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Collisonal cooling in an inductively coupled
plasma torch

LDStracE

The paper presents a simulated model of inductively coupled plasma torches using a
numerica code developed in FlexPDE environment. The EM fields, temperature and fluid
flow are calculated numerically in atwo-dimensional geometry for typical ICP torch. The
model is within the assumptions of laminar flow, optically thin plasma and local
thermodynamic equilibrium (LTE), negligible viscous dissipation and 2D axisymmetric
geometry. Thisyieldsamathematical and virtual tool for predicting the torch performance
before running. The main factor in plasmabehavior, working gas, is studied in this paper.
Various amounts of Helium, Krypton and Xenon are included in the primary Argon gas.
The obtained results show acooling effect in plasma, asaresult of collisions, viabuffer gas
effectively by Krypton and Xenon compared to the Argon case which is taken to be
reference case here. There were no signs of heating inside the plasma. Axial velocity of
particlesisincreased by Helium with amounts of morethan %60.02 and generally isdecreased
by Krypton and Xenon different values. The most striking effect observed in this study
was elimination of circulating flows (negative axial velocity) inside thetorch which would
be energy dissipating. The results for gas additive in pure Argon are reported firstly. The
importance of the present work would be enabling us to tune and adjust the plasma
instability for operation improvements.
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INTRODUCTION

Inductively coupled plasmatorchesarerdatively
new tool for producingthermal plasmas firstly described
by Reedin 1962, Introducing ICPTswasthen lead
to amospheric-pressure plasmas devel opment. Unlike
low-pressure plasma or high-pressure plasma, in
atmospheric-pressure plasma, no chamber isrequired
tomaintainacertain pressureleve. Therefore, no costly
chamber for producing apartid vacuumisneeded. This
simplicity in structure and performance made ICPTs
more and more effective in many technological and
industrial applications. Thesetorchesareextensively
employedinawiderangeof gpplicationssuchasplasma

Spraying, nanoparticlessynthesi's, wastetreatment, and
elemental analysig?. Optimized utilization of ICPTs
depends on better understanding of itscharacteristics
and performance, so several diagnostics are needed.
However, reaching theinternal zones of the devicefor
diagnosisisdifficult. Therefore, mathematica modeling
would be apowerful tool to predict and study many
parametersand aspectsof plasmaindifferent conditions
such as plasmaflow and temperature”. Various 2D
and 3D modd shave been proposed and studied recently
for detailed description and s mulation of thephysical
behavior of thisdevice*®.

Oneof themost significant achievementsinmodeling
thelCPtorchistoinvestigatethe effective parameters
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Figurel: (a) Schematic geometry of |CP torch. (b) Grid
mode for ICPtorch

TABLE 1: Plasmatorch characteristics and dimensions
(dpm: Sandard L iter per Minute)

Q:=10 dpm* Rn=3.7 mm Lo=50 mm
Q,=0.05 dpm R,=18.8 mm L, =63 mm
Q:=1.7 dpm Ry=25 mm L, =121 mm
loit = 200 A R:=33 mm Ly=200 mm
R,=3 mm Rr=100 mm ow=35 mm

onitsperformancevirtualy. These parameterswould
bethe gasflow rate, gastype, current frequency and
etc. In this paper, some modeling resultsfor an RF-
ICPtorchwill be presented which are affected by the
gas admixtures. A typical structure for ICPtorchis
considered for smulation asshowninFigure 1. The
torch consists of three concentric quartz tubes of 3.5
mm thickness. Theouter tubelengthis200 mmandthe
others are 50 mm. A 3-turn copper coil carrying RF
current (6 mm thickness) iswrapped around the outer
guartz tube. The centra tubeisembedded for central
gasinjection (normally sample aerosol for analysis
applications) withtheflow rateof ¢, = 1.0 sipm . The
intermediateinlet isdevised for working gasinjection
withtheflow rateof g, = 3.0 sipm andfinaly, the
outer inletisfor sheathgasby 9, = 33.0 sipm inorder
to preservethe quartz wall from destruction. Around
theouter tubeisaspira hollow copper coil, cooled by
water and confinesthe plasmainside theinner tube.
Charge carriers accelerated in the electric field
(produced by RF current) coupletheir energy into the
plasmaviacollisonswith other particles. Thiscollison
induced ionization of the gas continues in a chain

