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A time-dependent two-dimensional chemical non-equilibrium model of Ar-N, pulse modulated induction thermal plasma
(PMITP) was developed. This model takes into account thirty reactions including ionizations, dissociations and their
backward reactions. Convection and diffusion effects on number density distribution of species were also considered. Ther-
modynamic and transport properties of thermal plasmas were calculated at each iterative calculation step using computed
particle compositions at each position. Use of this model enables us to derive time variation in nitrogen atomic density
distribution in the plasma torch and the reaction chamber on pulse-operation. We also predict the controllability of enthalpy

and mass flow of N atom in induction thermal plasmas by the pulse-modulation of coil-current using this model.
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1. INTRODUCTION

The inductively coupled thermal plasma (ICTP) at around
atmospheric pressure is widely used for various materials
processings, plasma waste destruction and plasma spraying
because of its high temperature, high reaction activity and
little contamination. However, a thermal plasma has un-
controllable high temperature, which causes a damage to
substrates or products during the processings. To allevi-
ate such a thermal problem, a ‘pulse-modulated induction

- thermal plasma (PMITP)’ system has been developed[1}-
[31. This system has a function of amplitude modulation of
coil-current sustaining an induction thermal plasma. This
intentional modulation may cause not only a decrease in
average temperature of the induction thermal plasma, but
also chemically non-equilibrium effect due to finite time of
reactions. In order to investigate and predict spatial dis-
tribution of species in the PMITP, a time-dependent mod-
elling without chemical equilibrium assumption is greatly
required.

In this paper, a two-dimensional time-dependent chem-
ical non-equilibrium (non-CE; non chemical-equilibrium)
model was developed for Ar-N, PMITP using reaction ki-
netics to obtain density distribution variation. The Ar-N,
thermal plasma is widely used for nitrification processings.
In this model, the thermodynamic and transport properties

~such as thermal conductivity, electrical conductivity and
diffusion coefficient was self-consistently calculated using
non-CE composition derived at each position and time.
Thirty reactions including ionization, dissociation, and their
backward reactions were taken into account. Using this
model, controls of enthalpy and N atom density variations
were discussed.

2. PULSE-MODUI_;ATED INDUCTION THERMAL
-PLASMA TORCH

A conventional induction thermal plasma system needs a
coil-current with a fixed amplitude to sustain an induction
thermal plasma statically and steadily. In contract to this,
our pulse-modulated induction thermal plasma (PMITP)

system makes an amplitude modulation of the coil-current
intentionally. Fig.1 indicates a general coil-current wave-
form for a pulse-modulated induction thermal plasma. Such
a modulation of the coil-current leads a thermal plasma to
be under transient state. Furthermore, non-CE effects may
occur in the induction thermal plasma. Here, operation
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Fig. 1. Coil-current waveform of pulse-modulated induc-
tion thermal plasma.

parameters for PMITP system are defined as indicated in
Fig.1; ‘On-time’ is the time duration when the amplitude
of the current has its maximum value, ‘off-time’ is the time
duration when the amplitude of the current has its mini-
mum value, ‘HCL' means higher current level which corre-
sponds to current maximum value, ‘LCL’ is lower current
level. These parameters can be set independently of one
another. Another important parameter is ‘shimmer current
level (SCL)’ which is defined as LCL/HCL.

3. MODELING OF AR-N, PMITP

In this calculation, the Ar-N, PMITP was assumed to be un-
der the following conditions ; (i) One-temperature model
can be adopted. This assumption is approximately valid
around plasma torch axis because of low electric field and
high temperature. (ii) The plasma has an axisymetric struc-
ture. (iii) The optically thin assumption was established,
and thus the effect of light absorption is negligible. (iv)
There are only seven particles N, NI, N, N*, Ar, Ar* and
the electron in Ar-N, PMITP.

