions described in the tables 2.1 and
2.2, which develop a further chain of processes in the gas. When the primary electrons strike with the
gas particles and electrode surface, the secondary electrons are formed and ultimately build a strong
avalanche after some time. The ionic species in this avalanche form a positive layer at the cathode end
of the evolved plasma channel, which attracts the next generation of electrons quite significantly. In this
way, the primary avalanche is dragged due to the ionization along the ionic species, which starts from
the location where the positive charge and electric field are greatest. Correspondingly, the streamers are
protruding from the anode surface because of high conductivity. Due to the high strength of electric
field at the head of the streamers, the lines of force are circularly dispersed from their head. The lines of
force are capable of attracting the secondary avalanches from all sides, which cause the development and
growth of streamers. The mechanism which controls the potential in the streamer is the polarization of
the dielectric barriers by the external imposed electric field. Consequently, the electrons are displaced

towards the anode barrier, which cause the positive ions near the cathode barrier. The enhanced electric

136



field of the resulting dipole is opposite to the external imposed electric field, partly cancels the latter
and reduces the potential difference along the developed conductor. It is possible to deduce the basic
physics of spatial evolution of the atmospheric pressure discharge species by using the one-dimensional
fluid model but the internal details and dynamics of discharge plasma species can only be possible with
the multi-dimensional fluid model simulations.

Suppose an avalanche growth is very fast, the rate of streamer growth is limited by the neutralization
of positive space charge at the cathode side of the streamer not by the rate of avalanche production.
During this process, the electrons move into this region at the drift velocity corresponding to the electric
field within it. This field strength is higher inside the needle than the external field in the gap. A streamer
is created from the avalanche when the space charge electric field equals to the external imposed electric
field. For example, E ~ E\ can be regarded as the criterion of the streamer formation, where E is
the space charge electric field and FEy is the imposed electric field [4]. To grasp the filamentary behavior
of atmospheric pressure discharge, the analysis is performed by the help of imposed conditions, which
provides the physical insight about the non-uniformities. In order to achieve this goal, the different sets
of input discharge parameters are considered for the uniform and filamentary discharges under these
conditions. The configuration and pattern of species distribution establish an overview about their
spatial linkage with the filamentary and uniform discharge structures. In this analysis, the filamentary
discharge structures are observed due to the imposed conditions, such as i) overvoltage effect ii) increased
recombination coefficient of molecular nitrogen ions, in the He-Ny gas. The above mentioned artificial
imposed conditions develop a filamentary discharge, which give an opportunity to explore the effects of

these conditions and identify the types of non-uniformities.
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7.5.1 Comparison between the filamentary and uniform discharge
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Figure 7.7. Spatial slice distributions of electron mean energy for f = 15 kHz, e, = 7.5 and Vgpp = 1.6
and 1.5 kV with 50 ppm Ny impurities.

To understand the change in the electron mean energy for the filamentary and uniform discharges, the
spatial distribution of electron mean energy is analyzed for 15 kHz driving frequency with and without
imposed conditions. The different slice distributions of electron mean energy exhibit that they are
atypical and regular for the filamentary and uniform atmospheric pressure discharges especially in the
cathode fall region as shown in figure 7.7 (a, b). The filamentary discharge has a thin bulge at 15 kHz
but the large electron mean energy gradients prominently exist due to the presence of non-uniformities
in the cathode fall region as well as their effect in the positive column. The filamentary discharge is
observed due to the effect of overvoltage as mentioned in the previous subsection. It is evident from
the figure 7.7 (a) that the electron mean energy is started to change from the head of filament near
the surface of cathode barrier towards the tail near the anode barrier. The numerical value of electron
mean energy is varied from ~ 9 to 5 eV in the filaments as shown in figure 7.7 (a). It is apparent from
the different slice distributions that the numerical magnitude of electron mean energy is smaller for the
uniform discharge as compared to the filamentary discharge plasma. In case of uniform atmospheric
pressure discharge, the electron mean energy has a small wide bulge in the cathode fall region relative
to the filamentary discharge and the numerical value varies from ~ 8 to 4 eV as exhibited in figure 7.7
(b). The profile of electron mean energy is substantially disturbed and smooth in the positive column
of filamentary and uniform atmospheric pressure discharge consecutively as displayed in figure 7.7 (a,
b). The spatial distributions of electron mean energy enhance a precise insight about the filamentary

and uniform discharge modes. The electron temperature is very important parameter for breaking the
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chemical bonds of different samples as discussed in [6]. So the exact evaluation and understanding of

this parameter is very helpful for the atmospheric pressure discharge applications.
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Figure 7.8. Spatial volume distribution of axial electric field (E,) for f =15 kHz, ¢, = 7.5 and
Vappt = 1.6 and 1.5 kV and 50 ppm Ny impurities.

Now the major objective is to investigate the properties of filaments and their combined and individual
effects on the filamentary atmospheric pressure discharge. The figure 7.8 (a, b) explores the spatial
distribution of axial electric field by using the method of isosurfaces in three-dimensional space. The
filamentary and uniform volume structures of axial electric field are considered at the maximum discharge
current density as shown in figure 7.8 (a, b). The artificial imposed conditions are capable of modifying
the discharge characteristics and transformed the uniform discharge into filamentary discharge plasma as
shown in figure 7.8 (a). The evolution of uniform axial electric field is displayed in figure 7.8 (b), which
shows the flat and smooth profile of spatial volume distribution of axial field strength in the absence
of imposed conditions. The large field gradients are present on the surface of dielectric barrier because
of non-uniformities due to the effect of overvoltage. The non-uniform distribution of axial electric field
illustrates that the field strength is higher in the constricted part as compared to the smooth part in
the cathode fall region. However, the maximum magnitude of the axial electric field in the filamentary

! respectively. Due to the

and uniform discharge plasma are of ~ —2.5 x 10* and —1.0 x 10* V cm"
non-uniform distribution on the surface of dielectric barrier, the filamentary discharge plasma is not
useful for the sophisticated industrial applications as compared to the uniform atmospheric pressure

glow discharge as shown distinctly in figure 7.8 (a, b).
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7.6 Phases of species distribution in filamentary discharge

