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Measurements of temperature patterns in an inductively coupled plasma (ICP) have been carried out experimentally.
Plasma torch was operated at different RF powers in the range of 3—14 kW at near atmospheric pressure and over a
wide range of sheath gas flow rate (3-25 Ipm). Measurements were made at five different axial positions in ICP torch.
The chordal intensities were converted into a radial intensity profile by Abel Inversion technique. Typical radial temper-
ature profile shows an off-axis temperature peak, which shifts toward the wall as the power increases. Temperatures in
the range of 6000—-14,000 K were recorded by this method. The temperature profiles in the plasma reactor were simu-
lated using computational fluid dynamics (CFD). A good agreement was found between the CFD predictions of the flow
and temperature pattern with those published in the literature as well as the temperature profiles measured in the pres-
ent work. © 2014 American Institute of Chemical Engineers AIChE J, 60: 3647-3664, 2014

Keywords: plasma reactor, flow pattern, computational fluid dynamics, spectroscopy, temperature, imaging, fluid
mechanics

Introduction The plasma reactors are of different types: (1) corona dis-
charge (pulsed or silent discharge) plasma reactors (2)
dielectric barrier discharge plasma reactors (3) inductively
coupled plasma (ICP) reactors (4) thermal plasma jet reac-
tors, and so forth. The present work is concerned with the
radio-frequency inductively coupled plasma (RF-ICP) reac-
tors. The understanding of basic phenomena involved in
these systems and the ability to control the conditions of dis-
charge are vital for the successful implementation of RF-ICP
in practice. Plasma is regarded as a multifunctional fluid,
because it has a high energy density, chemical reactivity,

The plasma reactors have potentially wide applications in
the production of high purity materials, surface treatment,
surface coatings, chemical synthesis, and chemical process-
ing.'™ Table 1 gives the examples of practical importance
where plasma reactors are useful.”™ " From Table 1, it can
be seen that the plasma reactors can be advantageously used
for the synthesis of several useful molecules, nanoparticles,
catalysts, and composites.

Correspondence concerning this article should be addressed to S. N. Sahasra- : ]
budhe at ans@bare.gov.in or 1. B. Toshi at ibjoshi@email.com and varlgble? transport propert.les. How.ever., control of plasma
by application of a magnetic field is difficult due to the
© 2014 American Institute of Chemical Engineers instability of plasma in a RF induction discharge. One of the
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Table 1. Plasma Reactors: Examples of Industrial Importance

Sr. No Author Application Remarks

1 Liao et al.’ Destruction of perflourocarbons Nearly 100% destruction (or abatement) efficiency was
using inductively coupled obtained for C,F¢, CoF,, and CF;. The effect of power
plasma (ICP) reactor input, residence time, type of additive gas going into the

reactor, and Argon dilution have been observed

2 Guddeti et al.® Depolymerization of polypropyl- This work deals with decomposition of polypropylene into
ene using ICP propylene and other useful chemicals. The effect of parame-

ters which have been tested are: Power input, Sheath gas
flow rate variation, central gas flow variation, powder feed
rate, and quench gas flow rate

3 Mohai et al.” Zinc and ferrous removal and The reduction rate depends on feed rate of powders. Gradient
recovery of metals cooling is required for separation of metals. Valuable prod-

ucts can be obtained.

4 Bretagnol et al.® Surface modification of polyeth- Combination of fluidized bed and plasma for manufacture of
ylene powder by nitrogen and low density polyethylene powders (LDPE). The plasma gas
ammonia and low pressure considered was nitrogen for one case and ammonia for the
plasma in fluidized bed other. Increase in hydrophilic character of surface treated
reactor LDPE powder was seen.

5 Ye et al.’ Numerical modeling of ICP A numerical model has been presented, which takes care of
under thermal and nonequili- thermal and chemical nonequilibrium. The chemical and
brium conditions thermal nonequilibrium occurring in the reactor can be

reduced by adding hydrogen to argon plasma.

6 Abanades et al.' Gas cleaning Removal of NH3, NO, and NO, with concentration 10-40
ppm in air is performed. High removal efficiency of 93%
and 0.6 s residence time is obtained

7 Jia and Gitzhofer'' Nanoparticle sizing in a Thermal ICP reactor has been used for the production of CeO, nano-
plasma Synthesis reactor powders. Results indicated that size distribution of synthe-

sized nanopowders is locally monomodal with particle sizes
as small as 4 nm.

8 Blanchard et al."? Fischer—Tropsch synthesis in a The authors have prepared a new catalyst by plasma technol-
slurry reactor using nanocar- ogy using ICP reactor for its application in Fischer—Tropsch
bide catalyst synthesis

9 Hody et al." Production of silicon carbide The paper deals with coating composites by treatment in an
nanoparticles in a fluidized ICP reactor. The characteristics of the composite material
bed reactor depended on interaction between the filler and the matrix.

The main advantage of plasma technology is that it provides
environmental and technical advantages as compared to wet
processes

10 Pristavita et al.'* Carbon black produced in a The paper deals with production of Carbon Black (CB) nano-

plasma reactor

powder by plasma decomposition of methane. In the con-
ventional geometry, particle size of CB particles is much
higher than that desired for many applications. Another
problem is the formation of other volatile compounds. The
geometry of ICP was changed and crystalline CB particles
were synthesized and the desired particle size and shape
were obtained.

methods for controlling of plasma is to use fluid dynamic
techniques such as injection of a cold secondary gas and
mixing of different kinds of gases.

Previous work

In this section, we present some of the most important
experimental and mathematical (computational fluid dynam-
ics [CFD]) studies for understanding the characteristics (tem-
perature, velocity, magnetic field, and energy distributions)
in an RF-ICP torch in a chronological manner. We then
present the motivation for the present work.

Experimental investigations

The temperature and the flow patterns and the electron
number density of ICP depend on various operating parame-
ters like the input power, frequency, plasma, and sheath gas
flow rates and the coil position (Kelliget and El-Kaddah'®).
Kornblum and de Galan'® measured the temperature of vari-
ous atomic and ionic species in a low power ICP at three
different heights above the induction coil. Barnes and
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Scheicher'” have reported velocity and temperature profiles
near the induction coil region of an ICP used for spectro-
chemical analysis. Radial profiles of temperature, electron
density, and electrical conductivity at different heights above
the coil were studied in a 10.3 MHz ICP (Joshi et al.'®).
Hughes and Wooding'® have measured radial profiles of
temperature, electron density, and conductivity in a RF
plasma torch with six turn water cooled coil and working at
5.1 MHz. However, there is a paucity of data on axial tem-
perature profiles and the effect of sheath gas flow rate on the
radial and axial temperature profiles in the coil region.