reaction, breaking down the gasinto gasatoms, ions,
and electrons’, forming what is known as an ICP
discharge. Inthiswork, Argonisconsideredfor dl inlets
asthemain gasand someimpurities(small percentages
of Helium, Krypton and X enon) areadded asabuffer
gasand theeffectsareinvestigated. lons can be cooled
by collisonswith charged or neutrd particleswhichhave
lower temperatures. The collisionsmay lead to loss of
theionsthrough charge-exchange or other reactions,
or they may cause perturbations of theenergy levels.
Thisiscaled collisond cooling. Cooling of ionsisaso
useful instudiesof plasmasand ordered structures. With
sufficient cooling so that the Coulomb potentia energy
between nearest neighborsis much greater than their
average kinetic energy, the ions can form ordered
structures™. In some cases the benefits of the cooling
outweigh thelatter di sadvantages; these cases could be
controlling plasma flow velocity and temperature,
controlling plasmainstability and etc. Thecdculaions
aredoneby moddingthel CPtorchviaMHD equations
and solvingthemusingcommerdid vers onof HexPDES.

MATHEMATICAL METHOD

A Radio Frequency (RF) power supplyiscoupling
the energy to the plasmaby meansof helica coil of n-
turns surrounding the plasma tube and a means of
initiatingthedischarge. Theoperating frequency supplied
by RF generatorisnormally at ~ 109 — 40 MHz range
or evenmore. So, at such frequency thewaveengthis
about 3~30 m Whichismuchlarger thandimensions
of thetorch (few to tensof centimeters). Inasense, this
means that the fields inside the ICP torch can be
conddered asdtetic. When atime-varying el ectric current
is passed through the cail, it creates atime-varying
meagneticfiddaroundit, whichinturninducesazimuthaly
electric currentsinthegas, leading to the formation of
plasma. Plasmatemperatureinsidetheinner tube can
reech ~ 10000 K . ThelCPdischargesareof rdaivey
high eectrondensity, ontheorder of ~. 1915 cm3.As
aresult, ICP discharges have wide applicationswhere
high-density plasmaisneeded®.

The physica behavior of the plasma torch is
model ed viamagnetohydrodynamic equations, which
isimplemented in the FlexPDE environment. Some
assumptionsare employed during thismodeling. Steedy
and laminar flow, optically thin plasma and local
thermodynamic equilibrium (LTE), negligibleviscous
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dissipation and 2D axisymmetric geometry are the
assumptions. The following equations are briefly
describing the physica behavior of thistorch and will
be employed for themodeing works:

ViA = iugwoA (1)
a,‘.r F I.ﬂ: _
poy Hov.Vi —p——=
ar & 118
_E*.E_{-W.Qj?z}}-l-v.(pa—r 3 2
v, UV
P H V.V + p—=
. . uy, vV du
Fo + V. (uVy,) o Rageeace ©)
dv, .
Py TN i
dv
+V. @)+ V. (u5) @
ar
PCp 5 + PRV VIT=V.Gk¥N+2 -7, (5)

d d .. .
where= 5T t5;Z 0 -dependency isignoredin2D

dueto axi-symmetry. Intheforegoing equations, 1"is
vector potentidl, v, , v, and 1, arethe gas velocity
componentsintheradid, azimutha and axia directions.
P ,T ,B.,F, andE, arethegaspressure, temperature,
dissipated power, Lorentz force component and e ectric
field component, respectively. Values of density  ,
viscosity ;, , specificheat ¢, , thermal conductivity j
electric conductivity ; andvolumetric radiation loss
@, for pure Argon gas are taken from®* and for
admixturesaretaken from*2%3, All characteristicsand
dimensionsappliedinthiswork arelistedin TABLE 1.

Theboundary conditionsimplementedinthiswork
aeg =g a =g (torchaxis)andaongthetorch

wall ﬂﬂl,'az =0 andonthecurrentcoil . v4 = K -

Ontheouter wall of thetube, afixed temperaturevaue
of 3p0x IS imposed and on the walls

o= (k“'/kﬂ,.) (AT/5)

Eq. (1) correspondsto thevector potential equation
deduced from Maxwell’s equations, Eq. (2)-(4) are
three components of momentum (Navier-Stokes) and
Eq. (5) isenergy equation. Foregoing equations are
solved numerically with proper boundary conditionsfor
the geometry shownin Figure 1-b which isgenerated
automatically by FlexPDES and cons stsof 2482 nodes

and 1192 cedlls. The obtained resultsfrom cal cul ations
will beshown and discussed inthefollowing.

