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In the present work, a high power (30kW), atmospheric pressure inductive thermal plasma has been di-
agnosed both theoretically and experimentally in pulse amplitude modulation approach with Ar, Ar-COa,
Ar-Ny, and Ar-O, as working gases (1001pm argon and 2.5 lpm molecular gas). Simulation has been carried
out using a two-dimensional local thermodynamic equilibrium (LTE) code for the same torch and operating
conditions as that of experiment. Calculating the so-called response times from both simulated and experi-

~mental temporal radiation intensity of Arl at 751 nm, a rigorous and comprehensive comparative discussion

has been made for a shimmer current level (SCL), the ratio of lower to higher level of current pulse, varying
from 40%-100%. The measured temperature is also compared with the calculated apparent temperature.
In spite of some discrepancies (at lower SCL) with the magnitude of response times of experimental and
simulated plasma at the instant of on-pulsing transition, similar trend of those have been observed. These
results will help to clear the understanding of transient performance of the concerned gases and equilibrium
phenomena.
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1. Introduction

Inductive thermal plasma, a contamination free highly
radiative plasma source, has been found widespread lab-
oratory and industrial applications. Even though, some
applications of inductive plasma ' are already well es-
tablished, optimization and automatic control of dis-
charge are the forefront of current research activities.
Since 1961 after Reed @, a significant advancement of
inductive plasma technology has been achieved. A huge
number of works, both experimental and theoretical has
been published that concerned the steady state plasma
discharge. A few researchers have paid attention to the
transient plasma nature following a sudden power inter-
ruption ®~® . Ishigaki et al® and then Sakuta et al™
first reported the repetitive pulsing discharge, which
is termed Pulse-Modulated Inductive Thermal Plasma
(PMITP). Pulse amplitude modulation of coil current,
a new edition in inductive discharge, especially at high
power and pressure, offers time and amplitude domain
control of inductive discharge. It has been found very
suitable for temporal and transient plasma studies. The
concept of pulse-amplitude modulation of RF-coil cur-
rent and its attractive and unique features are described
elaborately in our previous publication ®®. The ex-
perimental plasma reactor system of our laboratory has
the following outstanding features: (i) solid state device,

* Department of Electrical & Electronic Engineering, Kanazawa
University
2-40-20, Kodatsuno, Kanazawa 920-8667

E¥H B, 123 %115, 2003 &

1333

MOSFET employed inverter-feed pulse amplitude mod-
ulated coil current, (ii) this is a high power (maximum
50kW) system works under a wide range of pressure
(soft vacuum to 0.13 MPa), and (iii) as this system can
work for a wide range of gas flow, thus, the transient
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Fig.1. Schematic diagram of the PMITP torch



nature of different plasma gases or their mixtures can
be analyzed effectively. The periodic change of density
and velocity of plasma species and successive extremely
high and low heat produced in accord with pulsing cur-
rent/power might have promising aspects in material
processing such as surface hardening, synthesis of fine
powders and plasma coating of materials. ‘

It is aimed here to study the transient behavior of
Ar, Ar-COg, Ar-Ng, and Ar-O, plasmas both experi-
mentaly and theoretically and a comaparative discus-
sion is made to interprete the differences between two
approaches. Measuring/calculating the temporal radia-
tion intensity at 751nm of Arl, the response times are

estimated /calculated. The spatlal temperature profiles

are also calculated.
2. Simulation Details

2.1 Assumption and Governing Equations
In this work, the plasma is assumed to be optically

thin and electron temperature is equal to that of the.

neutral particles. The flow is assumed to be two-
dimensional, steady, laminar, and axisymmetric with
negligible viscous dissipation. Under these assumptions,
the present model solves the time-dependent conserva-
tion equations along with the vector potential form of
Maxwell’s equations. The governing conservation equa-
tions are as follows:
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Bp . B(pu)  10(rp)
ot Oz Or