Theoretical investigations

Prediction of flow and temperature characteristics of RF-
ICP using numerical models have been performed by various
researchers.’® > In most cases, two-dimensional (2-D) axi-
symmetric models have been used. Earlier researchers®%?!
have used laminar Navier—Stokes equations for flow and
temperature while 1-D models have been used for solving
the electromagnetic (EM) field. Modeling the EM is the

October 2014 Vol. 60, No. 10 AIChE Journal



Table 2. Literature Review of Mathematical Modeling of ICP

Authors Geometry Software Used Findings Assumptions Conclusions Limitations
Mostaghimiet al.?’ 2-D axisymmetric geometry. Flow and tem- In-house code 1,2,6 2,3,4,5,10 1,2,3,4 3
perature in both r and z directions while
electric and magnetic equations only in
the r-direction
Boulos?! 2-D axisymmetric geometry flow and tem- In-house code 1 1,2,3,4,5, 8 3
perature in both r and z directions while 6,7,8,9,1
electric and magnetic equations only in
the r-direction
Mostaghimi 2-D axisymmetric with both electric and In-house code 3 2,3,4,5,10 6 1,2
and Boulos* magnetic 2-D equations
Xue et al.>* 2-D axisymmetric geometry All equations FLUENT 5 3,4,5,10 7
are solved in both r and z directions
Bernardi et al.?’ 2-D axisymmetric geometry All equations FLUENT 4,5,6 3,4,5,10 5 1,4

are solved in both directions

Findings: (1) Flow and temperature fields in a ICP system have been estimated by solving governing equations of flow and temperature in 2-D while the electric
and magnetic governing equations being solved in only 1-D. (2) Variation of various parameters which affect the flow and temperature characteristics of plasma
were studied and important insights have been explained. (3) A new CFD model for solving 2-D equations of magnetic and electric field has been proposed for
coupling with the flow and energy governing equations. 4(4) A new technique for solving 2-D equations of magnetic and electric field has been proposed for
coupling with the flow and energy governing equations. 5(5) Different boundary conditions using an extended wall boundary condition has been studied. (6) 3-
D effects for wall boundary conditions were studied.

Assumptions: (1) Flow field is affected by local plasma temperature changes. (2) Axially symmetric system of coordinates with 1-D electrical and magnetic
fields and 2-D flow and temperature fields. (3) Steady state, incompressible, laminar flow. (4) Negligible viscous dissipation. (5) Local thermodynamic equilib-
rium. (6) Volumetric power input due to ohmic heating. (7) Radiation heat losses can be treated as a volumetric heat sink. (8) The plasma is optically thin. (9)
Thermal conductivity includes in addition to molecular transport, effects such as energy transfer by thermal diffusion, ionization and recombination and equilib-
rium radiation for which the optical path is small compared to the size of the plasma. (10) Negligible displacement currents.

Conclusions: (1) Central gas injection has a negligible effect on the overall energy balance of the torch. (2) Keeping power constant, increasing total flow rate
(summation of flow rates of central gas, sheath gas and plasma gas) results in effective heat transfer from plasma to the sheath gas so that lower water flow rates
for external cooling can be used. (3) Keeping gas flow constant if power is increased, heat loss due to radiation is increased. The effective power being utilized
for plasma formation is reduced due to these heat losses. (4) When the gas used for formation of plasma is changed from argon to nitrogen, the characteristics
remain the same except the temperature level is substantially lower while velocities are higher. (5) Comparison of simulation results with literature data showed
good agreement. (6) The results of 2-D governing equations for electric and magnetic field were better than the 1-D models and some better insights were also
obtained. (7) The extended wall boundary condition gives similar results to the earlier technique but reduces CPU time drastically. (8) First 1-D model devel-
oped gave vital insights about the flow and temperature fields.

Limitations: (1) No parametric study was done for studying the effect on flow and temperature fields. (2) Boundary conditions were not properly specified. (3)
The electric and magnetic governing equations being solved in only 1-D while temperature and flow equations were solved in 2-D. (4) No experimental valida-

tion of the model has been done

most critical task in the simulation of induction plasma
torches. Hence, 2-D models have been proposed for solving
EM. However, the boundary conditions used to implement
these models introduce a strong nonlinear coupling between
the boundary values of the vector potential and the current
density distribution induced in the plasma. Hence, different
formulations for solving EM equations have been proposed.
A summary of the previous work on the numerical models
used by various authors, their findings, assumptions, and lim-
itations have been presented in Table 2.

A detailed parametric study was undertaken by Mostaghimi
et al.? to understand the effect of various parameters on flow
and temperature fields in an RF-ICP using CFD simulations.
The frequency for all the cases were maintained 3 MHz. A
2-D axisymmetric domain was selected. Though the mass,
momentum, energy, and concentration equations were 2-D,
the equations for electric and magnetic fields were 1-D. Flow
was assumed to be laminar and hence there was no need for
any turbulence model. The parameters studied included the
flow rates of central injection (carrier) gas (Qp), plasma gas
(Q»), sheath gas (Q3), input power (P), and the type of
plasma gas (argon and nitrogen). The authors considered four
cases: (1)The type of plasma gas was argon and the power
was 3 kW; total gas flow rate (Qp=Q; + O, + Q3) was 20
Ipm; plasma gas flow rate (Q,) was 3 lpm; and central gas
flow rate varied from 1 to 7 lpm. To maintain total gas flow
rate constant the sheath gas flow rate (Q3) was adjusted as
per the variation of Q. In Case (2), the type of gas was
nitrogen and the power was 10 kW; and Q, was varied from
0 to 5 lpm, while Q; was maintained at 3 Ipm and Qs;was
kept constant to maintain the total flow rate Qy at 20 lpm. In
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case (3), the type of gas was again argon and the power was
kept constant at 5 kW, while the total gas flow rate was var-
ied from 20 to 50 Ipm. Q; was kept zero, while the plasma
gas flow rate (Q,) was varied from 3 to 7.5 lpm. For each
variation, Q5 was again adjusted to keep Q, constant. In Case
(4), the power was varied from 3 to 10 kW and all the gas
flow rates, that is, O, Q,, and O3, were kept constant with
values of 1, 3, and 16 Ipm, respectively.

The authors have made several useful observations. For
Case (1), variation in central gas flow rate showed strong
recirculations for low flow rates (1 Ipm < Q; <3 Ipm) while
the recirculations diminished for high flow rates (3
Ipm < Q; <7 Ipm). The temperature profiles showed that the
axial temperatures were practically the same as that of the
inlet temperature for the whole length of the coil. This
observation was made, however, only for Q; =7 Ipm. The
radial profiles showed a decrease in temperature at the center
of the torch with an increase in Q. However, the central gas
flow rate change had no effect on the energy distribution and
almost 60% of the energy was lost by radiation and conduc-
tion in the range of parameters investigated. For with nitro-
gen plasma [Case (2)], the temperature levels were lowered
by 20% than those of argon plasma, while the velocities
were found to be about 1.5 times higher than those of argon
plasma. The effect of central gas flow rate was similar to
that obtained by argon plasma. In Case (3), it was observed
that, an increase in the total gas flow rate (which correspond-
ingly increases the sheath gas flow rate), decreased tempera-
tures close to the wall. As the total gas flow rate was
increased the conduction losses to the wall decreased, while
the radiation losses remained practically constant. Hence, the
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enthalpy of the exit gas was found to increase linearly with
an increase in the total gas flow rate. In Case (4), however,
as the power was increased the wall losses were found to
decrease while the radiation losses increased. Thus, for a
given gas flow rate, an increase in the total power of the
torch resulted in substantial increase in the fraction of input
power lost by radiation accompanied by a slight drop in con-
duction heat losses.