Let us consider a filamentary discharge to express the origin and shape of non-uniformities under differ-
ent imposed conditions. The non-uniformities are emerged due to different mechanisms, which enhance
a major hurdle in the development of uniform atmospheric pressure discharge sources. Here, we discuss
the three-dimensional volume distribution of electrons and He; ions density for a quarter of cycle during
the evolution of filamentary atmospheric pressure discharge at 10 kHz driving frequency. An overvoltage
is defined as the magnitude of voltage, which is 10 to 20 percent higher than the breakdown voltage. The
streamers are observed in nitrogen plasma when the overvoltage exceeds a value 17 % of the breakdown
voltage [4]. The 10 to 15 % overvoltage value is sufficient for the production of streamers in the reactor
gap, in which the breakdown at static voltage occurs with the Townsend ionization mechanism. After
completion of initial steps of breakdown as discussed previously, the analysis proceeds to cover the effects
of streamer breakdown at atmospheric pressure. As the streamer breakdown mechanism acts as a source
of creation of non-uniformities at high pressure, the streamers are created in the atmospheric pressure
discharges by the imposition of different conditions as discussed in chapter 5. The electric current is a col-
lection of transient microdischarges in the gap. Normally, the uniform discharge structures are observed
due to the Townsend ionization mechanism rather than streamer mechanism under different operating
conditions. The streamer and Townsend ionization mechanisms are responsible for the development of
non-uniform and uniform discharges at atmospheric pressure. Generally, the streamers can march from
the anode barrier towards the cathode barrier and vice versa under different circumstances. This type
of effect is prominently observed from 5 to 20 kHz driving frequency most because of the coalesce of fila-
ments at further higher frequencies (> 20 kHz). Presumably, the electrons perform an outstanding role
in the uniform and filamentary discharges and the treatment to handle them is significantly different than
other discharge species. The exact properties of electrons help us to determine the effects of discharge
in different regimes during the progression. The two-dimensional fluid model can provide the shape and
configuration of filaments in two-dimensional space (a-y), whereas the complete shape and geometry of
filaments are possible only in three-dimensional space. This type of three-dimensional distribution of fil-
aments enhances an insight about the non-uniformities in high pressure discharges. However, the volume
structures of filaments provide the visualizations in three-dimensional space during the evolution, which
illuminate completely their spatial and time variations in different discharge regimes. We can explore
and discuss the internal dynamic characteristics in detail with the help of three-dimensional fluid model,
such as localized density inside the filaments, diameter and length, and geometrical configuration of
filaments. The filamentary behavior is dominant remarkably in the lower frequency regime, which will

be described by the volume distribution of electrons at variable driving frequencies.
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Figure 7.9. Spatial volume distribution of electrons density for f = 10 kHz, ¢, = 7.5, RC = 5.0 x 1076

cm? s and Vappt = 1.6 kV with 50 ppm Ny impurities.

The figure 7.9 (a - 1) illustrates about the space and time variations of electron density in the filamentary
atmospheric pressure discharge at a driving frequency of 10 kHz from time t1 to t12. The spatial volume
distribution of electrons density cover the range from 1 to 25 us with an interval of 2 us approximately.
It is evident from the evolvement of different phases of electron density that how the filaments start to
come out from the avalanche bulk due to the streamer ionization mechanism. These filaments adopt a

shape of thin non-uniform long rods with higher localized electron density and exist approximately in
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the whole gap except near the cathode barrier. The quarter of cycle is divided into thirteen parts as
shown in the figures 7.9, 7.10 and 7.11, which explore the different patterns of electron density during the
development in different stages of atmospheric pressure filamentary discharge. The considered quarter
of cycle covers the different phases, usually called as prebreakdown, breakdown, filamentary distorted
cathode fall region and decay of current pulse, whereas the volume space varies according to the presence
of electrons density in the reactor gap. The figure 7.9 (a - 1) exhibits that the avalanche expands in z,
y and z directions but a major distorted change is observed in the y direction. In the prebreakdown
phase, the electron density avalanche is in the middle of gap approximately and the front edge exists
between 0.30 and 0.35 cm from the cathode barrier as shown in figure 7.9 (a) and the magnitude of
electron density is ~ 1.1 x 10° ecm™ at time t1. As the mobility of electrons is significantly larger than
the ionic species, the avalanche development becomes greater during the discharge progression and the
figure 7.9 (b) represents the situation just before the breakdown with a density magnitude ~ 4.5 x 10°
cm™ at t2. The front edge of the electron density is shifted fastly towards the cathode barrier due to
the population of ionic species with smaller mobility near the cathode barrier as shown in figure 7.9 (a -
d), which exhibits the uniform structure of electron density in the three-dimensional volume space with
the numerical magnitude of ~ 1.4 x 1019 cm™ as displayed in figure 7.9 (d). After further progress in
the breakdown phase due to the overvoltage effect, the filaments are emerged which appear in the front
face of the avalanche bulk near the cathode barrier as shown in figure 7.9 (e) and the density magnitude
shoots to the value ~ 1.5 x 10'* cm™. Subsequently, the peg like filaments become larger and adopt the
shape of thin long atypical rods during the filamentary cathode fall layer formation and the discharge
attains a maximum discharge current density of ~ 3.16 mA cm? with the electron density magnitude
in the filaments of ~ 2.0 x 10! ecm™ as exhibited in figure 7.9 (f) at time t6. The secondary electrons
emission is enhanced in filamentary discharge when the streamers collide with the surface of dielectric
barrier material. These independent long filaments persist their shape at higher values of discharge
current density as shown in figure 7.9 (f - i). However, the sharp pattern of thin rods show that they are
protruded from the anode and directed towards the cathode barrier. This type of filamentary structure
is developed due to the effect of overvoltage. The details of streamer breakdown mechanism and types
under different conditions partially follow the similar trend, which explained in [4] at relatively high
pressure. We have checked that these filaments are disappeared and the uniform discharge structure
emerges with the removal of imposed conditions, i.e., overvoltage value and increased recombination
coefficient. In the decay phase, these thin atypical rods join each other near the anode due to higher
conductivity and small thin needles appear in the front edge of electron volume density. These needles
are thin from the head and look like the spikes as shown in the figure 7.9 (j, k). The diameter of the spikes

