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The numerical simulation of an RF argon-helium thermal plasma under atmospheric pressure was performed.
The two-dimensional éontinuity, momentum, energy and species equations along with the electromagnetic equations
were solved simultaneously with the SIMPLER algorithm. The physical properties of the argon-helium mixed
plasma wer€ taken into account. The plasma velocity, temperature and concentration were measured with a
water-cooled probe. The numerical results were in good agreement with the experimental ones. The results
demonstrate the existence of an inward radial flow induced by the electromagnetic pumping effect. The recirculating
eddy formed by the inward radial flow becomes stronger in an argon-helium plasma than that in an argon plasma.
A uniform distribution of helium concentration is obtained upstream from the discharge region.

Introduction

A radio-frequency (RF) inductively coupled plasma
offers a clean high-energy source. The main advantage
of the RF plasma is that reactive gases can be used
as well as inert gases. The RF plasma has been used
for chemical synthesis, plasma spraying and ex‘rtractive
metallurgy, and more extensively in recent years for
producing ultrafine powders of various materials.

The temperature and flow fields in an RF|plasma
have been studied in order to increase the efficiency
of chemical reactions and to enlarge the equipment
to industrial scale. Measurements of these fields in an
RF plasma are rather complex and difficult to obtain.
The fields are disturbed by the measurement probe.
Numerical simulation of these fields has thus been
required. In the early stage of numerical simulation,
the temperature field is calculated with a one-
dimensional model.*® Boulos? calculated the two-
dimensional flow and temperature fields and the
one-dimensional electromagnetic field, employing the
vorticity-stream function. Recently, Mostaghimi et
al.'® adopted the SIMPLER algorithm,'® which
greatly increased the stability and convergence rate
for the solution of the continuity, momentum and
energy equations.

The numerical simulation of a mixed gas in an RF
plasma is required in connection with the investigation
of reactions in the plasma. A few authors have
considered theoretical models of a mixed gas in an

* Received August 24, 1989. Correspondence concerning this article should be
addressed to T. Watanabe. K. Yanase is now with Kirin Brewery Co., Ltd., Kyoto 601.

VOL. 23 NO. 4 1990

RF plasma. Guo-Ying and Ching-Wen” presented a
model of the RF plasma with argon and reactant
gases. However, the chemical reactions and physical
properties of the mixed gas other than the density and
specific heat were not taken into account in their
model.

In the present work, the physical properties of
a mixed gas were taken into account. The RF
argon-helium thermal plasma under atmospheric
pressure has been formulated to investigate the
behavior of the mixed gas in the plasma. The
two-dimensional continuity, momentum, energy and
species equations along with the omne-dimensional
electromagnetic equations were solved simultane-
ously.

The plasma velocity, temperature and concentra-
tions were measured with a water-cooled probe.
Numerical and experimental results were compared.

1. Numerical Simulation

1.1 Basic model and assumptions

The fields of flow, temperature and concentration
in an RF plasma torch were calculated by solving the
two-dimensional continuity, momentum, energy and
species equations along with the one-dimensional
electromagnetic equations. The RF plasma torch
configuration used in this numerical simulation is
shown in Fig. 1. Gases issue from circular slits of 2 mm
width. Argon issues both from the inner slit (flow rate:
Q1) and the outer slit (Q2), and helium from the outer
slit (Q3). The model dimensions are the same as for
the experimental apparatus described later.
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Fig. 1. Schematic of inductively coupled plasma torch
model

The following assumptions were made for the
present model:

a) Steady-state laminar flow

b) Local thermodynamic equilibrium

¢) Axial symmetry

d) Optically thin plasma

e) Negligible viscous dissipation

f) Negligible displacement current
1.2 Governing equations and boundary conditions

The governing equations in cylindrical coordinates
are formulated as follows:
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The volumetric radiation loss, Q,, was calculated from
the equations proposed by Miller and Ayen'" based
on the data by Evans and Tankin.>

Species:
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The corresponding one-dimensional (r-direction)
electromagnetic equations are as follows:
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These can be used to calculate the local power
dissipation P and the radial body force F, as follows:

P = O-EBZ (9)
F,=¢(cE H cosy (10)
The governing Egs.
conditions as follows:
Inlet (x=0):
Ql/n(r3—r3),
u= (02+03)/n(r;—r3),
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The boundary conditions for the electromagnetic
fields Egs. (6)—(8) are set at the centerline of the torch
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as follows:
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1.3 Thermodynamic and transport properties

The physical properties of an argon-helium mixed
plasma were obtained from the following relation-
ships.

The thermal conductivity and viscosity of argon
were taken from the data by Devoto® and those of
helium from Devoto and Li* The thermal con-
ductivity of an argon-helium mixed gas was estimated
using the Wassiljewa equation,'® while the Surther-
land equation'® was employed to estimate the
viscosity of the mixture.