In a detailed review on RF-ICP, Boulos®' has explained
the characterization of ICP reactors (namely temperature dis-
tribution, velocity distribution, electric and magnetic field
and concentration distributions) in the discharge region. The
above characteristics reported by various researchers have
been analyzed and presented in the review. The experimental
measurements and the mathematical models used by differ-
ent investigators to understand the flow and temperature
fields have been comprehensively presented. Important con-
clusions were drawn from the investigations of Mostaghimi
et al.?° The influence of EM forces on flow field was noted
to be substantial and was responsible for the formation of
two circulation eddies in the discharge region with the down-
stream eddy being swept away with an increase in the
plasma gas flow rate. The effect of confined and free plasma
discharge on the characteristics in the induction zone had
been performed by CFD simulations by various investigators.
The results were presented in the review and showed that
the flow fields in both the cases were similar in the induction
zone while the temperature fields were slightly different. The
effect of central gas flow rate (1-7 lpm) was also studied
using CFD simulations. The simulations were performed for
constant plasma gas flow rate and constant total gas flow
rate. The increase in central gas flow rate resulted in cooling
of the entrance region and high temperature region moved
toward the wall. Though, the review presented the state of
the art results of both the experimental measurements and
the CFD simulations, the comparison of experimental data
with simulations was not presented. Further, laminar model
was chosen for the CFD simulations while the basis for the
selection was not explained.

Mostaghimi and Boulos®* extended the CFD model pre-
sented by Boulos.?! Here, a 2-D model for the estimation of
the EM field was presented instead of an 1-D model. Using
the model, the authors have reported detailed flow, tempera-
ture, and EM field patterns and profiles. The profiles were
compared with the earlier model (Mostaghimi et al.*%). Tem-
perature profiles were similar to the ones obtained by the 1-
D model while velocity profiles were slightly different. The
authors have pointed out that, in the 2-D case, the backflow
of gas has been observed by Mostaghimi et al.®° for lower
flow rates and on the upstream end of the coil. This was due
to the effect of the EM field on the gas causing reduction in
backflow. When the axial magnetic field distribution along
the centerline of the torch was plotted it was observed that
the distribution was not symmetric with respect to the coil
but was found to drop monotonously from one end of the
coil to the other. Further, the radial magnetic field intensities
were much lower than the axial field intensities, which
explained why 2-D model was important. An excellent
description of the interplay of the magnetic field, the temper-
ature, and velocity fields was presented. The model was,
however, not validated with the experimental data on the
flow and temperature profiles available in the published
literature.
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Nishiyama et al.>* extended the model of Mostaghimi and
Boulos? to include the existence of turbulence in real prac-
tice of ICPs. Therefore, for the first time, they included the
turbulence model in the CFD simulations. The torch dimen-
sions were slightly different than those used by Mostaghimi
and Boulos.??> The values of 01, O, and Q5 were 20, 10,
and 100 lpm, respectively. The grid size considered was low
(62 X 36) and fourth-order Runge—kutta method was used to
solve EM field equations. The authors investigated the effect
of EM field, input power, position of secondary gas injec-
tion, and swirling on the characteristics of the plasma torch.
The authors observed that, for different power inputs, the
gas temperature increases toward the wall and attain a maxi-
mum at a region of maximum energy accumulation. With an
increase in the power, a slight increase in the gas tempera-
ture was noted. In the case of axial velocity, it was observed
to be maximum in the central region. The authors, further,
observed that, in Case (a), the ratio of u,/u was 0.5 upto
75% of the axial distance (along the centerline) from entry
of the gas. For the rest 25% (till the exit), the ratio became
almost 1. For Cases (b) and (c) in the wall region (50% of
radial distance from the wall), the ratio y/u was found to
be 0.5 (for 50% of the axial distance from entry of the gas)
and becomes higher than one as one goes toward the center
of the torch. An important conclusion was that the turbulent
kinetic energy is high in Case (a) due to active mixing in the
central region. For Case (c), the turbulent kinetic energy was
found to be higher near the wall. In all investigations pre-
sented above, the domain considered was 2-D axisymmetric
with radius R¢ and height Hr.

Xue et al.?* used a domain with radius twice of Rc such
that the boundary of the domain was not confined around the
coil but also away from the coil. However, only the vector
potential equations were solved in the extended domain,
while all the other equations were solved inside the confine-
ment tube. By this modification, the calculation domain was
divided into five zones: Zone I represented the plasma flow;
zone II, the coil; Zone III, the plasma confinement tube;
Zone 1V, quartz tube to separate the central and sheath gas;
and Zone V, the extended domain except the coil region.
The boundary conditions at the wall were simplified as com-
pared with those formulated by Mostaghimi and Boulos.?
Due to the distance, the real and imaginary parts of the vec-
tor potential could now be set to zero at the wall of extended
domain. Hence, Xue et al.’* named this model as the
extended field (EF) EM model. The authors compared the
results of the EF model with the standard two-dimensional
(ST) model and found that the predictions were better than
the ST model (5% deviation). The main advantage of the EF
model was the ability to predict the effects of coil geometry
on the EM field. Further, the computational time was also
reduced.

Bernardi et al.”> compared different techniques to solve
the EM field outside the plasma discharge. Three different
techniques were compared namely: the standard vector
potential formulation (ST); magnetic dipole boundary condi-
tions, and the EF boundary conditions. The authors found
that, out of the three methods investigated, the EF model
reduces the computational time by 60% than the other two
methods. The authors have compared the radial distribution
of the electric field using all the three models. They found
that, though in the plasma region the distributions of electric
field were nearly the same, closer agreement was observed
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Figure 1. A schematic representation of experimental setup.

(A) Experimental assembly, (B) schematic of plasma torch, (1) outer quartz tube, (2) inner quartz tube, (3) annular gap, (4) coil
turns, (5) central gas inlet, (6) plasma gas inlet, and (7) sheath gas inlet. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

with the prediction of the ST model. The method was later
extended for 3-D cases and improved agreement was
obtained. The focus of the work of Bernardi et al.*> was on
comparison of numerical methods with the ST method as the
exact method of formulation. However, the authors did not
compare the predictions of different mathematical techniques
with the experimental data published in the literature. Fur-
ther, a laminar model was considered for the study.

Motivation

From the foregoing discussion, it can be seen that, in the
published literature, the researchers have mainly focused on
temperature measurements mostly above and below the coil
region in an ICP system and not in the coil region. Also,
except Boulos®' and Nishiyama et al.>* experimental data
has not been compared with model predictions. Further, Bou-
los*! compared velocity distribution in radial direction and
Nishiyama et al.>* measured axial temperature distribution.
Although complexity can be reduced by implementation of
simpler boundary conditions for the vector potential equa-
tions as shown by various researchers,”>*® good results are
provided by the ST approach as well. Investigations have
been made by varying the central gas flow rate and the total
gas flow rate. However, no attempt has been made to vary
the sheath gas flow rate and observe temperature and veloc-
ity distributions. The motivation for the present investigation
is as follows: (1) to undertake systematic measurements of
temperature profiles in the coil region at various axial loca-
tions (Table 4); (2) to carry out experimental measurements
for different sheath gas flow rates and over a wide range of
power; (3) present a 2-D axisymmetric CFD simulation for
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the real turbulent case with the ST approach; and (4) to com-
pare the model predictions with experimental measurements
reported in the published literature as well as with those per-
formed in the present model.