Momentum conservation:
Azial momentum:

r

ou
Pot

Ou

+u(9
P ar

G —l—pv

Radial momentum:
6 CCR + UBU
8p ) ov
o o Oz { <&
Ov

B3]

ror 0
Energy conservation:

8h Oh Oh
- 1 pu +pv8

Pot
< )\ 3h)
+

— 8 —
), 0z
Vector Potential Form of Maxwell’s Equations:

0z

190
T Or

A Oh

(oa

=5 >+P —R°

Table 1. Operating conditions

Frequency = 450 kHz

Plate Power = 30 kW

Active plasma power =27 kKW
Pressure = 0.1 MPa
SCL(Shimmer Current Level;

Pulse on-time =10 ms -
Pulse off-time = 5 ms

Duty factor=67%

Flow-rate of Ar = 100 slpm
(standard liter per minute)

a ratio of lower to higher | Flow-rate of N,/O,/CO,
current level) = 40-100% | =2.5 slpm
32A9 10 0Ap Ag . A
- \\r—_=]-—F= ow
022 7 Or or r2 ~JHo o

where #: time; p: mass density; p: viscosity; A: ther-
mal conductivity; h: enthalpy; p: pressure; Cy: specific
heat at constant pressure; F, and F,. are axial and radial
Lorentz forces respectively; u and v are axial and radial
velocities; P°: volumetric Joule heating; R°: volumetric
radiative loss; Ag: phasor of vector potential; w = 27 f

(f is the frequency of coil current); po: permeability of
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vacuum and j: complex factor.

2.2 Calculation Procedure Calculation is per-
formed for an RF-ITP (Radio Frequency Inductive
Thermal Plasma) torch whose schematics with the def-
initions of the parameters used in the simulation is il-
lustrated in Fig.1. In this calculation, only the sheath
flow, which comprised of Ar, Ar-Og, Ar-Nj and Ar-COs,
is considered. Table 1 outlines the operating condi-
tions. Time step of each iteration, is 10 us throughout
the calculation. The calculations are carried out for a
non-uniform grid system having 36 radial and 92 axial
nodes. Using the SIMPLER algorithm of Patankar @,
the conservation equations and vector potential form of -
Maxwell’s equation are solved for both steady and repet-
itive pulsation mode of coil current. The algorithm is
based on control volume scheme for solving the trans-
port equations of incompressible fluids considering the
effect of temperature on density. For the details of the
modeling readers are referred to Ref. (8).

2.3 Thermodynamic and Transport Proper-
ties The transport properties of Ar, Oy, Ny, and
COg gases required for simulation include viscosity, spe-
cific heat at constant pressure, electrical and thermal
conductivity, mass density, and radiative loss coefficient.
The transport properties, which are functions of temper-
ature, were calculated under thermal equilibrium con-
ditions using Chapman-Enskog first approximation of
Boltzmann Equation V. ,

2.4 Boundary Conditions The boundary con-
ditions adapted in this work are as follows:

(i) Inlet: Gas temperature and axial gradient of vec-
tor potential are set to 300 K and zero respectively. (ii)
Center line: Vector potential and radial gradients of all
fields are set to zero. (iii) Wall: Temperature is set to
350K, and (iv) Exit: Axial gradients of all fields are set
to zero.

2.5 Simulated Results Figure 2 presents the
spatial distribution of plasma temperature predicted
over a pulsing cycle. This figure clearly describes
the repetitive nature of pulse-modulated plasma. In
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Fig.2. Spatial distribution of temperature at some instants over a pulsing cycle at 70% SCL for
Ar-No PMITP
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Fig.3. Spatial distribution of temperature at some instants over a pulsing cycle at 70% SCL for