The diffusion coefficient was evaluated from the
equation by Hirschfelder et al.®

The specific heat at constant pressure of an
argon-helium plasma can be written using a mass
fraction:

Cp,,=Cyn. Cp,.+C

e = Cr (22)

The specific heat of argon was taken from the data
by Hsu and Pfender.” The ionization of helium is
negligible below 10,000 K. The specific heat of helium
was defined as follows:

WHe He

Cp,. = ks (23)
2Mye

The density was calculated using a number density:
P =mp(Na,+ 1)+ Myehy, (24)

The number densities were calculated from the Saha
equation:

nitg =2 (anek;T)WZ Ui exp<‘E_”.> (25)
Fac h, U; k,T,

The electrical conductivity was assumed to be equal
to that of argon® owing to the negligible ionization
of helium.

1.4 Calculation procedure

The governing Egs. (1)—~(5) were solved using the
SIMPLER algorithm.'® The SIMPLER (Semi-
Implicit Method for Pressure-Linked Equation
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Revised) algorithm is a general algorithm for the
solution of elliptic fluid flow, heat transfer and mass
transfer. The electromagnetic field Egs. (6)—(8) were
solved using a fourth-order Runge-Kutta method.

The calculations were performed for a 10 x 16 grid
system in the radial and axial directions, respectively.
The velocities in radial and axial directions were
located on staggered points between the grid points
of the temperature, pressure and concentration fields.
A convergence criterion was that the mass balance be
satisfied to within 0.1%.

1.5 Calculation results

Computations were performed for an argon-helium

plasma operated at a power level of 8 kW with different
gas flow rates of argon and helium.
1) An argon plasma The calculated streamlines
and isotherms for an argon RF plasma are shown in
Figs. 2(a) and (b), respectively. Argon issues at 25
litre/min (Q1=10litre/min, Q2= 15 litre/min).

The dimensionless stream lines are based on the
total input flow rate. A recirculating eddy is formed
because of a strong inward radial flow induced by the
electromagnetic pumping in the coil region. The eddy
causes a back flow.

The isotherms show that the highest temperature

(10,500K) exists in the coil region and is off-center
on account of the strong electric field in the outer
region of the torch.
2) Anargon-helium plasma The calculated stream-
lines, isotherms and concentration contours in an
argon-helium mixed plasma are shown in Figs.
3(a)—(c). Argon issues at 15litre/min (Q1=10 litre/
min, Q2 =5 litre/min) and helium at 10 litre/min (Q3).

The streamlines demonstrate that the recirculating
eddy formed by the electromagnetic pumping becomes
stronger than that in an argon RF plasma. The strong
eddy is induced by strong Lorentz force; the strong
Lorentz force is attributed to the reduced density due
to helium addition.

The isotherms indicate that the temperature
gradient is more gentle near the quartz tube and the
hot spot is closer to the centerline of the torch for the
argon-helium plasma than for the argon plasma. The
higher thermal conductivity due to helium addition
leads to a larger heat loss to the quartz tube.

The concentration contours indicate that the
diffusion rate of helium is very high. The distribution
of helium becomes uniform above the recirculating
eddy. The high diffusion rate is brought about by
the recirculating eddy.

Figure 4 represents the radial profiles of axial and
radial velocities at x=90 mm where the recirculating
eddy is formed. Thesse profiles are at the same total
flow rate but at different helium input concentrations.
Higher helium input concentration leads to lower axial
velocity and to higher radial velocity. The strong eddy
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is caused by helium addition and it modifies the
velocity fields. :

- The radial temperature profiles are shown in Fig.
5. The temperature in the hot spot is almost the same
at different helium input concentrations. The tempera-
ture near the quartz tube decreases with increasing
helium concentration owing to the high thermal
conductivity of helium. The maximum approaches the
centerline with increasing helium concentration.

Modification of the fields in an RF plasma due to
helium addition is useful for plasma processing. The
recirculating eddy formed by the electromagnetic
pumping effect becomes stronger in an argon-helium

392

_ | 1] .
_//—O
0000
n
- C; T
I 1:;) \l 2 ' IIO I 2 g

[mm] r

Isotherms (Ar: Q1 =10litre/
min, Q2=>5litre/min; He: Q3=10litre/

T T
0 0 10 20

[mm]
Fig. 3(c). Concentration contours of he-

lium (Ar: Q1=10 litre/min, Q2=>5litre/
min; He: 03 =10 litre/min)

plasma than that in an argon plasma. The strong eddy
results in uniform distribution of reactants upstream
from the high-temperature region.