from the bottom becomes larger and expands in the three-dimensional volume space. This represents the
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process of reuniting filaments from the bottom near the anode barriers. The spatial volume distribution
of electrons density displays that it becomes dense near the anode, and decreases in the gap along the
z, y and z directions. The process of formation and reunion of filaments are entirely different because
the filaments are emerged by the influence of overvoltage from the bulk of electrons density in the
breakdown pulse, whereas the thin shape needles are formed during the decay of discharge current pulse.
The reunion process of filaments is slower than the abrupt formation during the breakdown phase as
shown in figure 7.9 (e, f) and 7.9 (j - 1). The different types of physical processes perform an important
role during the creation and reunion of the filaments in the filamentary atmospheric pressure discharge.
The recombination of charged particles is fast in the afterglow phase, which plays a significant role at
this stage. The magnitude of electrons density falls to a value ~ 2.0 x 10'° cm™ in this phase from t10
and t12. The complete figure 7.9 (a - 1) provides a perception of prebreakdown, breakdown, constricted
filamentary distorted cathode fall layer and decay phases of filamentary discharge due to the artificial
imposed restrictions. The last structure of the quarter of cycle will be discussed to compare the electronic
and ionic species distributions in the gap simultaneously. It is noticed that the filamentary behavior is
totally different due to the effect of overvoltage effect under different imposed conditions. In the case
of 20 kHz in section 5.3, the electron density approaches to the peak values at the end of current pulse
due to the continuing ionization at the position of the new cathode fall layer. In case of 10 kHz, the
overvoltage has a significant impact on the discharge characteristics and the maximum electron density
occurs at the higher values of discharge current density. In this phase, the electron density decreases to
smaller values as shown in figure 7.9 (j, k). This observation develops a strong reason to distinguish the
behavior of discharge characteristics in the filamentary discharge mode. The effect of imposed conditions

has different types of impact in the filamentary discharge at variable driving frequencies.
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Figure 7.10. Spatial volume distribution of He; ions density for f = 10 kHz, ¢, = 7.5, RC = 5.0 x 10~°

em? st and V= 1.6 kV with 50 ppm Ny impurities.

The physical understanding is not completed without considering the major ionic species He; of at-
mospheric pressure filamentary discharge. The analysis of different phases of He; ions density distribu-
tion is essential to discuss the properties of ionic species near the cathode barrier when the filamentary
discharge plasma evolves from t1 to t12 as shown in figure 7.10 (a - 1) at 10 kHz. The ionic species He;
move towards the cathode barrier gradually because of smaller mobility but they occupy the maximum
density in small spatial volume of the gap as compared to the electrons during the formation of cathode

fall layer. In the prebreakdown phase, the He; ions march towards the cathode barrier and have the den-
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sity magnitude of ~ 1.0 x 10 cm™ as shown in figure 7.10 (a) at t1. The density of He; ions approaches
to the value of ~ 9.0 x 10° cm™ as illustrated in figure 7.10 (b) just before the breakdown at time t2,
whereas the width of ionic volume distribution is ~ 0.10 cm approximately. The density of He; ions
are increased with a decrease of volumetric width in the gap from time t3 to t4 as shown in figure 7.10
(c, d). Subsequently, the uniform volume distribution of He; ions density is distorted into filamentary
form as displayed in figure 7.10 (e) with a density magnitude of ~ 3.5 x 10! cm™ during the breakdown
phase at t5. These ionic non-uniformities are developed in the form of thin small filamentary pegs in
the cathode fall region and become further thin at the higher discharge current density values. They
proceed to the maximum value of localized He; ions density ~ 4.0 x 10! cm™ as shown in figure 7.10 (f)
at t6 when the discharge current density achieves a maximum value. The width of volume distribution
of He; ions density is compressed to ~ 0.03 cm during the formation of distorted filamentary cathode
fall region as shown in figure 7.10 (f). The localized ionic density gradients are formed on the surface
of cathode barrier, which exhibit the thin ionic small non-uniformities in the filamentary atmospheric
pressure discharge. These ionic non-uniformities persist their shape at higher values of discharge current
density. When the electronic filaments start reuniting as shown in figure 7.9 (j), there is not any sudden
impact on the distribution of He; ions density as displayed in figure 7.10 (j, k), which verify the distinct
behavior of the electrons and He; ions in the decay phase. The magnitude of He; ions density is further
reduced to ~ 4.0 x 10'° ¢cm™, although the process of reuniting does not begin in case of Hej ionic
non-uniformities. However, the ionic non-uniformities join near the surface of cathode barrier and then
the small thin pegs appear in the central part of the barrier surface as shown in figure 7.10 (1). The
pattern of volumetric distributions exhibit that the He; ionic non-uniformities are synchronized with
the electronic filaments during the breakdown phase but the synchronization halts in the decay phase
as illustrated clearly in figure 7.9 (j, k) and 7.10 (j, k). This delay in reuniting of ionic species near the
cathode barrier shows that the behavior of electrons and Hej ions density are different in the filamentary
atmospheric pressure discharge under the artificial imposed conditions, especially in the decay phase.
The fluid model simulations are started with a quasineutral plasma with equal electrons and ionic species
in the reactor chamber. Initially, the uniform discharge plasma is enhanced and converted into filamen-
tary form by the influence of imposed conditions. The temporal evolution of discharge current density
is observed in asymmetric form but the breakdown occurs at the same position during the evolution of
different half cycles, which corresponds to the memory effect of dielectric barrier discharge. To deduce
the reliability of three-dimensional fluid model simulations, the steady state of filamentary discharge is

necessary to provide physical significance of numerical simulations.
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Figure 7.11. Spatial volume distribution of electrons (red) and He; ions (blue) density for f = 10 kHz,
g, = 7.5, RC =5.0 x 1075 cm? s! and V,,,; = 1.6 kV with 50 ppm Ny impurities.