Experimental Setup and Measurements
Experimental setup

The ICP torch used in the present work was powered by a
50 kW RF oscillator working at 3 MHz. It was operated at
near atmospheric pressure. Figure 1A shows the schematic of
the ICP torch. Position of the coil and gas introduction points
are also shown in Figure 1A. The corresponding dimensions
have been given in Table 3. The ICP torch consists of two
concentric quartz tubes (1,2) with inner diameter (ID) and
outer diameter (OD) of the inner tube are 60 and 65 mm and
the ID and OD of the outer tube are 74 and 80 mm, respec-
tively. Cooling water is flown through the annular gap of
4.5 mm (3) shown in Figure 1A. Outer tube is surrounded by
a water-cooled induction coil, having four turns (4). The
gases are introduced in the quartz tube from the top. The cen-
tral gas (5) is introduced in axial direction along the center
line of the torch. The plasma gas (6) and sheath gas (7) are
introduced through two holes of 2.5-mm diameter located at
distances r, and r3, respectively. The gases are introduced
almost tangentially (at an angle of 20° downward) to get a
helical flow. Plasma gas and sheath gas enter in the opposite
directions. A metallic cylinder (8) of 51-mm length, 44-mm
ID, and 50-mm OD separates the sheath and plasma gases.
The sheath gas creates a cold buffer zone between the plasma
(9) and quartz tube and protects it from melting. We have
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Table 3. Dimensions of Experimental Setup

Parameters Values
r 1.00 mm
2 6.45 mm
3 22.3 mm
s 25 mm
Ry 30.0 mm
R, 40.0 mm
Rc 55.0 mm
Rcy 60 mm
f 3.0 MHz
H, 166.0 mm
H, 114.0 mm
Hc 70.0 mm
Hy 350. 00 mm
Fl 12 mm
F2 55 mm
F3 55 mm
F4 12 mm

used Argon as plasma gas and sheath gas, and we have not
used any central gas. The torch is vertically mounted on a
process chamber, which is evacuated by a rotary vacuum
pump through a heat exchanger, a cyclone particle separator,
and a filter, as shown in Figure 1B. The pressure in the
chamber can be maintained at any desired value from about
100 to 1000 mB by means of a pressure sensor and a feed-
back control valve. We have maintained the pressure in the
chamber very near to 1000 mB. To measure plasma tempera-
ture by optical emission spectroscopy, optical data was col-
lected at five planes viz. P1-P5 as shown in Figure 1A.
Location of these planes is given in Table 4.

1. The quartz tube that contains plasma was highly trans-
parent. Therefore, the intensity of the direct light from
plasma is orders of magnitude higher than the reflected light
from surfaces of the quartz tubes. The copper coil was
coated with Teflon having a rough surface finish. As a result,
the scattered light from the edges of the coil is of much
lower intensity as compared to the emissions from the
plasma reaching directly to the lens.

2. Temperature measurement
method

3. The Boltzmann plot method®® was used for the determi-
nation of plasma temperature. A typical Boltzmann plot is
shown in Figure 2A. Slope of the straight line shown in the
graph gives the plasma temperature. This technique requires
relative measurement of emission lines intensities. There are
about 17 strong Ar-I emission lines with well-separated energy
levels in wavelength range of 680-890 nm. A 1200 lines/mm
reflection grating blazed at 500 nm was used as dispersive ele-
ment in the spectrograph. Grating response and the quantum
efficiency of charge coupled device (CCD) put together give
almost a flat instrument response in this wavelength range.
Therefore, this wavelength range was chosen to determine the
plasma temperature. ICP was imaged by a lens and a linear
array of nine fibers placed in the image plane. The fibers were
positioned in a horizontal plane so that the nine chordal inten-
sities (line integrated intensities along nine chords) at one hori-
zontal cross-section of the plasma can be recorded. This is
known as end-on measurement of intensity along a chord.
These nine chords of the circular cross-section of the plasma at
one of the planes P1-P5 are shown in Figure 2B. The lens and
the nine optical fibers are adjusted in such a way that the image
of the plasma falls on the fibers symmetrically. Care was taken
that the center of the image fell on the 5th fiber. An imaging

using Boltzmann plot
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Table 4. Axial Positions of ICP Torch for Spectroscopic

Measurements
Symbol Distance from upper flange, z (mm)
P, 220
P, 248
P; 268
Py 288.4
Ps 308

spectrograph (Shamraock-SR-303 I, with ANDOR CCD) was
used to measure the intensity of Ar—I lines.

4. Using Abel inversion technique,?’*® the chordal inten-
sities were inverted to radial intensity profiles at that axial
location. The intensity data were fitted in the Boltzmann plot
and the radial temperature profiles were obtained. This pro-
cedure was repeated for five axial positions. These data were
used to get axial temperature profiles. The power fed to the
torch and gas flow rates were varied and their effect on the
temperature profiles was investigated. A short theory of this
technique follows: assuming that the plasma is in local ther-
modynamic equilibrium (LTE) and is optically thin, the
intensity of an atomic emission line (/) is related to excita-
tion energy, population density of upper state (n,), and the
transition probability (A,;) by the following equation27

1
Iy= <4_>AulnuhvulL (1
T

Here, I, denotes intensity of the atomic emission line, Ay
denotes transition probability between the upper level u and
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Figure 2. (A) A typical Boltzman plot and (B) cross sec-
tion of plasma reactor and location of chords.

Fibers collect integrated light along the chords.
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Figure 3. (A) Typical chordal intensity / (x) for a spectral line, (B) typical radial intensity profile of a spectral line
after Abel inversion, (C) typical radial intensity profiles for a number of spectral lines, and (D) typical
radial temperature profile at a cross section of the ICP torch.

the lower level 1, n, denotes population density of atoms
excited to the upper energy level, & denotes Planck constant,
va denotes frequency of radiation, and L denotes optical
path length.