4. GOVERNING EQUATION

On the basis of the assumptions described in the previous
section, the PMITP behavior was simulated by simultane-
ously solving the time-dependent conservation equations
of mass, momentum, energy and mass fraction for each
species, Maxwell equation for vector potential, charge neu-
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trality equation, mass balance equation, and the equation of
state as follows:
Mass conservation:
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Fig. 2. Configuration of plasma torch and reaction chamber
used for the present calculation.
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where Ay is the phasor of vector potential, D; the effective
diffusion coefficient of species j, E,4 the phasor of azimuthal
component of electric field, H, and H, the phasors of ra-
dial and axial component of magnetic field, k the enthalpy,
h; the enthalpy of species j, 1 the complex factor (12=-1),
L the total number of reactions, m; the mass of species j,
N the total number of particles, n; the number density of
species j, Prq the radiative loss, p the pressure, Qa, the gas
flow rate of Ar gas, QOx, the gas flow rate of N; gas, r the ra-
dial position, ¢ the time, T the temperature, u the axial flow
velocity, v the radial flow velocity, ¥; the mass fraction of
species j, ¥} the total mass fraction of Arand Ar*, YT the
total mass fracuon of Np, Nf, N and N*, z the ax1al p031-
tion, Z; the internal partition function of species j, AHy; the
standard enthalpy of formation for species j, o and o the
reaction rates of reaction £ for forward and backward direc-
tions, ,B and ﬂ' the stoichiometric numbers for species j
for forward and backward reactions of the reaction £, n; the
viscosity, « the Boltzmann’s constant, A" the translational
thermal conductivity, uo the permeability of vacuum, p the
mass density, o the electrical conductivity, w the angular
frequency of coil current.

5. CALCULATION SPACE AND CONDITIONS

Fig.2 shows the schematic diagram of a plasma torch and a
reactor chamber used in the calculation. The plasma torch
has an eight-turn induction coil and water-cooled quartz
tubes. The diameter of the inner quartz tube is 70 mm.
The reaction chamber installed below the plasma torch is
made of a water-cooled SUS304. Argon-nitrogen mixture
is supplied from left-hand side in Fig.2 as a sheath gas
along the inside wall of the tube. The gas flow rate is set to
Ar/N,=100/2.5 liters/min. At gas-outlet, the gas flows out
freely. Temperature at each of walls is calculated consider-
ing heat transfer depending on the wall materials.

Table I summarizes reactions taken into account in the
present calculation. Thirty reactions such as ionization,
dissociation and their backward reactions were considered.
The reaction rates of the forward reactions of, for reactions
except 10th and 11th were estimated by Arrhenius’ law as
written by of = aT® exp(—c/T) where a, b and ¢ are con-
stants dependent on each reactions. The constants a, b and
c are given by reference [4]. The reaction rates for the 10th
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Fig. 3. Spatial distributions of temperature and nitrogen

atomic density in steady state.

and 11th reactions were calculated using ionization cross
sections [5].
Transport properties such as o, A%, 7 and D ; were calcu-

lated by the first-order approximation of Champman-Enskog

method at each of iterative calculation step at each posi-
tion. A frequency of coil current is 450 kHz. Shimmer
current level (SCL) was taken as a parameter. Time step
was fixed at 10 ys. Pressure in the reaction chamber is at-
mospheric pressure 101 325 Pa. The SIMPLE algorithm
after Patankar[6] was used for the calculation.

6. RESULTS AND DISCUSSIONS
6.1. Steady state

First, steady state calculation was made for Ar-N, ICTP.
Figs.3 (a) and (b) show the spatial distribution of temper-
ature and N atom density, respectively, in steady state for
input power of 27 kW. Temperature has magnitudes above
9000 K widely in the plasma torch. Even in the reaction
chamber, the temperature reaches over 6000 K. Involving
such a temperature distribution, nitrogen atomic density is
also distributed with a high value in the plasma torch and
the reaction chamber. Generally, injecting N, gas is dis-
sociated in high temperature area in the plasma torch, and
then is associated in the reaction chamber. In the reaction
chamber, N atom has densities above 2.0 x10%2 m™3. At
an axial position of 550 mm, N atom density reaches to its
maximum above 4.0 x 102 m™>,

6.2. Transient state
6.2.1. Temperature

A PMITP behavior in the transient state was simulated by
the amplitude modulation of the coil-current. The steady
state calculation result was used as an initial value. Fig4
shows the time evolution in the coil-current amplitude and
temperature at (z [mm],r [mm})=(165,16.5) in the plasma
torch. Shimmer current level is 60%. The temperature in
the plasma torch is found to be modulated in conjunction
with coil-current modulation. However, the temperature
variation has a triangle-like waveform rather than a square-
like one because of thermal inertia of the thermal plasma.
In this way, 60%SCL modulation can cause temperature
change between 7700 to 9700 K. '