As the last structure of electrons and He; ions density is shown in figure 7.11 near the anode and
cathode barriers during the quarter of cycle, this provides a clear three-dimensional view of both electrons
and He; ions existence during the decay phase of discharge current pulse in the filamentary discharge
simultaneously. The size of electronic filaments (spikes) becomes smaller gradually, which is recognized in
red color as highlighted in figure 7.11 near the anode barrier. The ionic non-uniformities are suppressed
near the cathode barrier and the electronic filaments are nicely observed near the anode barrier in
the decay phase. The spikes of electronic structure help us to understand the decay and coalesce
processes of filaments simultaneously. The ionic non-uniformities on the cathode barrier become vanish
approximately and their magnitudes decrease to very smaller values in the decay phase. The magnitude
of electrons and He; ions density are ~ 1.2 x 10*° and 0.9 x 10® ¢cm™ as shown in figure 7.11 at t13.
However, the emergence of filaments are enhanced in the breakdown phase by the streamer ionization
mechanism, whereas the source of filaments creation correspond to the Townsend ionization mechanism
in the decay phase as discussed in chapter 5. During this process, the electrons in the gap try to quickly
join their companions due to their higher mobility near the anode and the density gradients are occurred
in the gap, which appear in the form of thick spikes. This process is performed at very smaller scale

near the cathode barrier due to the smaller mobility of He; ions.
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7.6.1 Configuration and path of filaments
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Figure 7.12. Combination of different slice structures of electron density for f = 10 kHz, ¢, = 7.5, RC
=5.0x107% cm? s! and Vappt = 1.6 kV with 50 ppm Ny impurities.

The configuration and spatial volumetric occurrence of filamentary discharge in three-dimensional space
are exhibited and examined in the figures 7.9, 7.10 and 7.11 for 10 kHz driving frequency. They provide
the volume distribution of discharge species in the reactor gap during the evolution of different phases
of atmospheric pressure filamentary discharge. It is apparent from the figure 7.12 that the lines of force
come out from the different heads of filament, which stimulate the attraction of secondary avalanches on
all sides of the filaments and enhance their growth. The mechanism which controls the strong electric field
in the filament is the polarization of the dielectric barriers by the external electric field. In order to know
the exact density of electrons in these thin atypical filaments internally, the different slice distributions
of electrons are analyzed in z, y and z directions as shown in figure 7.12 (a - d). We consider the different
slice distributions of electrons in z, ¥ and z directions independently at different locations in the reactor
gap. The different slice distributions in z and z directions are combined to analyze the locus of filaments
in the discharge plasma at different locations as shown in figure 7.12 (d). The configuration of these
filaments show that they expand and modify their structures along the z and z directions as well as in
the y direction. The density of electrons in different filaments fall gradually from the head to tail and
looks like a moving rifle bullet as shown in figure 7.12 (b - d). The density of electrons from the head is
not suddenly reduced to very smaller values but follows a steady path in the axial direction. The effect

of filaments in the helium gas are clearly observed during the travel at a particular instant as shown in
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figure 7.12 (b - d). The electron density from the filament head is not extended uniformly in the z, y
and z directions, whereas the constriction is prominently noticed near the head. The electrons occupy
a maximum density of ~ 2.0 x 10'! ¢cm™ in the centre of filaments head and start reducing from the
negative glow region towards the positive column as clearly observed from the different slice structures
of electron density. It is observed from the figure 7.12 (a) that the spread of electron density is smaller
in z and z direction than the y direction. The filaments are directed towards the cathode barrier and
away from the anode barrier, which have the maximum density in their front heads as compared to
the tails. These different slice distributions enhance the perception of filamentation in the non-uniform
atmospheric pressure discharges. However, the authors in [128, 129] observed the filamentary behavior
in the atmospheric pressure discharges. Therefore, the three-dimensional spatial structures of discharge

species provide the opportunity for the real time comparison of atmospheric pressure discharges.

7.7 Effect of frequency in filamentary discharge
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Figure 7.13. Spatial volume distribution of electrons density for f = 5,10,15 and 20 kHz, ¢, = 7.5, RC
=5.0x107% ecm?® s! and V,,,, = 1.6 kV with 50 ppm Ny impurities.
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The comparison of three-dimensional spatial volume structures of filamentary discharge are demonstrated
at 5, 10, 15 and 20 kHz driving frequencies under the similar imposed conditions as shown in figure
7.13 (a - d). The filamentary structures provide the electronic volume distribution of filaments when
the discharge current density is maximum during the progression of atmospheric pressure filamentary
discharge. The filaments are detached from each other at lower frequencies, whereas they coalesce at
higher frequencies due to the reduction of electron energy losses. It is clear from the figure 7.13 (a)
that the filamentary structure at 5 kHz has not precise resemblance with other filamentary discharge
structures at 10 - 20 kHz. This supports the argument that the discharge plasma has complex behavior
at lower frequencies especially < 7 kHz, which is consistent with the previous modelling results. We have
checked the filamentary structure at 7 kHz under the similar imposed conditions, which also differs from
the filamentary distributions at 10 - 20 kHz. As the intricate and filamentary behavior are dominant at
the lower frequencies, the figure 7.13 (a) provides the distinct structure at 5 kHz than other mentioned
frequencies. It is apparent from the figure 7.13 (b - d) that the diameter and width of filaments are
extended widely and reunited at higher frequencies. The volume distribution of filaments show that the
electron density is localized at different locations in the reactor gap during the presence of filamentary
distorted cathode fall layer. The comparison of these electronic distributions give a brief intuition about
the filamentary behavior of non-uniform discharge. However, the above filamentary structures illustrate
that the formation of localized density gradients due to the filaments at lower frequencies are more
feasible because the discharge cycle takes longer time in this case as compared to the higher frequencies.
The asymmetric breakdown is very strong at lower frequencies and the creation of electrons and ions rise
to the very large values. However, the charge carriers are not strongly trapped between the dielectric
barriers at lower frequencies. Therefore, the electron impact energy losses are also enhanced in the
lower frequency regime than higher. It is evident from the figure 7.13 (b, ¢) that the central front edge
of the filament is distributed significantly near the cathode barrier at 10 kHz, which becomes less at
15 kHz and minimizes further to zero at 20 kHz because of the reduction of energy losses. The small
localizations of electron density become negligibly small in the central of volume density at 20 kHz as
displayed in figure 7.13 (d). The maximum density of filaments in this frequency range is ~ 2.0 x 10!
cm™ approximately as shown in figure 7.13 (a - d). The above filamentary volume distributions at
variable frequencies are described in the presence of overvoltage and increased recombination coefficient
of molecular nitrogen ions. The confining potential is developed between the dielectric barriers to localize
the density of electrons. This develops a precise and comprehensive understanding of the coalesce of

filaments at higher frequencies and agrees with [100].
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7.7.1 Slice distribution of filamentary discharge
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Figure 7.14. Single slice distribution of electron density for f =5, 10, 15 and 20 kHz, ¢, = 7.5, RC
=5.0x107% cm? s! and Vappt = 1.6 kV with 50 ppm Ny impurities.