RESULTSAND DISCUSSION

The governing Equations with the prescribed
boundary conditionsaresolved numerically by applying
Finite Element Method (FEM) with Partid Differentia
Equeation solver (FlexPDES) using parameterslistedin
TABLE 1. Theca culationswere performed for about
2482 nodesand 1192 cdllsin non-uniform grid system.
For the present plasmatorch, the computed resultsfor
temperatureand axid velocity, whentheworkinggasis
pureArgon, are shown respectively in Figure 2-aand
Figure 3-a. Total temperaturedistributioninsidethe
torchisshown in Figure 2-aand the axial profile of
temperaturedongthe centrad axisisdepictedin Figure
2-b. Coil regionishighlightedintheaxia profile.
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Figure?2: (a) Temperaturedistribution (K) for the case of
pureArgon. (b) Temperatureprofilealongthetorch axis

Clearly, calculationsshow that plasmaisheated up
right after thefirst loop of thecoil; temperaturegradualy
increases and immediately saturates. Figure 3-aalso
showsthetotd axia velocity distribution over thetorch
and besides, Figure 3-b presentsthe profile of axial
velocity dongthetorch axis. Accordingtothisprofile,
particleve ocityinddethecoil regionisnot condderable,
however, vel ocity increasestowardsthetorch exit and
saturates. Circulating flow insdethetorch, regarding

FP 25



JOPA, 4(1) 2016

10000

9000}

Temperature [K]

4000

He %:0.02
He %0.05
He 8:0.10
= He %0.50
= = = Pure Argon

Coil Region

3000 1

2000
0.04

0.06 0.08 0.1 012 0.4 0.16 018 0.2
Z[m]
Figure4: Temperatureprofilealongthecenterlinefor the

case of Helium admixtur esby variousamounts compar ed
with thepureArgon
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Figure5: Axial velocity profilealong the centerlinefor the
case of Helium admixtur esby variousamounts compar ed

with thepureArgon

the negativevauesof axial velocity, isremarkablein
the casefor pureArgon asshownin Figure 3-b which
could be energy dissipating. Controlling the torch
parameters, including thegeometrica and operationa
parameters, would be the best and effective approach
to boost up the performance of thetorch. Obviously
the plasmagasisthemost important iteminthisfield
whichischosento bestudiedin the present work. Argon
gasischosento bethe primary gasand dongside, minor
percentages of Helium, Krypton and Xenon areadded
asthebuffer gas, impressing thetemperatureand velocity

(SeeFigures4-9).
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Figure6: Temperatureprofilealong thecenterlinefor the
caseof Krypton admixtur esby variousamountscompar ed

with thepureArgon
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Figure7: Axial velocity profilealong thecenterlinefor the
caseof Krypton admixtur esby variousamountscompar ed

with thepureArgon

As Figure 4 shows, adding %0.02 He to Argon
coolsthe plasmadown to 4000 K at the head, lowers
theoutput vel ocity down to about 9 m/sand al so causes
thecirculating flowsto eliminate. Thisreductionin
temperatureand vel ocity iscong derablefor %60.02 He;
beyond thisval ue; temperature decreases so smoothly
in comparison with pureArgon case but the vel ocity
increases up to 25 m/s (even more than pure Argon
case). Thisphenomenaisrdaedtothelow atomic mass
of Helium than Argon. Krypton and Xenon are heavy
atomsrather than Argon, so every tiny percentage of
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Figure9: Axial velocity profilealong the centerlinefor the
caseof Xenon admixtur esby variousamountscompar ed with
thepureArgon

them cool down the plasmanearly to 4000 K dueto
ion collisions. Cooling rateissamein all cases except
for %3.20 Xenon. Output vel ocity isdecreased for both
Krypton and Xenon at the head compared to the pure
Argon. By adding %3.20 XenontoArgon, velocity has
abit different behavior, increasingwithinthecoil region,
arapid fluctuation beyond thecoil regionandriseupto
nearly 21 m/s.

CONCLUSION

A two-dimensiona magneto-hydrodynamic code

has been devel oped to acquire adescription of physica
behavior of thel CPtorches. The outcomeistool for
virtually running the device and investigating the
performance under variousoperationa conditions. One
of the most impressing factors, the working gas, is
investigated through admixtures of tiny impurities.
Generdly, admixturesof Helium, Krypton and Xenon
withArgon cool down the plasmawithinthe centerline
of thetorch. Thisiscalled plasmacooling viabuffer
gas. Inthe present study, plasmatemperaturelowered
from 9000 K t0 4000K at thetorch head inthe case of
Kryptonand Xenon. Axial velocity at thetorch headis
al so decreased in mentioned cases and increased for
Helium additive. Decreasein velocity and temperature
isinferredascollisond coolingthroughtheplasma The
prominent and striking effect of buffer gases observed
intheplasmabehavior isthed rculating flowseimination
which isenergy consuming and causesthetorchto be
low-efficient. Thesignificance of the presented model
isthat it enables usto adjust the plasmatemperature
and output velocity invirtud |ab and tunethe stability of
the plasmainsidethetorch. If theadditives changeto
other gaseswith different values, it might have some
differentinfluencesinthetemperatureand ve ocity fid ds.
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