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The influence of the characteristics of microdischarges representing
structural elements of a barrier discharge on the plasma kinetics
in the latter is considered. The reasons that affect the behavior of
the concentrations of some components are clarified. It is shown
that the indeterminacy of the characteristics results in the values
of the concentrations that lie within wide limits.

1. Introduction

Nowadays, a barrier discharge (BD) is used for the
removal of N,O, oxides from industrial gases [1],
sterilization of medical instruments [2], modification of
surface properties of polymer materials [3], etc. In this
connection, it is necessary to study the physical processes
and, particularly, the plasma kinetics taking place in
discharges.

A BD represents an assembly of short-term
microdischarges stochastically distributed over the
electrode surface that arise practically simultaneously
after the breakdown voltage is reached across the
discharge gap. A short lifetime complicates the
experimental investigation of the processes taking place
in an individual discharge channel. For this purpose,
one uses numerical methods. In addition, the plasma
kinetics in the bulk of the discharge is influenced by
the frequency of the appearance of microdischarges,
the radius of a separate structural element, and
their number per unit area. In turn, these quantities
depend on the surface area of the dielectrics, their
properties, and the chemical composition of a gas
mixture. But the determination of the characteristics
of microdischarges raises certain difficulties: they can
not be accurately measured experimentally, whereas the
existing numerical models used for the calculation of
their values have poor precision. In this connection, the
mentioned quantities are considered as free parameters
when describing the plasma kinetics. That is why it is
important to know in which way their change influences
the processes taking place in discharges.
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In the given paper, the effect of each of the
parameters on the plasma kinetics in an atmosphere
pressure BD in air is investigated with the help of
numerical calculations. The mechanisms of this influence
are determined, by basing on the detailed analysis of
chemical reactions.

2. Model of the Discharge

As was noted above, a BD represents an aggregate of
thin microdischarges stochastically distributed over the
electrode surface, which must be taken into account in
studying the kinetics. One should also keep in mind
the fact that these structural elements appear in sets
(a set is an aggregate of simultaneously appearing
microdischarges). The frequency of their initiation is
multiple to the double frequency of the supply voltage.
In the process of numerical calculations, each set of
microdischarges was considered as a rectangular current
micropulse with duration 7.

In order to calculate the concentrations of molecules
and radicals arising in a microdischarge, the following
system of kinetic equations was used:

dN;
dt
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where N; is the concentration of the i—th component,
ki; and k;p,; are the rate constants of molecular processes
with its participation. The scheme of chemical reactions
for the components of the gas mixture was taken from
[5]. The rate of generation of the products of electron-
molecular reactions S,; was calculated from the equation
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The quantity W/V denotes the power introduced
into a unit volume of the microdischarge, W,; is the
specific power spent for the electron-molecular process
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of inelastic interaction with the threshold energy e.;:

Wei = \/gneNigei/EQei(E)f(g)d& (3)
0

where ¢ = 1.602 x 107!2 erg/eV, m is the electron mass,
ne is the electron concentration, @).; stands for the cross
section of the corresponding inelastic process, and f(¢)
denotes the electron energy distribution function. The
quantity W; is the specific power spent for heating the
gas:

2
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where M; are the molecular masses, (); denotes the
momentum cross section of the electron scattering by
molecules of the primary components.

In the calculations concerning the plasma kinetics,
the whole time period during which the gas stayed in
the discharge chamber was divided into equal intervals.
In turn, each of the latter consisted of two stages. In the
first stage lasting for 7, the kinetics was calculated in
the effective volume of all microdischarges. In the second
one, system (1) was solved during the period of one set at
Se; = 0, i.e. in the absence of the discharge. In addition,
the concentrations of all components were averaged over
the whole volume of the discharge chamber after the
time of the gas diffusion from the channel.

In [5], the concentrations of O3, HNO3, HNOy, and
NOg3 were determined experimentally. Their values are
compared with the results of our calculations.