As the spatial volume distribution and emergence of filaments are described by the profile of electrons
density at different frequencies in the filamentary discharge plasma. We consider a single slice distribution
of electrons density in the two-dimensional (z-z) space and deduce the variations in the electrons density
from the centre of filaments to circularly outward in the reactor gap. To consider an analysis of electrons
density in the filaments at variable frequencies, the slice distribution of electrons density in three-
dimensional contour format is shown in figure 7.14 (a - d). When the distorted cathode fall region
is fully developed in the filamentary discharge, the slice distributions of electrons are considered from
their maximum values near the cathode barrier. The slice distributions in two-dimensional space verify
that the electron density is higher in the centre of filaments and extends to smaller values away from this
point during the movement in the axial direction. However, the four distinct patterns of electron density

show that the number of filaments are coalesced at higher frequencies, starting from 10 kHz. As the
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properties and mechanism of creation of filaments in the discharge plasma are substantially different at
lower frequencies (< 7 kHz) than higher, so the analysis is performed necessarily in both regimes. At 5
kHz, the structure of filaments is different than higher frequencies under the similar imposed conditions
as shown in figure 7.14 (a - d). The peak values in the slice distribution represent the constrictions in
the filamentary discharge plasma, which are clearly distinguished by the spatial distributions at lower
frequencies than higher frequencies. The values of electrons density and size of the filaments are varied
from 10 to 20 kHz as shown in figure 7.14 (b - d). The numbers of filaments are coalesced from 10 to
20 kHz, which exhibit clearly in the central part as well as at the edges of single slice distribution. The
size and configuration of single filament is smaller and independent from the neighboring filaments at 10
kHz as compared to 15 and 20 kHz as shown in figure 7.14 (b - d). Although, the electrons are present

dominantly in the whole gap instead of near the cathode fall region, so the shape and configuration of

filaments vary accordingly and the numerical magnitudes are shown in the figure 7.14 (a - d).
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Figure 7.15. Spatial slice distribution of electron density for f =5 and 10 kHz, ¢, = 7.5, RC
=5.0x107% ecm? s! and V,,, = 1.6 kV with 50 ppm Ny impurities.

Now the further analysis is performed for a single sheet in the axial direction from the three-dimensional
mesh at 5 and 10 kHz frequencies, which provide the comparison between the effect of different possible
types of filaments during the evolution of filamentary discharge. There is a possibility of existence
of different types and shapes of filaments at different frequencies. We consider the slices of electron
density from the different locations in case of 5 and 10 kHz, which illustrate the difference between the
properties of thick and thin filaments in the reactor gap during the evolution of filamentary discharge.

Here, the different types of configuration of filaments are considered to understand their effect in the
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filamentary atmospheric pressure discharge at 5 and 10 kHz. The volumetric spatial distribution of
filaments exhibit their emergence with the clear electron density gradients in figure 7.13 (a - d). It is
evident from the figure 7.15 (a) that the filaments 1, 2, 3 and 4 have higher density magnitudes in the
reactor gap than the surrounding filamentary discharge plasma. The variations of electron density in the
filaments change according to their shapes and configurations. The central two filaments are joined to
form a larger filament and the electron density remains similar approximately from the head of filament
to the line denoted by star. The electron density decreases to the smaller values sharply in the reactor
gap as shown by the arrows 6, 8 and 9. There are rifts between the filaments in the reactor gap where
the electron density has very small values and represented by the arrows 5 and 7. However, the above
pattern of filaments enhances the perception for the variations of electron density and the path followed
by the filaments in the reactor gap. There are distinct types of filaments present in the gap, which
have variable magnitudes of electron density during the evolution of the different phases of a cycle. The
maximum number of filaments are observed at 10 kHz frequency, which coalesce to smaller number at
higher frequencies as displayed in figure 7.13 (b - d). It is evident from the figure 7.14 (b - d) that the
filaments are smaller and thin at 10 kHz than 15 and 20 kHz frequencies. The filaments have maximum
electron density near the cathode barrier and quickly reduce to smaller values in the gap as shown by
the arrows 1 and 2 in figure 7.15 (b). The fall of electrons density does not follow a long path in the
reactor gap at 10 kHz as compared to 5 kHz frequency. The distribution of filaments demonstrate that
the different possible types of non-uniformities exist in the filamentary atmospheric pressure discharge.
Thus, the filaments are distinguished precisely from the slice distributions in the two-dimensional space
as shown in figure 7.15 (a, b), which have the values of localized electron density ~ 2.5 x 10! and
2.2 x 101! ¢cm™ at 5 and 10 kHz. This confirms that the strong and weak filaments are prominently
existed quite at different locations of the reactor gap in the filamentary atmospheric pressure discharge

at variable driving frequencies.
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7.8 Influence of driving frequency in uniform APD
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Figure 7.16. Temporal evolution of discharge current density at variable frequencies f = 20 - 100 kHz,

gr = 7.5 and Vpp = 1.5 kV with 20 ppm Ny impurities.

