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Microplasma discharges in air, at atmospheric pressure, are simulated
using a one-dimensional (1D) hybrid physics model. The model includes
charged and neutral species conservation with detailed gas-phase chem-
istry, a self-consistent solution of the electric field, electron and neutral
gas temperatures, and an external circuit model. In addition, conju-
gate heat transfer in both the cathode and the anode is considered.
Special attention is given to the conjugate heat transfer and its effects
on the gas temperature and discharge characteristic predictions, such
as the current voltage characteristics (CVCs). A classical shape for the
CVCs of a discharge is obtained, with all observable sections: a glow
discharge, an abnormal glow discharge, and an arc. Dependences of
the electrode surface temperatures on the discharge current density are
obtained. For each point of the CVC, all basic parameters of the elec-
trical discharge, including a temperature field in the electrode gap in
the metal electrodes, are obtained.

1 Introduction

In the last few decades, atmospheric pressure discharges in the air have
been the subject of much research. The interest has been motivated
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by a wide spectrum of possible technological applications, including
surface treatment of various materials (e.g., biological tissues), coat-
ing deposition by thermal spraying, plasma-chemical technology [1 3],
and chemical analysis [4]. For investigating and improving the overall
performance of the devices based on discharges in the atmosphere, it is
necessary to obtain an accurate understanding of the physical processes
taking place. Of special interest are the stationary discharges of direct
current (DC) — glow discharge and an arc — which, in view of their
simplicity and ease of realization, are a touchstone for new ideas and
diagnostics in the physics of gas-discharge plasma.

It is known that the existence of small interelectrode intervals (of
the order of tenths of a millimeter) is necessary for the stability of a dis-
charge at atmospheric pressure. This is the reason why such discharges
are sometimes called microdischarges [4]. Various methods for control-
ling gas-discharge plasma for long interelectrode intervals have been
developed in order to achieve stable direct current discharges. These
include the laminar flow of gas [5, 6] and the creation of acoustic flows
(streaming) in a discharge chamber [7, 8]. Microdischarges, as well
as sufficiently extensive discharges with various control methods, are
labour consuming and difficult for experimental diagnostics [9]. In such
cases, the behavior and properties of the discharge are usually assessed
according to CVCs. The qualitative behavior of CVCs is well known for
a wide range of discharge currents, with clearly distinguishable sections
corresponding to normal and abnormal glow discharges, to the transi-
tion of a glow discharge into an arc and to a direct arc discharge [10].

Numerical modeling methods in plasma physics are tools for re-
searching the discharge of a DC at atmospheric pressure [11 13]. A com-
parison of experimental CVCs of discharges with those obtained by ac-
curate modeling of physical processes is an important tool and can also
supply data on discharges. Generally, when modeling electrical dis-
charges, the electrode temperature is considered to be constant. How-
ever, under real conditions (even in the case of cooling), the temper-
ature of the electrode surface in contact with the plasma differs from
the given. This affects the temperature field in the interelectrode inter-
val and, therefore, influences the density of the neutral particles, which
leads to a change in the coefficients of the inelastic processes and also
to a change in the distribution of the charged particles in the plasma.
When the discharge current increases, moving along the discharge CVC
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curve from the abnormal glow discharge to the arc, the electrode tem-
peratures grow significantly, particularly that of the cathode. This un-
doubtedly leads to an increase in thermionic emission from the cathode
and affects the discharge characteristics.

Thus, the study of electrical microdischarges in atmospheric air,
taking into account the self-consistent heating of electrodes induced
by processes occurring in regions near to the electrodes and the flow of
heat from the plasma, as well as the investigation of the effects of heated
electrodes on the discharge characteristics, including its CVCs, are ex-
tremely important problems in modern physics and in the technology
of gas-discharge processes [14].

The purpose of the present work is to model microdischarges in air
at atmospheric pressure for a wide range of discharge currents, taking
into account conjugate heat transfer between electrodes and discharge
plasma.

2 Model Description

First, it is necessary to carry out a self-consistent calculation, including
a description of the basic parameters of the electrical discharge and
taking into account gas heating and a description of the temperature
field in the metal electrodes. For this purpose, the calculation domain
was divided into three subdomains: metal cathode, interelectrode space,
and metal anode.