Ar-CO, PMITP

this case, the working gas is Ar-Ny (Ar: 1001pm and
Ny: 2.51lpm), for 70% SCL, 67% duty factor (on-pulse
time 10ms) and at atmospheric pressure. It can be
seen that at the end of off-pulse the high-temperature
zones become narrower due to the scarce of effective
plasma power and gradually becomes larger just after
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the on-pulse trigger. Figure 3 shows the spatial tem-
perature field of Ar-COy PMITP for the same operat-
ing conditions as those of Fig.2. It can be found that
temperature contours gredtly suppressed during the off-
pulse period compared with Ar-No; PMITP. This in-
dicates the strong extinguishing charateristics of COs.
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Fig.4. Time evolution of Joule heating at mid-coil
(z=132mm) and r=17.5mm, for an SCL of 76%
and Ton = 10ms, and Teg = 5ms

In Figs. 2 and 3, the color bar representing the temper-
ature has the dimension of K. Figure 4 describes the
time evolution of Joule heating for Ar and Ar-COs plas-
mas for an SCL of 76%, and flow rate of 100 slpm Ar and
2.5s8lpm COs. It is observed from the figure that at 76%
SCL, 2.4% addition of CO, increases the Joule heating
by 20%, which results from the higher heat capacity and
thermal conductivity of COs.

3. Comparative Discussion

3.1 Experimental and Spectroscopic Measure-
ment The torch can be operated with a wide vari-
ety of plasma gases providing an extremely clean and
effective thermal reaction environment. Figure 1 de-
scribes the schematic geometry and dimensions of the
inductive plasma torch. The detailed reactor descrip-
tion and experimental setup will be found in Ref. (8).
The plasma emission is taken by an optical system (cam-
era) with a spatial resolution of 1 mm and transmitted
through an optical fiber. The optical signal is passed
into the monochromator through a slit. The emission
intensity is then monochromated by the monochroma-
tor (JOBIN YVON HR-320) for the selected wavelength.
The monochromated optical signal is then passed into

the photomultiplier (Hamamatsu, R928) with a response -

time of 70ns. This detected signal is stored by a multi-
channel oscilloscope (DL706E, Yokogawa Electric Co.)
with minimum sampling time of 0.5 us per address.

Table 1 outlines the discharge conditions. Using our
spectroscopic measuring system, the temporal radia-
tion intensity of Arl at 751nm, 703nm, and 714.7nm
together with the pulsing signal and modulated cur-
rent waveform have been measured. And the response-
times, which represent the dynamic plasma characteris-
tics, have been estimated from the temporal radiation
intensity for different SCL at two axial positions of the
torch. Using two-line method (as described below) the
time-dependent excitation temperature has been evalu-
ated.

3.2 Calculation of Integrated Radiation Inten-
sity Time-dependent plasma fields such as temper-
ature, and integrated radiation intensity are calculated
in a two-dimension space to compare with those of ex-
periment. The plasma temperature is calculated solving
the energy conservation equation and hence integrated
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Fig.5. Definitions of dynamic response times
radiation intensity for Arl at 751 nm is predicted from
the temporal temperature distributions using the follow-
ing equations:

(5]

where I, is the integrated radiation intensity at a pa-
ticular axial position, € is the emission coefficient, h is
Planck’s constant, ¢ and X are velocity and wavelength of
light respectively, ¢ is the statistical weight and A is the
transition probability for spontaneous emission, N(7')
and Z(T) are temperature-dependent particle density
and internal partition function respectively, E, is the
upper energy level, k is the Boltzmann’s constant and T
is the temperature.

The so-called plasma response times are calculated
from the temporal radiation intensities for various SCL
at mid-coil and 10 mm down to the end-coil. The defini-
tions of response times are clearly described in Fig. 5.
The physical interpretation of those will be found in
Ref. (8).