6.2.2. Nitrogen atom density

Nitrogen atom density is very important for various nitrifi-
cation processing using thermal plasma. Fig.5 depicts time
variation in N atom density distribution in a decaying pe-
riod from 74 to 78 ms. On the other hand, Fig.6 shows
time variation in N atom density distribution in a recov-
ery period from 80 to 84 ms. During the off-period of
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Fig. 4. Time evolution in coil-current amplitude and tem-
perature at a position of (z [mm],r fmm])=(165,16.5) in the
plasma torch. Shimmer current level is 60%.
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Fig. 5. Variation in N atom density in a decaying period
from 74 to 78 ms after pulse modulation operation.

pulse-modulation, N atom density is produced due to re-

combination of N* and the electron in the plasma torch. In
the reaction chamber, N atom density distribution slightly
changes. During the on-period, N atom is ionized into N*
in the plasma torch, while nitrogen atom produced in the
plasma torch is being injected into the reaction chamber.

7. Control of enthalpy flow and mass flow of N atom
Enthalpy flow H and mass flow of N atom My injected from
the plasma torch outlet z=370 mm in pulse-modulation op-
erations is crucial for the thermal problem and for nitrifica-
tion process to substrates. The H and My were calculated
as follows:

35 mm
H= f 2nphurdr, (18)
0 z=370 mm
35 mm
My = f 2rpYnurdr 19)
0 2=370 mm

Figs.7 (a), (b) and (c) indicate time evolutions in coil-current
amplitude, H and My, respectively. The time variations in
H and My has a time-delay against pulse-modulation of the
coil current. For example, a peak in H at around 85 ms is
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Table I. Reactions taken into account in the present calculation.

N°®  Reaction ar be ~¢¢ Reaction heat
' Yreact (eV)
1 N2 + N —- N+N+Np 498x107 ~1.5 113260 9.759
2 Na+N - N+N+N 249x 1078 —15 113260 9759
3 Nj+N - Np+N* 130x107Y . 05 0 -1.047
4  Ni+e - N+N 249x10°%  -15 0 -5.821
5 N*+e+e — N+e 229% 1070 45 0 -14.534
6 Ni+Nz+e — Np+N; 6.07x10°¥ 25 0 -15.580
7 Ni+N+e — Ny+N 1.66x 107 -25 0 ~15.580
8 N*+Ny+e — N+N; 6.07x 10734 25 0 -14.534
9 N'+N+e — N+N 1.66x 10735 -25 ] -14.534
10 Ar+e - Art+e+e - - - 15.760
11 Ar+Ar -  Arf+e+Ar - - - 15.760
12 Ny +Ar — N+N+Ar  249x10°%  -15 113260 9.759
13 N+ Ar* - N+N+Art 249x10% —1.5 113260 9.759
14 Ni+Ar+e — Np+Ar 1.66x 10735 -2.5 0 ~15.580
15 N+Ar+e — N+Ar 1.66x 1073 25 0 -14.534
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Fig. 6. Variation in N atom density in a recovering period
from 80 to 84 ms after pulse modulation operation.
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Fig. 7. Enthalpy flow and mass flow of N atom from plasma
torch outlet.
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Fig. 8. Time average of total enthalpy and total mass flow
of nitrogen atom from plasma torch outlet at different shim-
mer current levels.

considered to arise from an on-operation of 65-75 ms be-

_ cause it takes a delay time for the H to reach at the plasma

torch outlet. Similar tendency can be found for My. An
interesting thing in H and My variations is that decreasing
duration in H and My of about 8.2 ms is longer than their
increasing duration of about 6.8 ms, although the on-time
and off-time are 10 ms and 5 ms, respectively.

Fig.8 shows time-averaged H and My from 55 to 100 ms
at different shimmer current level (SCL). The time-averaged
H and My, are found to decrease with reducing SCL. This
means that we can control H and My as a new control pa-
rameter SCL which does not exist in a conventional steady-
state induction thermal plasma system.

8. CONCLUSIONS

A time-dependent two-dimensional non-CE model of Ar-
N, PMITP was developed. In this model, thirty reactions,
convection and diffusion effects were considered. Using
this model, the control of enthalpy and mass flow of N atom
from the plasma torch in the PMITP system can be found
by the pulse modulation of the coil-current.
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