It has been mentioned in the previous section that the filamentary discharge is formed by the application
of different imposed conditions. In this section, we cover the frequency range from 20 to 100 kHz for
the temporal evolution of discharge current density in the uniform atmospheric pressure glow discharge
without any imposed conditions as shown in figure 7.16 (a - i). The time t1 to t6 represents the time span
for the particular driving frequencies and it is different for various driving frequencies. The stationary-
state is acquired to describe the physical significance of numerical simulation results of atmospheric
pressure discharge because the non-stationary state corresponds to the non-physical situations. On the
basis of the temporal profiles of discharge current density, the characteristics of uniform atmospheric
pressure discharge are distributed into different groups under the similar operating conditions at variable
driving frequencies. It is explicit from the pattern of different discharge current density structures in this
domain (20 < f < 100 kHz) that the current density increases initially from the lower to higher values.

The steady-state is achieved after a few number of cycles as displayed in figure 7.16 (a - i) at different
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frequencies. To describe the physical significance of discharge current density at variable frequencies, the
breakdown phase can be considered as the production of large number of charged particles as compared
to their losses. As we know that the electrical energy is supplied to the dielectric barrier discharges by
the external applied voltage, this energy is used to enhance the excitation and ionization processes of gas
atoms and molecules. These processes depend on the chemical interactions of electrons with the helium
gas atoms in the presence of impurities. Although, the internal distributions of discharge species effect
to smaller extent when the discharge current density increases from 20 to 50 kHz. This means that the
four distinct regions, such as cathode fall layer, negative glow, Faraday’s dark space and positive column
are developed approximately in this frequency range. The discharge oscillates fastly as well as with the
rise in the residual current density at further higher frequencies. The Townsend ionization mechanism
is dominant in the breakdown pulse of uniform atmospheric pressure glow discharge as displayed in
the figures 7.3 - 7.6 and 7.16. The physical justification of this increase can be linked with the electron
energy losses and ionic species heating mechanisms. It has been discussed and observed that the electrical
energies are prominently transformed into kinetic energies quite at higher frequencies as compared to
the lower frequency discharge regimes [106]. The different types of energy losses, such as joule heating,
elastic and inelastic collision energy losses are dominant in the lower frequency regime because the
dynamic response of ionic species density is higher due to the collisions with gas particles and barrier
surface at lower than the higher frequencies in the uniform atmospheric pressure glow discharge. The
electrons and ions are not strongly trapped in the positive column at lower frequencies and they are
produced due to the kinetic interactions of chemical processes as well as with the secondary electrons
emission from the dielectric barrier due to the ionic bombardment. The temporal evolution of discharge
current density reveals that it is directly proportional to the driving frequency in the mentioned range
from 20 to 50 kHz as shown in figure 7.16 (a - d). The mechanism of discharge operation is changed at
further higher frequencies, which stops the increase in discharge current density. The discharge current
density is remarkably reduced from 50 to 70 kHz as illustrated in figure 7.16 (d - f) and then a steady
situation is reached approximately. In this range, the direction of drift motion of the large number
of charged carriers is inverted before reaching the parallel plate dielectric barriers of opposite polarity.
This increases the collisions with gas particles and molecules, moreover the creation of electrons become
greater in this phase. At the same time, the source of secondary electrons is also reduced because the
ionic species change their path before collisions with the barrier surface. It has been described in the
chapter 4 that the discharge characteristics are effected due to the impact of secondary electron emission
coefficient of cathodic dielectric barrier material. The density of metastables and excimers are reduced
in the mentioned higher frequency regime because of the fast polarity reversal of AC field. Therefore,

the stable and smooth structure of discharge current density is reached partially in this frequency regime
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(70 < f < 100 kHz) as represented in figure 7.16 (f - i). The temporal evolution of discharge current
density follows a similar trend at variable frequencies, which has been predicted in [107, 130, 131] in
the lower frequency range. The further intuition of discharge current density is explored by considering
their peak values in the positive current pulse during the half cycle. The large current density peak
represents the glow discharge plasma during the evolution, while the residual current density is induced
during the polarity reversal of the electric field. To deduce the variation of these current densities, the
quantitative analysis is performed in this frequency range from the magnitudes of peak values of positive
glow discharge current density and residual current of the previous glow discharge, which exhibits in

figure 7.17.
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Figure 7.17. Evolution of discharge and residual current density for f = 20 - 100 kHz, ¢, = 7.5 and
Vappt = 1.5 kV with 20 ppm Ny impurities.

As the discharge current density is varied in different driving frequency regimes for the uniform at-
mospheric pressure discharges, the characteristics of discharge plasma are categorized into the following
three groups. In the first group (< 20 kHz), the chaotic, filamentary and uniform behavior of atmospheric
pressure discharge are dominant under different operating conditions. The properties of first group has

been described in chapters 4 and 5, which provide the spatio-temporal evolution of discharge parameters
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in the uniform and non-uniform atmospheric pressure discharges. The second part of first group contains
the filamentary and uniform discharges with and without imposed conditions, which is not illustrated in
figure 7.17. The homogeneous uniform atmospheric pressure glow discharge is remarkably occurred in
the second group (20 < f < 50 kHz), which can be verified with the several spatial and temporal distri-
butions of discharge variables during the breakdown pulse. The two and three-dimensional fluid model
simulations deliver a concise understanding in this regime. The discharge current density increases in
this phase by the reduction of electron energy losses. However, the residual current density depends on
the trapped electrons in the positive column and they swiftly move during the polarity reversal of electric
field. At higher frequencies, the density of electrons is higher near the anode barrier during the glow dis-
charge phase as shown in figure 7.4 (b) and they tried to rush during the polarity reversal and enhance a
strong residual current pulse. Therefore, the residual current density is also increased in this phase with
the increase in driving frequencies as shown in figure 7.17. In the third group, the properties of uniform
discharge are decomposed into two parts, such as falling and steady current density regimes. It is evident
from the figure 7.17 that the discharge current density sharply falls from 50 to 70 kHz and attains the
steady current density values approximately at further higher frequencies in this domain (70 < f < 100
kHz). The uniform atmospheric pressure glow discharge depends substantially on the chemistry of gas.
It has been noticed in chapter 5 that the different types of ionization and excitation processes play an
important role for the development of glow discharge plasma. These production processes are enhanced
to their peak values at 50 kHz when the discharge plasma has the maximum current density. At further
higher frequencies, the chemical production and destruction processes are not completely progressed and
generate smaller number of electrons and ions because the time duration for a complete cycle reduces in
this frequency regime as well as the smaller effect of secondary electrons emission coefficient. Thus, the
discharge current density is reduced in this regime as shown in the figure 7.17 and the discharge plasma
achieves the steady situation at further higher frequencies. This means that the creation and destruction
of discharge species due to the chemical reactions reach a steady state in this frequency range. This
elaborates that the discharge current density becomes approximately smooth and stable in this partic-
ular region of frequency. The residual current density has not very complex behavior and it increases
approximately in a linear fashion with the rise in frequency in the mentioned groups as displayed in fig-
ure 7.17. The above three groups provide a comprehensive perception of atmospheric pressure uniform
discharge plasma in different frequency regimes. Thus, the probability of uniform atmospheric pressure
glow discharge is greater in the second group than first and third groups from the different frequency
regimes. We can explain the uniform and filamentary behavior of discharge with the trapping mechanism
of charge carriers. It is observed from the previous simulation results of multi-dimensional fluid model