In the interelectrode domain, equations were solved describing
a gas-discharge plasma, while in the cathode and anode domains, a heat
balance equation was solved. At the boundary between the electrical
discharge and the electrodes, the boundary conditions that describe the
heating mechanisms of the electrode surfaces produced by processes oc-
curring in the electrical discharge were set. The equations that describe
each of the computational domains (plasma, cathode, and anode) and
the corresponding boundary conditions are considered in the following.

2.1 Modeling the discharge domain

Air is a multicomponent molecular gas characterized by a vast set of el-
ementary processes occurring on varied spatial and time scales. This is
why the choice of a plasma-chemical model depends on the formulation
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Set of plasma-chemical reactions

No. Process Reaction constant, k;, cmbs?
1 e+03 — 2e+ O;‘ Convolution of EEDF with cross section
_ _29 (300 700(T. — Ty)
2 e+202 — 02+ O, 1.4-10 (Te)exp( T,
_ —31 ( 300 1500(Te — Ty)
3 e+0,+Ny »Ny+0; 1.07-10 (Tg)exp (7%%
1/2
4 e+0F — 0O, 2~10_7(@)
Ty
_ 6030 1570
5 O340, — e+20s 8.6-107' exp (f )(1fexp (f ))
Ty T,
1/2 2
6 OF + 05 — 20: 2.1077 <@> <1+10_18N (ﬁ )
T, T,

of the problem. In this problem, to describe a classical DC electrical
discharge, taking into account heating of the electrodes and their in-
fluence on the parameters of the discharge, a description of elementary
processes can be considered in the context of the formation of positive
and negative ions.

In this work, air was considered as a mixture of nitrogen and oxy-
gen (77% Ny and 23% O3). Here, the present authors applied a set
of plasma-chemical reactions developed in other work [15], which con-
sidered only positive and negative molecular ions O;r and O5 of air
and 6 reactions containing these ions (see the table).

The exclusion of nitrogen in the set of ions presented for the station-
ary electrical discharge was possible because of both the large speeds of
recharge and the conversions of NJ and N ions into OF ions [16].

In the chain of conversion and charge-exchange reactions (N3 + N
+ NQ(OQ) — Ni + NQ(OQ), Ni + 02 — 2N2 + O;_, and N;_ + 02
— N2 4+ O3), N and Nj ions produce OF ions. At atmospheric pres-
sure, this occurs on a time scale on the order of 1 ns, which is much
shorter than the time to establish a glow discharge and arc.

To perform a numerical simulation, a fluid model of electrical dis-
charge was formulated [12]. It is based on the density balance equations
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for electrons, positive and negative ions and on electrons heat balance
equation which takes into account not only the volume processes but
also the spatial transfer by conduction and the Poisson equation for
finding a self-consistent electric potential. The mobility and diffusion
coefficients for electrons, as well as some constants of the inelastic pro-
cesses involving them, are calculated by convolving the electron distri-
bution function f(w,T.), with the cross section o(w). In this work, the
electron distribution function f(w,T.) is assumed Maxwellian, because
electrical discharge is calculated in a wide range of discharge currents,
including currents corresponding to the arc discharge. In this case, the
electron electron collisions start to dominate, this leads to Maxwelliza-
tion electron energy distribution function (EEDF).

2.2 Modeling the cathode domain

To account for cathode heating and for determination of the cathode
temperature field, the following heat balance equation was considered:

oT
PcCe—mT = \Y ()\C(TC)VTC) (1)

ot
where p, is the mass density of the cathode material; c. is the cathode
heat capacity; and \. is the cathode thermal conductivity. The bound-
ary conditions for Eq. (1) to the cathode surface from the plasma region

(x = 0) were determined as follows:

nQle=0 =1 (Qi + Q4 + Qrr + Q.) .