Ratio of density of atoms excited to upper level to that of
the lower level is given by the following Maxwell-Boltz-
mann formula®

Ey

M 8u (-5 @
mo 8

Substitution of n, from Eq. 2 in Eq. 1 and subsequent
rearrangement gives

Iul/lul Eu

In =B——
guAul kT

The values of [, were measured using the spectrograph
and the values of Ay, gu, Au, and E, were taken from the lit-
erature.'® If In (I /y/guAu) is plotted against E, for several

spectral lines (all must be Ar—I lines) reciprocal of the slope
of the straight line plot gives the temperature as in Eq. 3.

nlL

he
here B=1
where n(4

) isaconstant (3)
81

Measurement procedure

A typical chordal intensity profile (obtained for one spec-
tral line) is shown in Figure 3A. Assuming plasma to be
cylindrically symmetric, chordal intensity data were con-
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verted into a radial intensity profile for each line by Abel
inversion technique*’** (Figure 3B). At r=0, Abel Inver-
sion leads to singularity. Value of intensity 7(r,1) at r=0
was extrapolated from the graph of I(r, 1) with r#0. After
determining radial intensity profiles for more than 10 spec-
tral lines, the relative intensity data at one radial distance
was used as an input (as shown in Figure 3C) to Boltzmann
plot and the value of temperature at that location was deter-
mined. The procedure was repeated, at a number of radial
locations to obtain the radial temperature profiles, and these
are shown in Figure 3D. Figure 3D is a typical radial tem-
perature profile. At low power, we observed temperature
peaks near the axis and as the power increases the peak
shifted to the wall depending on the skin depth. This proce-
dure was repeated for five axial positions as mentioned in
Table 4.

Mathematical modeling

During the past 25 years, CFD is being increasingly used
because of the developments in the computational power as
well as numerical techniques (Joshi and Ranade30; Ekambara
et al.>"). Further, the CFD predictions are being validated by
experiments (for instance, Murthy and Joshi*). In the pub-
lished literature, the knowledge of flow patterns has been
successfully used for the estimation equipment performance
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Table 5. Governing Equations in Cylindrical Coordinates for Axisymmetric Flow

Property Equations
Continuity L2 (ru, )+ 2 (u)=0
Axial velocity momentum () (ig;:) +Lu,) i’(é’t;:) - %% +(vv,) [rlé (0((7)7)) + dﬁ (0<uzz> +F,
Radial velocity momentum L l>0<$,) +(u;) 0591421) —_ %%4_(\,4_\, )[ 2 (#) +2 (é%;)) u,] +F,
where, F,= 1 0 Real [E(;H:*] *1wA0, s and poH,=— 2 (Ay)
Energy Q) | Oell) — 10 {, tegy A ] ] +Up+Ur Up=10[EoE)]: Ur=5600(T—9500)+181(T—~9500)*

Turbulent kinetic energy

L (u,) agf) +(u.) % = (v-‘r ;) [FW ( -

)*&(@)]’LGK—

Turbulent Kinetic energy G, =v,[S|where [S|=1/25;S; and [S;|=1 <% + %)

o . e
Energy dissipation rate equation ]l ) (ré) +(u,) 2 2%

Vector potential equation Tax 4 L0 (1) — A% 4 )1 oo Ay =

(e (2

J+E@]+e @ -t o =144, 0= 192
0 %8+ 12 (r90) — 4 — pywoAr =0 Ag=Ag +iA|

or

(For instance, for solid suspension by Murthy et al.*?).
Therefore, it was thought desirable to use the CFD tool for
understanding the performance of plasma reactors. The fol-
lowing assumptions have been made:

Assumptions

1. Flow field is affected by the local plasma temperature
changes

2. System is axially symmetric (Figure 1B)

3. Steady state, incompressible, turbulent flow

4. Negligible viscous dissipation

5. Local thermodynamic equilibrium

6. Volumetric power input due to ohmic heating

7. Radiation heat losses can be treated as a volumetric
heat sink

8. The plasma is optically thin

9. Negligible displacement currents

A special mention needs to be emphasized on the assump-
tion of LTE. Since the plasma is at near atmospheric pres-
sure, it is collision dominated and LTE is assumed to be
valid.>* One of the most important physical parameters
defining the state of plasma is its temperature, which repre-
sents distribution of kinetic energy of the species (electrons,
ions, neutral atoms, molecules, and photons) constituting the
plasma. Thus, there are several species in the plasma
together with several degrees of freedom. Temperature spe-
cific to one species and for a particular degree of freedom
may be stated as follows:

Twin—(kinetic temperature) corresponds to translational
motion of particles.

T.xe—(excitation temperature) that shows how the elec-
tronic excited states are distributed.

Tion—(ion temperature) that shows translational tempera-
ture of ions.

T.—(electron temperature) is translational temperature of
electrons.

T..—(neutral atom temperature) is translational tempera-
ture of neutral atoms

T.o—(rotational temperature) that is a measure of how
rotational levels of molecules or radicals are distributed.

Plasmas are composed of species with very large mass dif-
ferences viz. electrons and heavy particles like ions, neutral
atoms, and molecules. Due to high mobility of electrons,
they extract energy from EM field very quickly. Heavy ions
get a small fraction of energy as compared to electrons due
to their low mobility. Therefore, T, and T, can be different
in plasma. In LTE, all temperatures described earlier (except
radiation temperature) are equal, and thus, only one tempera-
ture is required to characterize the plasma. Thermal plasmas
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have high-specific enthalpies, high-particle densities (typi-
cally above 10'®/m?®) and can have high flow velocities
(~few hundred m/s). The ICP belongs to the category of
thermal plasmas with low velocities (~few m/s).

It may be noted that the thermal nonequilibrium is rela-
tively more significant in low pressure plasmas upto 300
mbars and not for atmospheric pressures (Mostaghimi
et al.35). Mostaghimi et al.¥ have considered two cases (1)
An ICP torch operating at 1000 mbar and (2) An ICP torch
operating at 300 mbar conditions. For each case, the authors
used two models (a) without the governing equations for
continuity and energy equations for electrons and heavy par-
ticles (LTE model) and (b) with the above equations in addi-
tion to the governing equations for fluid flow (non-LTE
model). The plasma gas flow rates and sheath gas flow rates
were 3 and 34 Ipm, respectively. The radial temperature dis-
tribution for various axial positions showed that at 1000
mbar conditions the LTE model and non-LTE model showed
good agreement (within 1%) in the bulk region, while near
the wall and entrance region of the torch the deviations were
around 10%. However, for the second case for a pressure
300 mbar, the deviations between the two models were 20%
in the bulk region, while they were around 30% in the wall
region. Several works on low pressure plasmas (less than
100 mbar) use the thermal nonequilibrium models (Ye
et al Johannes et al.,’ Panagopoulos et al.,’” and Econo-
mou’®). In the present work, the gas pressure is 1000 mbar.
Further, it may be emphasized that the investigations have
been performed, mostly in the bulk region and the coil
region where, thermal equilibrium prevails and the devia-
tions between the LTE and the non-LTE models have been
found to be less than 1%. The case considered here does not
consider the regions in the entrance or wall regions.

In addition to this, temperature is ~10,000 K. If one applies
Saha equation39 at this temperature, less than about 0.1% gas
is ionized. This means, in the present case, plasma can be
treated very near to a hot gas. Hence, the continuity, momen-
tum,and energy conservation equation for electron and ions is
not applicable and hence not included in the analysis. The
governing equations have been listed in Table 5.

Governing equations and boundary conditions

The continuity, momentum, energy, and vector potential
equations are solved for optically thin plasma using 2-D
model. The set of governing equations of RF-ICP is simu-
lated within FLUENT environment. The vector potential
equations are solved using user defined scalar.