The electron energy distribution function (EEDF)
was calculated from the Boltzmann kinetic equation in
the two-term approximation [4] at the external electric
field strength of 20 kV /cm. In the process of its solution,
we took into account processes 1-9 listed in the Table
of the given work, while equations (1) were solved with
regard for the reactions from Tables 1 and 2 given in [5].

Formula (2) includes the quantity W/V that
represents the power introduced into a unit volume of
the micropulse. It must be expressed in terms of the
total power introduced into the discharge volume. For a
micropulse with effective volume Vg,

W Wo

V  MVigr (5)

where W, is the total power introduced into the
discharge (this quantity is considered constant in
all calculations), M = wvm denotes the frequency
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of micropulses, v is the electric field frequency, m
represents the average number of micropulses per cycle,
and V.g is the effective gas volume excited by a set of
microdischarges of a single micropulse. Assuming that
each of the microdischarges has a cylindrical form, we
obtain

Vet = SaisShTR2, (6)

where Sy;s stands for the electrode area, S is the surface
density of microdischarges, hmR3 denotes the volume
of one microdischarge, Ry is its radius, and h is the
interelectrode distance. As the volume of the discharge
chamber is equal to Sqish, (6) acquires the form

W Wy 1
L ()
Vv V nMTSR§

Thus, the specific power in one micropulse is
determined by the following quantities: the frequency of
microdischarges M, their duration 7, and the product of

the surface density of microdischarges by their squared
radius SR3.

In our calculations, the initial relative concentrations
of nitrogen and oxygen were equal to 78 and 22%,
respectively, while the air humidity amounted to
20%. The alternating voltage frequency was equal
to 400 Hz, the specific power introduced into the
discharge Wy /V = 1.5 W/cms, the time during which
the gas mixture stayed in the discharge chamber was
0.5 s. These data correspond to the conditions of
the experiment described in [5]. The characteristics
of microdischarges were varied within the following
limits: M = 5 x 102 =4 x 10* s7!, 7 = 7 = 50 ns,
SR3 =5 x 107° + 1.5 x 1073, These values correspond
to the experimentally determined characteristics of
microdischarges [6].

Reactions used for the calculation of the EEDF

N Reactions Reference to the scattering
cross-section
1 O2 +e—=0+0 +e [8]
2 Oz +e— 02(1Ay) +e [8]
3 Nap+e— Ny(A3Sf) +e [9]
4 Ny +e—>N2(a1Hg) + e [10]
5 Oz +e— Oz(v) +e [11]
6 No +e — NQ(V) + e [12]
7 Nog +e—= N-+N+e [13]
8 Oz +e—OF +e [14]
9 Ny +e— Njfe [14]
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g, eV
Fig. 1. EEDF in the atmospheric pressure barrier discharge in air
at the electric field strength of 20 kV /cm

3. Analysis of the Results

Figure 1 demonstrates the EEDF calculated in the
atmospheric pressure BD in air. One can see that it
significantly differs from the Maxwellian distribution
function. The gap at ¢ = 1.5 = 2.5 eV is related to the
excitation of the vibrational levels of nitrogen molecules.

The concentrations of the investigated components
as functions of the parameter SR3 are given in Fig. 2
(1 = 15 ns, M = 2 x 10*s7!). One can see that this
quantity considerably influences the concentrations of
all the components and results in their increase in the
whole range of its variation. The experimental value of
the O3 concentration is reached at SR% = 9.48 x 1074,
those of HNO3 and NO3 — at SR3 = 1.5 x 1073.

The dependences of the concentrations on the
micropulse frequency are presented in Fig. 3 (r =
15 ns, SRZ = 2 x 107%). The quantities [O3] and
[NOs| increase in the whole interval of variation of M,
whereas [HNOg3| and [HNOg| decrease. Moreover, the
concentration of HNOj3 molecules weakly depends on
the indicated parameter. The calculation results coincide
with the experimental values for [O3] and [NOjs| (at
M =4.8x10% s7t and M = 8 x 103 s™1, respectively).