The apparent temperature predicted at mid-coil and
10mm down to the end-coil position, using two-line
method. The expression of apparent temperature is
shown in Eq.(8). Symbols in Eq.(8) bear the same
meaning as those of Eq. (7). In this calculation we have
chosen atomic argon lines at 703 and 714.7nm wave-

length.
T =
appt k ln (IZI )\1g2A2)

Iy A2g1 A

3.3 Comparison Figure 6 presents the temporal
radiation intensity of Arl at 751 nm for Ar-CO, plasma
at mid-coil and 10 mm down to the end-coil. The SCL
is 70%, on and off-time of pulsing signal are 10 and 5 ms
respectively. It can be seen that the maximum deviation
between measured and simulated radiation intensity oc-
curs after approximately 5ms of on-pulse trigger. Less

Ro
I, = 27r/ e(T,r)rdr
0

1 hegAN(T)

dr AZ(T)
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Fig.6. Comparison of measured and simulated

radiation intensity of Arl at 751nm for Ar-CO,
PMITP at 60% SCL

discrepancy between simulated and experimental inten-
sities is found at 10 mm down to the end-coil than that
of at mid-coil. To describe the plasma reponse quantita-
tively, response times are calculated/estimated from the
simulated/measured temporal radiation intensity. Fig-
ure 7 shows the plasma response times predicted from
simulated and spectroscopically measured temporal ra-
diation intensity of Arl at 751 nm for Ar, Ar-Og, Ar-Ny,
and Ar-CO, plasmas. Both in simulation and exper-
iment, plasma response is found faster at higher SCL
irrespective of axial position. However, discrepancies are
observed between experimental and simulated results,
especially, at lower SCL. Because at lower SCL, exper-
imental PMITP strongly deviated from LTE (Tt = T1),
whereas, simulated PMITP is still in LTE state. Dur-
ing off-pulse at lower SCL, power input is at minimum
level and hence temperature drops. The continued in-
jection of cold gas through the sheath channel at in-
significant power input enhances the cooling action of
plasma. These two effects drive experimental PMITP
at severe non-LTE (T, > T},) condition at lower SCL.
Thus, the maximum deviations are observed at lower
SCL. It is evident from Fig.7 that, as well as the SCL
moves towards 100%, the pulse-modulated plasma em-
braces the thermal equilibrium conditions. On the other
hand, good agreement is observed between experimen-
tal and simulated results for Ar-COz plasma. Figure 8
presents the maximum and minimum radiation intensi-
ties, tabulated from experimental and simulated tempo-
ral radiation intensities of Arl at 751 nm. Although, the
maximum level of intensity does not change apprecia-
bly with SCL, the minimum level drops in a significant
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Fig.7. SCL dependence of simulated and experi-
mental dynamic response times at 0.1 MPa pressure

extent at decreased SCL. This is because, a lower SCL
means a bigger fluctuation of current as well as power,
and hence the radiation intensity. The largest drop of
minimum level takes place for Ar-COy plasma that re-
calls the strong extinguishing nature of CO,. A good
agreement has been observed between experimental and
simulated findings, especially, in case of Ar-COs plasma.
The measured time-dependent temperature is compared
with the simulated apparent temperature in Fig. 9, for
a SCL of 70%, and flow-rate of 1001pm Ar and 2.51pm
CO3, at 10mm down to the end-coil. This figure shows
the similar trends of simulated and experimental tem-
perature; however, the higher absolute value of temper-
ature is found in experiment. The probable reason is
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that experimental temperature corresponds the excita-
tion temperature, which is close to electron tempera-
ture, whereas, simulated temperature corresponds the
equilibrium temperature.

4. Conclusion

It is evident from the results that CO; has the
strongest extinguishing nature than that of Ar, Ny, and
Og which results from its thermal conductivity and heat
capacity. Good agreements have been found between ex-
perimental and simulated response times at higher SCL,
and for COz-admixed plasmas; however deviations are
observed at lower SCL and for pure Ar plasma. The
deviations between experimental and simulated finding
result from the LTE assumption, and exclusion of de-
tailed dissociation and charge transfer mechanisms in
simulation.
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