The boundary conditions are as follows:
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Numerical procedure

The schematic of the experimental geometry is shown in
Figure 1. A nonuniform grid (as shown in Figure 5) was
generated using GAMBIT. A 2-D nonuniform colocated grid
was used to solve the governing equations using control vol-
ume technique. The semiimplicit method for pressure linked
equations algorithm developed by Patankar*® was used to
solve the pressure velocity coupling. Continuity, momentum,
energy, and vector potential equations were discretized using
upwind scheme. The under-relaxation scheme is used for
dependent variables. The user defined function code was
developed for the experimental geometry. The code was
simulated using turbulent flow model for experimental geom-
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Figure 4. Details of the geometry of Mostaghimi et al.

(A) Schematic of the geometry and (B) Sample grid.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

etry. For turbulent flow, standard k—& model was used to
solve the turbulent kinetic energy and the turbulent dissipa-
tion energy. The standard k—& model parameters (Launder
and Spalding‘”) are C,=0.09, C; =144, C,= 1092,
g.=1.0, g,= 1.30, and g,= 0.85. The convergence criterion
used was that the residual should be less than 1 X 107>

Grid sensitivity

The details of the geometry used by Mostaghimi and Bou-
los?> and the grids have been shown in Figures 4A, B,
respectively. The grid sensitivity was tested for the geometry
and conditions considered by Mostaghimi and Boulos.* In
2-D simulations, three grid sizes have been considered
(6000, 12,000, and 24,000). Grid independence was tested
by monitoring the variables and residuals during the iteration
process. The axial velocities at centerline axial direction
have been compared for the three grids. Figure 6A shows
only 2% deviation for the three grids and hence the lowest
grid (with number of mesh cells 6000) has been selected for
all the simulations. The details of the grid of the present
experimental geometry have been shown in Figure 5. For the
grid sensitivity of the present experimental setup, three grid
sizes were chosen (63,000, 126,000, and 189,000). Since the
deviations were found to be around 2%-3% (Figure 6B), the
lowest grid size of 63,000 was used for all the simulations
of geometry covered in this work.

Results and Discussion

Comparison of the present CFD simulations with those
published in the literature

We first validate the present CFD simulation with the geo-
metries and the parameters covered in the most prominent
works available in the published literature. We first present a
comprehensive comparison of laminar models with Boulos?!
and Mostaghimi and Boulos.”? Then the simulations will be
compared with the experimental results of Lesinski et al.*'
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Figure 5. Sample grid considered for simulations.

(A) Zoomed portion of the fine mesh in the coil region.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

and Watanabe et al.*> In the next subsection, we present the
simulations for the turbulent flow and compare the model
predictions with all the experimental results from the present
work as well as all the results from the published literature.

Temperature profiles

Figure 7A shows the temperature profiles for three differ-
ent cases.”®?>?* Excellent agreement (within 3%) can be
seen with the geometry of Mostaghimi and Boulos** (2-D
model for momentum and also the EM equations are solved
in both r and z directions). The simulations were compared
with the predictions of Mostaghimi et al.”* where 1-D model
was used for EM equations, while 2-D model was used for
the continuity momentum and energy equations. In this case,
the agreement can be seen to be within 10%—15%, and with
some systematic deviation (Figure 7A). This is because of
the EM equations are solved only in single dimension. The

3656 DOI 10.1002/aic

Published on behalf of the AIChE

model predictions have then been compared with the predic-
tions reported by Xue et al.>* and Mostaghimi and Boulous**
(where the EM equations, continuity, momentum, and energy
were solved in both r and z directions as in the present case)
and good agreement can be seen with deviations within 4%
(Figure 7A).

The axial temperature profiles of Watanabe et al.*’ and
model predictions of Nishiyama et al.*> have been compared
with the present model and shown in Figure 7B. Nishiyama
et al?? underpredict the experimental measurements by
10%—12%, whereas the present model agrees within 6%
deviation. The under predictions of Nishiyama et al.>* can
be attributed to the coarse grid sizes and the Runge—Kutta
method used for the CFD simulations.

Velocity profiles

Researchers have observed that, near the coil region, the
plasma velocity profiles are similar to those observed in the
case of a free jet with a peak velocity magnitude at the cen-
ter. Further downstream, the profiles become increasingly
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(A) Model predictions of literature (1) Mostaghimi and
Boulos?? (2) Present model (3) Mostaghimi et al.? 4)
Present model (5) Xue et al.2* (6) Present model and (B)
Comparison with experimental data of literature (1)
Nishiyama et al.>* model (2) Present model M Experi-
mental data of Watanabe et al.*?

flat with mean velocity dropping rather slowly. Figure 8A
shows the axial profiles of the axial velocity predicted by the
present model and those of Mostaghimi and Boulos* and
Xue et al.>* Excellent agreement can be seen with minor
over-predictions of around 6%. Figure 8B shows the axial
velocity profiles of Nishiyama et al.?® for various power
inputs (P =15, 7, and 8 kW) together with the predictions of
the present model. The geometry and conditions have been
kept the same as that of Nishiyama et al.>* and again excel-
lent agreement (within 8%) can be seen in Figure 8B. The
present model has also been compared with the experimental
data of Lesinski et al.** and Figure 9 shows excellent agree-
ment at all the axial locations.

Experimental results of the present work and
comparison with CFD predictions

Radial Temperature Profiles. In the present work, five
different RF powers in the range of 3-14 kW were used.
Further, for each RF power, the effect of sheath gas flow
was investigated at two levels: 10 and 25 Ipm. A typical
spectrum of Ar—I is shown in Figure 10A. Figure 10B shows
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a typical spectrum collected by nine optical fibers at one
axial location.

Effect of Power Input and Sheath Gas Flow Rate. Three
sets of powers (4.73, 8.84, and 13.35 kW) have been investi-
gated for the sheath gas flow rate (Q3) of 10 Ipm and plasma
gas flow rate (Q,) of 3 Ipm. The measurements have been
performed at five axial locations in the coil region as given
in Table 4. The plasma gas and sheath gas were found to be
in a well-mixed state, when it reaches the coil region (in the
axial direction). The ionization of the plasma gas in the coil
region is maximum at a certain distance from the plasma
boundary. This distance is called the skin depth (J). The
skin depth depends on the magnetic permeability, electrical
conductivity, and the oscillator frequency (Boulos,>' and
Mostaghimi and Boulos*?). The electrical conductivity
depends on the electron density and the excitation tempera-
ture (Joshi et al.'®) of the plasma. Thus, a maximum temper-
ature is observed where maximum electron deposition takes
place and the excitation temperature is the highest. The skin
depth is also a strong function of sheath gas flow rate and

AXIAL VELOCITY, u, (m/s)

0 : . : :
0 50 100 150 200 250

AXIAL DISTANCE, z (mm)

Figure 8. Comparison of axial velocities for various lit-
erature cases with the present CFD predic-
tions.