Here, the heat flux ); to the cathode was caused by two mechanisms:
(1) heat flux due to the ion kinetic energy, mainly acquired on the
path length in the cathode fall, Ucr; and (i7) heat flux due to ion
recombination on the walls. When an ion hits a wall, it extracts an
electron and recombines while releasing the rest of its internal energy
(ionization energy). The ion needs energy equal to the material work
function W, in order to extract an electron from the cathode and it is
assumed that the rest of the energy is deposited on the cathode. Thus,
Q; is determined as follows:

Qi = qe ZFS (Ucr +Us — W)
where U, is the oxygen ionization potential.
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The main mechanism for the cathode heating due to energy transfer
from the hot gas (plasma) to the cathode region is determined by the
density of the heat flow:

Qy = ~MD)VT. 2)

Due to thermionic emission, the cathode is cooled and the flux density
is determined as follows:

Qrr = —q.L'We.

It should be noted that some of the electrons have left the cathode
through emission due to elastic collisions with neutral gas particles,
which can change their movement to the opposite direction. Thus, if
their power is sufficient to reach the cathode surface, they also con-
tribute to its heating. The heat flux density in this case will be deter-
mined by the formula:

5
Qe = gqel'e (gg‘f'W) .

For Eq. (1), to impose conditions on the outer walls of the cathode to
maintain a constant temperature, it is necessary that

Tc|out = TO .

2.3 Modeling the anode domain

To account for anode heating and to determine the temperature field,
the heat balance equation was considered, similar to Eq. (1):

oT
paCaE =V ()\a(Ta)VTa) (3)
where p, is the mass density of the anode material; ¢, is the anode heat
capacity; and ), is the anode thermal conductivity. The boundary
conditions for Eq. (3) to the anode surface from the plasma region
(x = L) were determined as follows:

anx:L =n (Qg + Qeca + Qia) .
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Here, the term @ is defined similarly to Eq. (2); Qea is the heat flow
associated with the electrons energy that make up the discharge current
and the electron neutralization on the anode surface; and )i, is the heat
flow associated with the energy of negative air ions that make up the
discharge current.

3 Results of Numerical Simulation

During the modeling, it was supposed that the cross-section sizes of
the electrodes were much bigger than the interelectrode interval, which
was taken equal to 0.1 mm. Therefore, it is possible to consider a 1D
geometry. In addition, it was assumed that the lengths of the cathode
and the anode were identical and both equal to 10 mm.

As a result of a series of numerical experiments, the basic charac-
teristics of an electrical discharge were determined for a wide range of
discharge currents, including the temperature fields of both the inter-
electrode interval and the metal electrodes.

Figure 1 demonstrates the dependence between the reduction of
voltage in the interelectrode interval and the current density — a CVC
with all of the characteristic sections: the classical glow discharge
(point A), the abnormal glow discharge (from point A to point B),
the transitive section between the glow discharge and the arc (the de-
creasing curve from point B to point D), and the nonequilibrium arc
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Figure 1 Dependences of the reduction of voltage in the discharge inter-
val (a) and of the cathode surface temperature (b) on the current density in
the cathode
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discharge (from point D and beyond to the right). The dependence of
the temperature on the cathode and anode surfaces for various discharge
current densities is also shown in Fig. 1.

In the regions of normal (point A) and abnormal (point B) glow
discharges, it can be seen that there is a sharp growth in the cathode
temperature up to values of 2500 K. Then, there is a nearly linear
growth of the cathode surface temperature, depending upon the current
density on a half-logarithmic scale, up to values corresponding to the
melting point (3695 K) of the metal cathode (tungsten) during arc
discharge. It is worth noting the interesting behavior of the anode
surface temperature, i.e., its dependence on the current density. The
first growth in temperature is observed on the abnormal branch of the
CVC up to values of the order of 800 K; then, on the transition section
from the abnormal glow discharge to the arc, a weak minimum in the
behavior of the dependence be-
tween anode temperature and
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Figure 2 shows the temper- X/ mm

ature distributions of heavy par-
ticles in plasma — ions and neu-
tral particles — for various
points of the CVC of the dis-
charge. It is evident that the
temperature has a maximum near the cathode region of the discharge
and that the increase in current density leads to a growth in the maxi-
mum values of temperature of the heavy components of the plasma.

In Fig. 3, the distributions of the main parameters of the electrical
discharge for various points of the CVC are shown. It is clear that when
the current density increases, the discharge quasi-neutral region grows
and, at the same time, the plasma concentration increases.

