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Abstract

A numerical modelling of RF induction nonequilibrium argon-nitrogen
plasma with chemical reactions is carried out at atmospheric pressure s
ing multicomponent model. Especially, dissoviation and jonization, thermal
vonequilibrium effect and further variable transport properties in the RF in-
duction argon-pitrogen plasma are taken into account in this modelling It is
mvestigated how the thermotuid and diffusion characteristios of plasma species
and further plasa parameters in the RE induction plasma are influenced by
the injection locations of premixed argon-nitrogen gas and by the nlet How
rate differences

1. Introduction

Plasima is regarded as a multifunctional fluid havieg high energy deusity, chemical
reactivity. variable transport propertics and also electromagnetic controllability (1. In
varions kinds of plassma, an induetively coupled plasma has the advantages of large vohune
with low velocity. clean high-energy and chemical reactivity since it can be produced by
an induction RF electric field using reactive gas selectively without electrodes. Especially.
it is suitable for chemical provesses such as synthesis of ultrafine powders, spherodiza-
tion, reactive plasma spraying, diamond film deposition, decomposition and recovery of
harmful waste materials [2]. To enhance the wuliifunctions of an inductively coupled
plasma. it is supposed to he effective to utilize the chemical reactions and the variations
of transport properties by gas mixtures {31 Furthermore, it is very important to clarify
the thermoliuid characteristics, plasma parameters under the complex mixing processes
and the various kinds of chemical reactions and also to control a plasina flow precisely
for high uality plasma processings. In this case nonequilibrium effect and simultaneous
dissociation and lonization shonld be taken intw account for plasma modelling. As far
as the authors know, there are some numerical [4; and experimental |5; studies on RF
nduction mixed plasma with chemical reactions. However, there is verv few paper on
the numerical modelling of a nonequilibrium RF induction mixed plasina accompanied
with sipmitaseous dissuciation and jonization.

Then the main objective of a present study is to formulate a numerical mode} that
desenbes the thermofluid and concentration fields of chemical species and also plasma
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paruneters of a nonequilibrinm RF induction argon-nitrogen plasma at atmospheric pres-
sure. This formulation, which takes into account the dissociation and ionizarion, thermal
nonequilibrium effect and further temperature dependent variable transport properties
of gas mixtures in the induction electromagnetic field, is presented here using multicom-
ponent model. A numerical simulation i carried ont how the thermoflnid and diffusion
characteristics of plasma species and further plasma parameters in the nonequilibrinm
RF induction argon-nitrogen plasma are influenced by the injection Jocations and Aow
rates of premixed argon-nitrogen gas.

2. Numerical model

2.1 Governing equations
A schematic illustration of the RF induction argon-nitrogen plasma torch and the
coordinate systemn are shown in figure 1. In order to derive the governing equations,
the following assumptions are introdueed here for a nonequilibrium RF induction plasma
with the axial injection of argon-nitrogen mixtures from nozzles 1. 2 and 3 respectively
nt atmospheric pressure.
(i} The plasma is regarded as an ideal gas and a continwous Huid in thermodynamic
noneguilibrinm.
{1} The plasma is an optically thin. The ionization and also dissociation of argon-
nitrogen mixture are considered.
{iny The flow field is steady and lamimar. The velocity, temperature and concentration
tields are rwo dimensional and axisymmetric.
tivi The indnuetion electromagentic fiell with sinusoidal high frequency is two-dimen-
sional and axisymmetric.
v} The displacement current, gravity. viscous dissipation and further hall parameter
are not considered.
(vi} T'he effect of anisotropy of the thermodynamic and transport properties in the
induetion electromagnetic field is not considerad.
{vii} The ion diffusion is controlled by ambipolar diffusion.
Uneler these given assumptions, the governing equations are presented as follows
Conservation of mass for all species:

V- (pn) =0 (n
Momentum equations:
V-{puu) = -Vp+V -F+F (2)
Where the axial and radial components of the Lorentz force are respectively given by
1 . 1
F, =~ é;:goR(:a!(E’py,-), F = é;lodﬁ(fﬂf(goﬁJ (3)
Energy eguations for heavy particles and electron:
A
T (pahpu) = V- ( (;ﬁ«.m) -V (pan) + Fa {4)
\Con
- A : .
V- pehou) = V- & Vhe ) =V (pu)+Q; ~ Eup — Q. (5)
Pe
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Here the Joule heating is given by

1 ;
Q= i“'Eon {6)
Species conservation:
V. (nm)=V.(D,Vn,) + 8, {7)

where plasma species s : Ny, N, N7, Ny, Ar, Art, e, n, : number density of s species,
D, = Lewis x A\ jmmnC,, - diffusion coefficient, S, : source term from ionization.
dissociation and recombination.

L st ArT
dﬁg\' - il; s N*g
Se={ g + Ay ~figs ~ B, 4N (%)
gy -1y s N+
1y 4 1 3 N;
Reactive processes:
No + M=N ¢ N+ M, Ay = kg, - keniny
N - € N +e+e, NNy RN, — k‘,,lix»?t‘f
Ny N N4 Nj. = kpmy iy - ks )
\*\"\Jg‘ + e, ny = k,;ni»kmn\‘m,
¥ ¥
Ar+¢ "Ar" +e+e Narr ™ Komliadhi, — keonryoon? )
and alko from clectrical neutral
e = Mgt v gy (0
egnation of state
MMy 5
p=3 IR, (11}
M,
where M, . molecular weight of s species.
Vector potential equation:
Fsmg phase vector potential from Maxwell's equations,
VA, —dipguoA, = 0 (12)
E. = —wA, (13)
B, =V xA, (14)

2.2 Thermodynamic and transport properties

Fach of the thermodynamic and transport properties such as viscocity, specifie heat
at comstant pressure, thermal conductivity, ionization and dissociation rate coefficients
[6:. electrical conductivity are given by numerical data as a function of temperature. The
thermodynamic and transport properties of argon and nitrogen gas mixture are evaluated
by mixed gas rule |70,
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2.3 Boundary conditions

At the inner surface of the tube the no-slip condition, the thermal condition and
the electrical insulation are considered. The thermal equilibrinm condition 1s assumed
and nitrogen mole fraction is given at the inlet. The outer surface of the tube is kept 300
K.

2.4 Numerical procedure

A summary of the torch geometry and the operating conditions in the present studv
is given in the table 1. The distributions of the velocity, temperature and concentration
at the noszle exits are assumed to the top hat in the thermal equilibrium.

Case 1 and case 2 correspond to the flow rate differences from each nozzle cspecially
focusing carrier gas flow rate difference from nozzle 1. A small amount of nitrogen is
premixed with argon as e sheath gas or as a carrier gas in the present study

3. Numerical results and discussion

Figures 2 show the velocity field, heavy particles and electron temperatires, chene
ical species number densities for different injection locations of argon-nitrogen premixed
gas i the case 2 compared with the case of argon only, These fignres show the effect of
earrier pas How or sheath gas Bow including nitrogen on the thermofluid characterstios
and the chemical species distribution with the recitenlating flow region. When the ni-
trogen gas is injected in a sheath gas, the recireulation center shifis toward the inlet coil
region and heavy particles and electron temperatures decreases compared with those in
the case of only argon, showing larger thermal nonequilibriun condition. This is dhe 1o
the smail production of Joule heating and large dissociation of nitrogen. Ou the other
hand. there is little effect of injection of premixed nitrogen molecule as a carrier gas on
the rhermofluid field due to the small dissociation and diffusion of nitrogen. The electron
and argon 1on number densities are basically similar in all cases since there is large on-
watn of argon in the present study. The maximum degree of jonization is sbout 0.06
w the recircnlating region. Corresponding to the nitrogen injection locations, nitrogen
medecule are dense along the inlet wall or in the inlet center region respectively. In the
case of nitrogen carrier gas injection, it moves outward in the inlet region due to the
blocking of recirculating How. i the case of nitrogen sheath gas wmjection, high number
densities of nitrogen atom and nitrogen atom ion exist in the recirculating fow region,
which does not coincides exactly the high temperature region. This conld result from the
complex production mechanism of nitrogen species in the convective and diffusive region
and also the different rates of ionization and dissociation as a function of temperature.
The maximum dissociation degree of nitrogen is abont 0.4 in the inlet coil region due
to the relatively high dissociation energy of nitrogen. Even small amount of nitrogen
molecular ion exists in the recirculation region in the case of sheath gas injection