(A) Axial velocity profiles(1) Mostaghimi and Boulos?;
(2) Present model; (3) Xue et al.?*; (4) Present model.
(B) Axial velocity profiles for different powers consid-
ered by Nishiyama et al.>*> (1) Nishiyama et al.,>* P=5
kW; (2) Present model; (3) Nishiyama et al,® P=7
kW; (4) Present model; (5) Nishiyama et al.,23 P= 8
kW; (6) Present model.
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Figure 9. Comparison of experimental data of Lesinski

et al.*® with present model predictions for
various axial locations.
Present CFD predictions: (1) z=10 mm; (2) z=33 mm;
(3) z=58 mm; (4) z=82 mm; Experimental points of
Lesinski et al*: @ z=10 mm; A z=33 mm; ¢
z=158 mm; * z=82 mm

the power input. Here, for the conditions chosen in the pres-
ent work, we have made an attempt to measure the radial
temperature profiles at different axial locations in the coil
region. Figure 11A shows the profile at z=153.1 mm, the
temperature peak was found to be away from the central
line. The gas temperature can be seen to increase gradually
toward the wall and attains a maximum at a distance
01 =>5.17 mm from the plasma boundary and then decreases.
For the same axial position, with an increase in the power
input, the maximum temperature peak was found to move
away from the center. For example, for a power input of
8.84 and 13.35 kW, the peaks are at distances of
J>,=4.0 mm and d; = 3.5 mm, respectively, from the plasma
boundary. Obviously, the temperature levels were found to
increase with an increase in the power input. As the power
level increases, the electrical conductivity of the plasma
increases with a corresponding increase in the skin depth
resulting in the movement of the peak away from the center-
line toward the wall. Beyond the peak value, the temperature
steadily decreases. This is due to the decrease in both con-
vective heat transfer and electrical conductivity. The reason
for decrease in electrical conductivity is due to the decrease
in the power coupled to plasma beyond maximum power
deposition region. Therefore, electrical conductivity also
decreases slowly toward the wall. The observation of this
particular behavior of radial temperature with power input
for a constant value of Q3 is one of the important results of
the present work.

The exercise described in the above paragraph was
repeated for different axial positions in the coil region. Table
6 shows the various values of skin depths for different power
inputs and the sheath gas flow rates. It can be seen that the
skin depth decreases with an increase in the power. Radial
temperature profile for axial position P1 is shown in Figure
11B. For the lowest power, the skin depth value for position
P2 (z=170.2 mm) is higher than for axial position P1
(z=153.1 mm). This shows that the region of highest power
deposition varies axially for a particular power input. From
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Table 6, it is evident that the skin depth increases with
respect to the axial position for all power inputs till position
P3 and then it decreases. Further, Figures 11A—E also show
the comparison of the CFD predictions with the experimental
measurements. The CFD predictions can be seen to agree
very well with the experimental data. As seen in Figure
11A, for axial position P1 and for the case of low power
input (4.73 kW), the agreement is within 5% while for
slightly higher power input the agreement is within 8%. As
we move axially downward (axial locations P2 and P3), the
agreement is within 7%—-8%, especially, at regions where the
temperature gradients are high. This feature was found to be
true for all the power inputs under consideration. For axial
position P3, the agreement upto 8% can be observed in the
region of skin depth. For axial locations P4 and P5, the pre-
dictions are better (3%—5% of the experimental values).

The sheath gas flow rate was further increased to 25 lpm
and a new set of power inputs were selected namely 5.24,
9.26, and 13.74 kW. Figures 12A-E show the radial temper-
ature profiles for ICP with 3 Ipm plasma gas flow rate and
25 lpm sheath gas flow rate. In this case too, as the power
increases, the peak temperature also increases and the tem-
perature decreases as we move toward the wall. At axial
locations P3 and P4, we observe that the temperature near
the wall is less for 25 lpm than 10 Ipm sheath gas flow. At
P5, the wall temperature is almost the same at both the
sheath gas flow rates. The reason for these observations is
that, with an increase in the sheath gas flow rate, higher
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Figure 10. (A) A typical spectrum (680 to 890 nm) of Ar-l.
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. Radial temperature profiles at different axial locations with Q> =3 Ipm and Q3 =10 Ipm and CFD predic-
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amount of energy is taken away by the sheath gas and the
region of diffusion of sheath gas into plasma region is big-
ger. Both these conditions would cause a decrease in the
peak temperatures and a decrease in the skin depth. How-
ever, the important finding is that this argument is not true
for all the axial positions considered in the present investiga-

tion. This is because a large vortex is created at high sheath
gas flow rate, which leads to an increase in the temperature
in the upstream region above the coil. This particular behav-
ior of radial temperature with variation of sheath gas flow
rate has not been reported so far in the published literature.
Further, Figures 12A-E show the comparison between the

Table 6. Skin Depth Values at Various Axial Locations for Different Power Inputs and Sheath Gas Flow Rates

Sheath Gas Flow Rate 03 =10 Ipm 05 =25 Ipm

Power input 4.73 kW 8.84 kW 13.35 kW 5.24 kW 9.26 kW 13.74 kW

Axial positions Skin Depth (mm)

Pl 5.17 4.00 3.5 5.57 5.0 4.68

P2 5.75 5.65 3.89 6.6 5.16 3.23

P3 6.85 5.77 5.24 6.84 6.49 5.72

P4 6.6 5.46 4.38 6.63 5.13 3.50

P5 5.25 5.0 4.23 5.2 4.9 4.6
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Figure 12. Radial temperature profile at various axial locations with Q,: 3 Ipm and Q3: 25 Ipm.

Present CFD predictions: (1) 5.24 kW; (2) 9.26 kW; and (3) 13.74 kW RF-power; Present in-house experimental points:
W5.24kW; A2. 9.26 kW; @ 13.74 kW RF-power; Axial locations:(A) z=153.1 mm; (B) z=170.2 mm; (C) z=192.2 mm; (D)

z=220.4 mm; and (E) z=240.8 mm.

CFD predictions and the experimental measurements for
higher sheath gas flow rate of 25 Ipm. For axial location P1,
the agreement can be seen within 6% and 4% for the power
inputs of 5.24 and 9.26 kW, respectively. Further, the agree-
ment is within 8% for power input of 13.74 kW. For axial
location P3, the agreement within 8% and 9% can be
observed for power inputs of 9.26 and 13.74 kW, respec-
tively. In addition, for axial locations P4 and PS5 (Figures
12D, E) the agreement was found to be excellent and within
5%.

Axial Temperature Profiles. Axial temperature profile for
3 lpm plasma gas flow rate and 10 lpm sheath gas flow rate
is shown in Figure 13A. Figure 13B shows the results for 3
Ipm plasma gas flow and 25 lpm sheath gas flow. These fig-
ures show a sharp rise in temperature above the coil for the
high sheath gas flow. The comparison between CFD predic-
tions and experimental measurements can also be observed
in Figures 13A and B. For sheath gas flow rate of 10 Ipm,
the axial temperatures predicted by CFD simulations show
agreement within 5% for lower power (P =4.73 and 8.84
kW, respectively), while for P =13.35, the agreement is
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within 8%. For higher sheath gas flow rate of 25 lpm, similar
good agreement can be observed.