2. Experimental

2.1 Plasma generator

The plasma generator consisted of a plasma torch
and a power supply (4 MHz, 35 kW max.). The plasma
torch, shown in Fig. 6, consisted of a quartz tube and
a working induction coil (4 turns); the coil was
positioned between 68 mm and 117 mm below the gas
inlet position. The torch was prevented from melting
by water cooling.
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Fig. 6. Schematic of inductively coupled plasma torch

2.2 Measurements

The velocity, temperature and concentrations in the
plasma were measured by a water-cooled probe. The
probe configuration proposed by Grey et al.® for
plasma measurements is presented in Fig. 7. Cooling
water entered through the outer coolant channel to
the probe tip and returned through the inner coolant
channel. The thermocouples were located at the
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Fig. 7. Schematic of water-cooled probe

coolant channel inlet and outlet.

The plasma gas passed from the probe tip through

the central tube and then to a gas chromatograph or
to a flow meter. The probe was capable of accurate
local measurements because of'its small size (2 mm-i.d.
and 8 mm-o.d.)
1) Temperature measurements The temperature of
the RF plasma was determined by a calorimetric
method. The coolant temperature rise and flow rate
were measured when a valve in the gas sample line
was closed. The same procedure was repeated when
the valve was opened, with measurements of the gas
flow rate. The plasma enthalpy was given by the
difference between the two measurements:

(hy —hy)is = n'1H2OCPH20A T (26)

2) Velocity measurements The water-cooled probe
was used as a Pitot tube to determine the plasma
velocity. The Bernoulli equation provides the
following equation:

1
AP=C ~2-pu2 27

The plasma axial velocity was obtained from measured
pressure rise AP. The coefficient of a Pitot tube, C,
was taken to be equal to 1.20.2
3) Concentration measurements The concentra-
tions of argon and helium in the RF plasma were
obtained by gas chromatography.
2.3 Experimental results
Experimental measurements were made for an
argon-helium plasma operated at a power level of
8kW for argon at 20litre/min (Q1=10litre/min,
02 =10litre/min) and helium at 5litre/min (Q3).
Calculated and measured results are compared in
Figs. 8 to 10 for the temperature, axial velocity and
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Fig. 8. Comparison of calculated (solid
lines) and measured (keys) temperature
profiles (Ar: Q1=10litre/min, Q2=10
litre/min; He: Q3 = 5litre/min)

helium concentration, respectively. These results show
agreement between the calculated and the measured
profiles, indicating the validity of this numerical
model. The assumption of laminar flow is reasonable
since the exit Reynolds number was on the order of
10. A small difference in these figures results from
the disturbance in the RF plasma caused by the probe
and from the imperfection of the calculation model;
the water-cooled nozzle (30 mm-i.d.) at the torch exit
was not considered in the calculation model.

Conclusions

A mathematical model for the numerical simulation
of an argon-helium mixed thermal RF plasma under
atmospheric pressure was formulated. The two-
dimensional flow, temperature and concentration
fields were obtained with the physical properties of
the argon-helium mixture being taken into account.

A water-cooled probe was used to measure the axial
velocity, temperature and concentration of the
argon-helium plasma. The measured results showed
agreement with the calculated ones. The agreement
between these results indicated the validity of the
numerical model.

The characteristics of an argon-helium RF plasma
are as follows:

1) The recirculating eddy formed by the elec-
tromagnetic pumping effect becomes stronger in an
argon-helium plasma than that in an argon plasma.

2) A uniform distribution of helium is obtained
upstream from the discharge region.
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Fig. 9. Comparison of calculated (solid
lines) and measured (keys) axial velocity
profiles (Ar: Q1=10litre/min, 02=10
litre/min; He: O3 = 5litre/min)
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input fiow rate of argon
input flow rate of helium
distance in radial direction
inside radius of torch

= coil radius
= temperature
= difference of coolant temperature rise

between that with valve opened and
that with valve closed

partition function

axial velocity

= radial velocity
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coefficient of Pitot tube [—]
specific heat
at constant pressure kg 'K
= mass fraction [—]
diffusion coefficient [m?s™1]
ionization energy (R}
electric field [Vm™2]
body force [Nm~3]
magnetic field [Am™']
enthalpy Dkg™1]
Planck’s constant [Js]
coil current [A]
thermal conductivity [Wm™1K™1]
Boltzmann’s constant K]
= thermal conductivity
of quartz tube [Wm™ 1K™ 1]
length [m]
molecular weight [kl
mass flow rate [kgs™1]
number of coil turns [—]
number density [m~3]
local power input [Wm™3]
pressure [Pa]
measured pressure rise [Pa]
radiation loss per unit volume [Wm™3]

[litre min ~1]
[litre min ™ 1]

[m]
[m]
[m]
Xl

[X]
[—1
[ms™1]
[ms™"]
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w = thickness of quartz tube
= distance in axial direction

®
I |

=~ QD g YE
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= phase difference between electric and

magnetic fields [rad]

{Subscript)

Ar = argon_

electron

helium

cooling water

i i-th ion of argon
1 probe entrance
2 = probe exit
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