4. Conclusions

The present study describes the mumerical model for a nonequilibrinm RF indnction
argon-nitrogen plasma with chemical reactions at atmospheric pressure using multicom-
ponent model. The summary of the results obtained here by numerical simulation arc as
follows.
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. There exists the recirculating flow in the coil region due to the small carrier flow

rate and large radial Lorentz force. In this case, high temperature region becomes
smaller than the case without recirculating flow region, showing large thermal
nonequibrium condition but trapping some charged plasma species.

. When a nitrogen gas is injected as a sheath gas, nitrogen gas is easily diffused

and then nitrogen atom and nitrogen atom ions are produced due to the active
dissociation and ionization in the high temperature recirculating region.

. The electrons are mainly produced by argon ionization in the present study. As

for the nitrogen gas there is mainly dissociation with very little ionization due to
the different chemical reaction rates and complex diffusion in the high temperature
region

References

4
i

torch radnn - Lmns
pneale 3 raltus ry L {me
£y wgle 2 raudive 9 W {mmd
/u' i taech length 5 5 tmmt
o wall thick ness B 2 fmmy
gy coil Jocation Z 1% {rom
b L‘ i) spicr Zu I {oams
cail taading re 43 o)
frequency ! 3 (MHa!
nput power P 8 (kW)
operating premare p | 1013255107 (Pay
inkt tesmpweatare 7. 3 (KD
wall trmperatare 7. 300 (K)
o S
carier was @& 5 {€4min)
plasmia gas (o)) 4 (€/min)
E shonth gas Q4 7T (/)
Figure 1 A schematic illustration of the RF i - o i (P
induction argon-nitrogen plasma pianma Ka Q U ({mn)
o sheath gas Qs 1 48 mie)
torch and the coordinate system S e o
. me tesction of | Oy 1A%
get: gan {enrrer}
volume frartion of Qa LIRS 3
aitregen gas (shoath.

JSME. Functional Fluids and Intelligent Fluids, Corona Pub. Co. Lid., (2000} (iu
Japanese .

M. L Boulos, [EEE Trans. on Plasma Sci., 19 (1999), 1078-1089.

" H Nishiyama, Y. Muro and S. Kamivama. J. Phys  [3: Appl. Phys.. 20 11996).
2654-26:43.

T. Watanabe, N. Tonoike. T. Honda and A. Kanzawa. J. Chem. Eng. Japan, 24
{1991y, 25-32.

- GOY. Zbhao, J. Mostaghimi and M. L Boulos, Plasma Chem. Plasma Process , 10

{1990}, 151-157.

RN Gupta, J. M. Yos, R, A, Thompson and P. Lee, NASA Relerence Publication.
RP1232 (1990).

R Reid, J. M. Prausntiz and T, K. Sherwomd. The Properties of Gases and
Lieunids, MceGraw-Hill, (1977).

Table 1 The torch geometry and operating

conditions

1545



CRpEFeIE e

TEASAYE 4RETF

=
ol mye we suber fenary

g =

T

18 Borvem wdwna susha ey
-

-
i e wes trrhe dasby
«i

JLEER ﬂxl

3%

DTS

-
e + (s’
B} AEPaER @on Ve pngby Sy

an 2
@ duops msbwdy ke mude de
Figure 2 Plasma characteristics for the nitrogen injection locations
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