in this research work that the moderate range of frequencies is acceptable for the uniform atmospheric
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pressure discharges, i.e., 10 to 50 kHz approximately because the ions and electrons are trapped and
released freely at higher as well as at lower frequencies during the positive and negative half cycles in
the reactor gap. Therefore, the chaotic behavior is emerged at lower frequencies due to the absence of
trapping mechanism of charge carriers and the residual current is higher with the trapping of electrons
and ions at higher frequencies in the gap. It is evident from the physical understanding of atmospheric
pressure discharge that the filamentary discharge is obtained in the above mentioned lower and higher
frequency regimes sharply. The whole discussion clearly elaborates the intricate and smooth regions of

the atmospheric pressure discharges as a function of driving frequency without any imposed conditions.

7.9 Conclusions and summary

In this chapter, the three-dimensional fluid model is formulated and developed in the presence of dis-
charge species, which illustrate the spatial volume distributions of atmospheric pressure discharge pa-
rameters such as, particle species density, electric field in z, y and z spatial directions, ionization rate
and electron mean energy under different operating conditions. The real time distributions of uniform
discharge plasma are elaborated and discussed in He-Ns gas at variable driving frequencies and external
applied voltages. The analysis of spatio-temporal species distribution demonstrates that the different
discharge regimes are distinguished with their distinctive properties in the uniform glow and filamentary
atmospheric pressure discharges. The evolvement of species density in different phases are investigated
and compared during the progress of uniform glow discharge plasma at 30 and 50 kHz. The behavior
of discharge current density is varied in different frequency regimes with external applied voltage, which
exhibits the relation between these quantities from 20 to 100 kHz. The appearance and configuration of
filaments are elucidated by using the spatial pattern of electronic species in the constricted filamentary
discharge. However, the mechanism of emergence of filaments is explored in the lower frequency regime,
which describes the specific internal dynamic details of their temporary shapes and pattern during the
breakdown and decay phases of filamentary atmospheric pressure discharge. The distinct structure of
filaments is shown at lower frequencies (< 20 kHz) as compared to the higher frequencies because of
the coalescence of filaments at higher frequencies and prominently form a uniform or partially uniform
distribution of discharge. The strength of axial electric field inside the filament is greater than the axial
electric field of filamentary discharge plasma and varies from the head to the tail of filament. The mag-
nitude and direction of movement of filaments are examined with the slice distributions of electrons at
different locations in the reactor gap, which illuminate the path and constricted part of density during
the progression in the filamentary discharge. The temporal evolution of discharge current density ex-

hibits that it prominently increases from 20 to 50 kHz, after this it starts decreasing and then ultimately
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follows an approximately smooth path at further higher frequencies.
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Chapter 8

Conclusions

We have formulated and developed a multispecies multi-dimensional self-consistent fluid model of at-
mospheric pressure discharge for the parallel plate dielectric barrier geometry. The fluid model solves
the continuity equation of discharge species, the electron and gas energy equations using drift-diffusion
approximation. The Poisson equation is employed to find the profile of electric field strength in the pres-
ence of charged species. The set of coupled fluid model equations together provide the spatio-temporal
evolution of particle species densities and fluxes, electron mean energy, gas energy, reaction rates and the
electric field under different operating conditions for the uniform and filamentary atmospheric pressure
discharges. The characteristics of atmospheric pressure discharge are investigated in the lower and higher
frequency regimes to elaborate the filamentary and uniform behavior of discharge in the pure helium
and He-Ny gas mixtures. The influence of chemical reaction kinetics is analyzed during progression in
the variable regimes of atmospheric pressure discharge plasma. The fluid model is capable of simulating
the complete space and time distributions of the atmospheric pressure discharge variables in different
phases of a cycle. However, the multi-dimensional fluid models are developed in this research work to
understand the spatio-temporal profiles and internal dynamics of atmospheric pressure discharge species.

The accuracy, authenticity and reliability of fluid model simulations can be provided by the compar-
ison of experimental and numerical modelling results wherever it is possible. The following landmark

features are inspected and examined in this research work as

e The atmospheric pressure uniform glow and Townsend discharge modes are studied numerically due
to the effect of variable quenching frequencies of excimers and small amount of nitrogen impurities,
which establish an understanding of four distinct regions of glow discharge mode and extinction
of these regions in the Townsend discharge mode. The influence of variable secondary electron

emission coefficient is deduced by the temporal evolution of discharge current density.
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e The intricate behavior prominently appears in the lower frequency regime (1.0 < f < 7.0 kHz),
which exhibits the presence of chaotic and bifurcation processes in pure helium gas. These instabil-
ities are suppressed under different operating conditions, which develop and enhance the physical
intuition of the atmospheric pressure discharges. We have calculated the transport coefficients,
ionization and excitation rates of different gas species using the interpolation techniques from the
solution of Boltzmann equation in the uniform electric field. The one-dimensional fluid model

simulations are compared with the experimental results in He-N, gas.