An interesting peculiarity is observed in the behavior of electron
concentration in the anode region during transition to the arc discharge:
it stops decreasing and starts growing.

Figure 2 Temperature distribution
of heavy particles in the plasma (ions
and neutral particles) for various points
of the discharge CVCs
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Figure 3 Distribution of charged particle density (1 — n¢; 2 — n,; and
3 — nm) and the potential (4) for different points on the discharge CVCs

4 Concluding Remarks

In this work, the behavior of microdischarges at atmospheric pressure
has been studied for a wide range of discharge currents, taking into
account effect of conjugate heat transfer between electrodes and plasma.
A classical shape for the CVCs of a discharge has been obtained with
all observable sections: glow discharge, abnormal glow discharge, and
an arc. The achieved results could be useful both for basic studies
of microdischarges at atmospheric pressure and for the creation and
optimization of devices whose working environment is a gas-discharge
plasma.

Acknowledgments

The reported study was funded by the Russian Foundation for Basic
Research according to the research project No.16-38-60187 mol_a_dk.
The work is performed according to the Russian Government Program
of Competitive Growth of Kazan Federal University.

664 A. I Saifutdinov et al.



Plasma and Plasma-Based Technologies

References

1.

10.

11.

12.

13.

14.

15.

16.

Pawlowski, L. 2008. Science and engineering of thermal spray coatings.
2nd ed. John Wiley & Sons, Ltd. 656 p.

. Meichsner, J., M. Schmidt, R. Schneider, and H.-E. Wagner. 2012. Non-

thermal plasma chemistry and physics. 1st ed. CRC Press. 564 p.
Graves, D. B. 2014. Low temperature plasma biomedicine: A tutorial re-
view. Phys. Plasmas 21:080901.

Ono, T., D.Y. Sim, and M. Esashi. 2000. Micro-discharge and electric
breakdown in a micro-gap. J. Micromech. Microeng. 10(3):445 451.
Velikhov, E.P.; V.S. Golubev, and S.V. Pashkin. 1982. Glow discharge
in a gas flow. Sov. Phys. Usp. 25:340 358.

Zhu, S., W. Jiang, J. Tang, Y. Xu, Y. Wang, W. Zhao, and Y. Duan.
2016. Jpn. J. Appl. Phys. 55(5).

Aramyan, A.R., and G. A. Galechyan. 2007. Vortices in a gas-discharge
plasma. Phys. Usp. 50(11):1147 1169.

Saifutdinov, A.I., S. A. Fadeev, A. A. Saifutdinova, and N.F. Kashapov.
2015. Effect of acoustic flows on the structure of a constricted glow dis-
charge in argon. JETP Lett. 102(10):637 642.

Staack, D., B. Faroukl, A. Gutsol, and A. Fridman. 2005. Characteriza-
tion of a DC atmospheric pressure normal glow discharge. Plasma Sources
Sci. Technol. 14:700 711.

Raizer, Yu.P. 1991. Gas discharge physics. 1st ed. Springer. 449 p.
Hagelaar, G. M., and L. C. Pitchford. 2005. Plasma Sources Sci. Technol.
14:722 733.

Farouk, T., B. Faroukl, D. Staack, A. Gutsol, and A. Fridman. 2006. Sim-
ulation of DC atmospheric pressure argon micro glow-discharge. Plasma
Sources Sci. Technol. 15:676 688.

Surzhikov, S. T. 2013. Computational physics of electric discharges in gas
flows. Berlin/Boston: Walter de Gruyter GmbH. 428 p.

Saifutdinov, A.I., I.1. Fayrusnin, and N.F. Kashapov. 2016. The study
of different scenarios of behavior of current-voltage characteristics of
DC micro-discharges constant current atmospheric pressure. JETP Lett.
104(3).

Macheret, S.O., M.N. Shneider, and B. Miles. 2002. Modeling of air
plasma generation by repetitive high-voltage nanosecond pulses. IEEE
Trans. Plasma Sci. 30:1301.

Solov’ev, V.R., A. M. Konchakov, V. M. Krivtsov, and N. L. Aleksandrov.
2008. Numerical simulation of a surface barrier discharge in air. Plasma
Phys. Rep. 34(7):594 608.

A. I Saifutdinov et al. 665