The change of the parameters of microdischarges
results in the competition of two factors: that
of the specific power that directly influences the
plasmochemical processes and the factor related to the
characteristics of micropulses: their effective volume,
frequency, and duration. Our calculations demonstrate
that the raise of the specific power introduced
to a microdischarge results in an increase of the
concentrations of HNOs, HNO3, and NO3 in the bulk
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of the discharge and a decrease of the concentration of
ozone.

The behavior of the Oz, HNOj3, and HNO,
components during a breakdown is determined by the
dissociation reactions

O3+e— 0+ 03 +e, (8)
HNO;3 +e — OH + NO; + e, (9)
HNO3 + e — NO + OH + ¢, (10)
respectively. According to (2), the rates of these

reactions are proportional to the specific power, that
is why the concentrations of the indicated components
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during microdischarges decrease with increasing W /V.
The dominant process that determines the behavior of
[NOs| in a microdischarge is the reaction

NO3 + O — NOy + Os. (11)

Oxygen atoms are mainly generated in the reaction of
electron dissociation of molecular oxygen. As the rate of
this reaction is proportional to W /V, rate (11) also rises
with increase in this quantity. That is why, the raise of
the specific power results in a decrease of [NOg].

Thus, the concentrations of all the investigated
components decrease with increasing W/V during
the microdischarges. This fact would result in a
decrease of the levels of these components in the bulk
of the discharge chamber, which conflicts with the
earlier indicated dependences. However, due to a low
duration of microdischarges, the processes taking place
during this period do not considerably influence the
concentrations of the investigated quantities, and their
behavior is determined by the processes taking place
between two successive microdischarges. Nevertheless,
the levels of the atomic components generated during
microdischarges later on determine the plasma kinetics
in the discharge.

During the time between two successive micropulses,
the dominant process of generation of HNOs molecules
is the reaction

NO + OH +M — HNO3 + M, (12)
while that of decay is the process
HNO, + OH — NO, + H50. (13)

As OH radicals take part in the both processes, the
behavior of [HNOs]| is determined only by the behavior
of [NOJ] mainly generated in the reaction

N+O+M—NO+M. (14)

The rate of the latter process is mainly determined
by the concentrations of atomic nitrogen and oxygen
established during a microdischarge. On this stage, N
and O are mainly generated in the process of dissociation
of molecular nitrogen and oxygen, respectively. The
rates of these processes are proportional to the specific
power, whose increase results in the growth of [N],
[O], and [NOJ, which implies the increase of the HNOg
concentration.

The behavior of [HNOg3] on the stage between two
microdischarges is determined by the reactions

NO; + OH+M — HNO3 + M, (15)
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Taking into account the fact that the rates of both
processes are influenced by the concentration of OH
radicals, the character of the dependence of [HNOj3| on
the specific power is determined by the level of [NOs]
at the end of a microdischarge. During the latter, the
dominant process with participation of the indicated
component is the reaction

NO+ O +M — NO; + M. (17)
With increasing W /V, its rate rises due to the growth
of the quantities [NO] and [O]. This fact results in an
increase of the NOy concentration and, consequently,
that of HNOs3.

The change of the ozone concentration in the interval
between two successive microdischarges is influenced by
the following reactions:

Os+ 0+ M — Oy + M, (18)
O3+ O — O3 + Oy, (19)
O +H — Oy + OH, (20)

03+ NO — O3 + NOas. (21)
One can see that atomic oxygen participates in the
generation and the decay of ozone molecules. That
is why the behavior of [Os] is determined by the
concentrations of H radicals and NO oxide. During
the breakdown, atomic hydrogen is mainly generated
in the process of electron impact dissociation of water
molecules, which implies the growth of [H| with
increasing W /V. Thus, an increase in the specific power
results in the growth of the decay rate of ozone and,
consequently, a decrease of its concentration.