In order to examine the internal distributions of uniform and filamentary atmospheric pressure
discharges, the two and three-dimensional fluid models are developed in the stagnant and flowing
He-Ny gas. To estimate the influential effects in the radial and axial directions, the major and
important chemical processes, such as direct ionization, excitation, Penning ionization, stepwise
ionization, charge transfer and dissociative recombination are included in the two-dimensional fluid
model simulations, which explore the remarkable properties for the understanding of atmospheric
pressure discharge. The following points address the brief perception of two-dimensional fluid

model in the stagnant helium gas with the variable amount of small nitrogen impurities.

e The two-dimensional fluid model presents the numerical simulations with symmetric boundary
conditions and investigates the evolution of atmospheric pressure discharge parameters in pure
helium and He-N; gases. We have imposed successfully the Dirichlet boundary conditions on the
solid dielectric barriers, moreover the Von Neumann symmetry boundary conditions are considered
for the open boundaries of parallel plate reactor. The eminent semi-implicit technique is considered

and applied for the self-consistent calculation of the electric field in the discharge plasma.

e The space and time variations of discharge species are illustrated for the filamentary and uniform
atmospheric pressure discharges, which explain the comprehensive awareness about the internal
dynamic structures of species in different phases of a cycle. The current-voltage characteristics
are described to demonstrate the stationary-state of dielectric barrier discharge and to explore the
evolution of electrons density during the breakdown pulse. Correspondingly, the residual current
density is confirmed during the polarity reversal of electric field, which emerges due to the trapped

electrons in the positive column of the atmospheric pressure glow discharge.

e The growth of electric field in the radial and axial directions as well as species density are explicated
due to the effect of external input operating conditions. The average values of species density,
production and destruction rates of chemical processes and influence of driving frequencies are
expressed by their temporal evolution for a complete cycle. The effect of relative permittivity of

barrier, radial diameter and width of barrier are analyzed for the atmospheric pressure glow and
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Townsend discharge modes. The temporal evolution of discharge current density shows that it
increases with the increase in driving frequency and decreases with the increase in small nitrogen

impurities in the particular domain of influential quantities.

In the context of atmospheric pressure discharge temperature, we have solved the gas energy equa-
tion for the stagnant as well as for the flowing gas between the parallel plate dielectric barriers. The
supposition of room temperature is not a strictly valid assumption for the numerical simulation mod-
elling at atmospheric pressure. To resolve this issue, the constant subsonic and supersonic bulk flow
of gas is introduced in the horizontal direction of the reactor by using the parabolic profile. We have
evaluated the gas temperature for the stagnant and flowing helium gas during the atmospheric pressure
glow discharge phase. It is found that the gas temperature decreases with an introduction of constant
bulk gas flow in the subsonic flow regime. However, the overall trend of discharge current density in
the presence of variable bulk gas flow is compared with the experimental work to check the reliability
of fluid model simulations under the gas flow restrictions. Correspondingly, the electron temperature in
discharge plasma is slightly modified in the flowing helium gas, whereas the gas temperature changes
appreciably due to the turbulent bulk gas flow. The properties of uniform and filamentary atmospheric
pressure discharge are described in the presence of constant subsonic and supersonic flow of bulk gas,
which enhance the better perception in different gas flow regimes. The temporal growth of discharge
current density provides the information of the different bulk gas flow regimes, whereas the glow dis-
charge plasma operates in the uniform, filamentary and constricted filamentary modes of atmospheric
pressure discharge.

Regarding the real time distribution of discharge species for their perfect shape and configuration,
this problem can be solved by the help of three-dimensional numerical fluid model. In order to achieve
this goal, we have developed a three-dimensional fluid model to describe the real time distribution
of atmospheric pressure glow and filamentary discharges. The configuration and pattern of filaments
are identified and discussed under different imposed conditions, which show the mechanism for their
generation and annihilation processes. The following numerical simulation results are deduced with the
help of three-dimensional fluid model that constitute the emergence of different domains in helium gas

with nitrogen impurities.

e The analysis of spatial and temporal distribution of species demonstrates that the different dis-
charge regimes are distinguished with their distinctive properties in the uniform glow and filamen-
tary atmospheric pressure discharges by using three-dimensional fluid model. We have described
the evolvement of volume distribution for the uniform atmospheric pressure glow discharge at 30

kHz and compared with the discharge parameters at 50 kHz at the maximum discharge current
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density. The numerical simulation results are similar instead of few contrasts, which build up the
precise approach in the considered frequency domain. We have explored the volume distribution
of space and time variations of discharge parameters at different frequencies, which elucidate the

prebreakdown, breakdown, cathode fall layer and decay phases of atmospheric pressure discharge.

e The values of discharge current density are modified in different driving frequency regimes un-
der similar external operating conditions, which exhibit the association between these mentioned
quantities. The appearance and configuration of filaments are diagnosed by using the spatial pat-
tern of electronic and ionic species of constricted filamentary discharge at 10 kHz frequency in
the presence of imposed conditions, such as overvoltage and increased recombination coefficient of

molecular nitrogen ions.

e We have compared the distinct structure of filaments at lower frequencies because the filaments
coalesce at higher frequencies and form a uniform or partially uniform distribution of discharge. It
is observed that the strength of axial electric field inside the filament is greater than the filamentary
discharge plasma, which varies from the head to the tail of filament. However, the magnitude and
direction of the movement of filaments are examined with the slice distribution of electrons at
different locations in the reactor gap, which illuminate the path and constricted part of density

during the progression in the filamentary discharge.

Finally, the three-dimensional fluid model provides the well-defined internal details of atmospheric
pressure discharge parameters in the uniform and filamentary discharge modes. The spatial and temporal
profiles of discharge species are simulated at variable driving frequencies, which explore the physical
significance of uniform and filamentary discharge with the trapping mechanism of charge carriers. Thus,
on the basis of multi-dimensional fluid model observations, findings and analysis, we can say that the
fluid model simulations are reliable and make a satisfactory bridge between the experiment and theory
in order to uncover the complex characteristics and hidden features of atmospheric pressure discharge.
The above mentioned distinctions allow a promising and remarkable future for the atmospheric pressure
discharge applications and sources in different scientific disciplines for the progress and betterment of

humanity.
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