The basic channels of the generation and the decay
of NO3 molecules are the processes

NOy + O + M — NOj + M, (22)

NO3 + O — NO3 + Oo, (23)
respectively. One can see that the behavior of [NOj]
coincides with that of [NOg], whose level in a
microdischarge takes on a larger value with increase in
the specific power.

According to (7), a rise of W/V is related to the
decrease of any of the quantities SR%, M, or 7. The
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competition of these two factors determines the pattern
of variation of each of the investigated concentrations.

Our calculations demonstrate that neither
concentration depends on the micropulse duration, i.e.
its change completely compensates the variation of the
specific power.

A decrease of the quantity SR3 results in a decrease
of the effective volume of one micropulse. As was
demonstrated above, the plasma kinetics in a BD is
determined by the value of the specific power introduced
into a micropulse. That is why, at a fixed power, the
same number of particles is generated in unit volume.
In this case, a decrease of the micropulse effective
volume results in a reduction of the number of particles
generated in it and, respectively, a decrease of the
concentrations of the investigated components in the
bulk of the discharge chamber.

A reduction of the micropulse frequency is
accompanied by a decrease of the total number of
breakdowns taking place in the discharge chamber
during the whole time under consideration. At the same
time, at a constant value of W /V, there appears a fixed
number of particles in each current channel. Due to this
fact, a decrease of M results in the lower levels of the
concentrations of the components at the end of the whole
process.

Thus, on the one hand, an increase in the parameters
SRZ and M results in a reduction of the concentrations
of the investigated components in the bulk of the
discharge chamber due to a decrease of the specific
power introduced into a micropulse, while, on the other
hand, it causes their increase due to the growth of
the effective volume of micropulses and their number.
From Fig. 2, one can also see that the dominant factor
determining the dependence of the concentrations on
SR3 is the increase of the micropulse effective volume.
The comparison of the results of the analysis and the
curves in Fig. 3 allows us to conclude that the increase
of the total number of micropulses is the decisive factor
for the quantities [HNOj|, [HNOs|, and [NOgs|, whereas
the change of W/V is that for [Os].

4. Conclusions

We have clarified the behavior of the concentrations of
some components of a gas mixture in the atmospheric
pressure barrier discharge which depend on the
characteristics of the structural elements of the discharge
— microdischarges. The way, in which each of the
parameters influences the kinetics of chemical reactions
determining the change of the concentrations, is found
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out. The reasons for the obtained dependences are
determined in the course of the detailed analysis of the
plasma kinetics. It is established that the micropulse
duration does not influence the concentrations [HNOj|,
[HNO2], [1\103]7 and [03]

It is obtained that the behavior of the concentrations
of all the components is determined by the processes
taking place between two successive microdischarges.
During the breakdowns, the levels of the concentrations
of the atomic components that influence the processes in
the bulk of the discharge chamber are established.
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BILJIUB ITAPAMETPIB BAP’€PHOI'O PO3PALY
ATMOC®EPHOTI'O TUCKY V¥ ITOBITPI
HA IIJTABMOBY KIHETUKY

I'I". Kamootcna, [.C. Jlesxo, A.1I. Iledpin
Pezmowme

PosrisinyTo BILUIMB XapaKTEpUCTUK MIKPOPO3PSIiB, IO € CTPYK-
TypHUMH ejieMeHTaMu Gap’epuoro pospsany (BP), ma miasmosy
KIHETUKY B HbOMY. 3’'sICOBAHO NPUYMUHU, K BIUIMBAIOTH HA IIO-
BEJIIHKY KOHIEHTpAaIiil gociiKyBanux pedoBuH. Ilokazano, 1o
HEBU3HAYEHICTh XapaKTEPUCTHK Jla€ 3HAYEHHS KOHIIEHTPAIliil, 1110
JIe’KaTh y HMINPOKUX iHTepBaJiax.
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