Photographs of plasma for 10, 25, and 30 Ipm sheath gas
flow (Figure 14) show that the plasma region extends toward
upstream locations with an increase in the sheath gas flow.
This is corroborated with the axial temperature profile as
shown in Figures 13A and B. To find the reason for the
aforementioned observations, we resorted to the CFD simula-
tion (discussed in Results and Discussion section) for the
flow field in the ICP. The streamlines obtained from the
CFD simulation are shown in Figure 15. It can be observed
that for 10 lpm sheath gas flow, there is a vortex created in
the coil region itself and hot gas is recirculated in this
region. This does not lead to an increase in the temperature
at the upstream locations above the coil region. For 25 Ipm
sheath gas, flow contour shows the existence of a single vor-
tex and the hot plasma in the coil region can be seen to shift
in the upstream direction. This is due to pressure gradient
created by high sheath gas flow rate. As the hot gases flow
upward, the temperature in this region increases and the
plasma is seen above the coil as shown in the photographs
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Figure 13. Axial temperature profile for constant Q, (3
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experimental points: B 5.24kW; A 9.26 kW;
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(Figure 14). The observation of vortex is further explained
as follows: at the inlet, the inflow of the sheath gas enters at
very high velocities (typically 23.6-59 m/s), the correspond-
ing Reynolds numbers being 21,500 and 54,000, respec-
tively. The associated kinetic energy with the jet is
responsible for the creation of vortices. It may be pointed
out that the plasma gas velocity is about eight times lower
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Figure 15. Flow fields of ICP torch operated at 5 kW
RF power and 3 Ipm plasma gas flow.
Streamlines for sheath gas flow rates (A) 10 Ipm and

(B) 25 Ipm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

than the sheath gas velocity. Therefore, the plasma gas has
marginal influence on the vortex flow generated by the
sheath gas (Figure 15). Further, the flow pattern of Figure 15
agrees with the flow patterns reported by Mostaghimi and
Boulos.?

Turbulence Characteristics. The flows considered are
highly turbulent as depicted by the Reynolds numbers
(21,500-54,000; Re =Dugyp/p; where D = diameter through
which sheath gas flows; u, is the swirl velocity; p is the
density; and p is the viscosity). For the case of complex
flow in plasma reactors, the Reynolds number may not indi-
cate the quality of turbulence. Hence, we also investigate
turbulent viscosity ratio and turbulent kinetic energy to
understand the turbulence. Figure 16 shows the turbulent vis-
cosity ratio and the turbulent kinetic energy in axial

C
Figure 14. Photographs of plasma for sheath gas flow rates (A) 10 Ipm, (B) 25 Ipm, and (C) 30 Ipm.

Plasma gas flow rate and DC power were held constant at 3 lpm and 3.75 kW, respectively. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 16. Axial variation of turbulent viscosity ratio
and turbulent kinetic energy for Q; =3 Ipm
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direction. The profiles suggest that the turbulent viscosity
ratio is higher in regions near the coil (~15) and lowers as
we go away from the coil suggesting that there is high turbu-
lence in the coil region. The turbulent kinetic energy also
shows a similar trend thus showing the importance of the
turbulence model.

Conclusion

1. The spatial distributions of temperature in an ICP torch
working at atmospheric pressure have been measured.
The radial temperature profiles were determined at differ-
ent axial locations, at different sheath gas flow rates and
over a wide range of power inputs. It was observed that
the maximum temperature increases with an increase in
the power input. As the power increases, the maximum
temperature peak shifts toward the wall.

2. With an increase in the sheath gas flow, the plasma was
found to move above the coil region. Further, the temper-
ature at the axis was found to increase with an increase in
the sheath gas flow rate. However, vice versa was
observed on the downstream side of the coil especially at
high power inputs. The trend of increase of maximum
temperature with an increase in the power input was
observed at higher sheath flow rates as well.
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3. The axial temperature profiles show that the plasma vol-
ume reduces as the sheath gas flow rate increases and the
axial temperature increases steeply.

4. The flow and the temperature fields have been simulated
with CFD. The model predictions of the temperature and
velocity profiles have been compared with various models
and experimental data from the literature. A good agree-
ment between the CFD predictions and the experimental
measurements has been observed.

5. The CFD model was also applied to the present experi-
mental geometry and the agreement between the model
predictions and the experimental data was found to be
very good within 5% at many locations and within 8% at
all the locations.

6. The turbulent viscosity ratio is very high in the coil
region with peak where turbulent viscosity is 18 times
molecular viscosity. Similarly, the turbulent kinetic
energy is also higher in the coil region. The work is in
progress to characterize the quality of turbulence.***
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Notation
A = Imaginary part of vector potential
Agr = Real part of vector potential
Ar , = Real part of vector potential for pth volume as in Eq. 14
Ar, = Real part of vector potential for pth volume as in Eq. 13
Ap = Vector potential in azimuthal direction
Ay = Transition probability between the upper level u and the lower

level 1
B = Constant
Cp = Specific heat at constant pressure
C, = turbulence model constant
C; = turbulence model constant
C, = turbulence model constant

¢ = velocity of light as in Eq. 3
D = diameter through which sheath gas flows for calculation of
Reynolds number
d. = Coil tube diameter
E, = Excitation energy of the upper level u
Ey = Electric field in azimuthal direction
Ej = Complex conjugate of electric field in azimuthal direction
E(k') = Complete elliptic integrals
F, = Radial body force
F. = Axial body force
f= Oscillator frequency
G, = Production of turbulent kinetic energy
G(k') = Function of complete elliptical integrals
G(k',,) = Function of complete elliptical integrals at pth volume
g1 = Statistical weight of lower level 1
gu = Statistical weight of upper level u
H = Enthalpy
H, = Height from upper flange to first coil winding
H, = Height from lowermost wall of coil winding to the torch
bottom
Hc = Total height of the coil windings
Hy = Height of the 2-D axisymmetric domain considered for
simulations
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H, = Radial component of magnetic field
H. = Axial component of magnetic field
H} = complex conjugate of axial component of magnetic field
h = Planck constant
I = Coil current
I = Intensity of the atomic emission line
I(r,2) = Radial Intensity profile
= (x) Intensity
imaginary as in Table 5, (i = \/——1)
Complete elliptic integrals
) = Complete elliptic integrals
k = Boltzmann constant as used in Eq. 2
k' = constant depending on radial and axial co-ordinates Egs. 13,
14, 15, 16
k ; = constant as in Eq. 16 for ith volume
k , = constant as in Eq. 16 for pth volume
Turbulent kinetic energy as in Table 5
Optical path length
Lc = Length of the coil
Lt = Length of the 2-D axisymmetric domain considered for simula-
tions used by Mostaghimi et al.?>
n = Population density of lower level 1
n, = Population density of atoms excited to the upper energy level.
P = Input power
P. = Distance of first coil winding from inlet as in Figure 4
; = locations at which temperature was measured.
p = pressure
o = total gas flow rate
Q; = central injection gas flow rate
0, = plasma gas flow rate
Q5 = sheath gas flow rate
Ry = Radius of the confinement tube
Rc = Radius of the coil
R; = Radius of ith coil
R; = Radius of outer quartz tube
r = Distance in radial direction
r1 = Inner radius of injection tube
r, = Outer radius of injection tube
r3 = Radius of intermediate tube
r4 = Radius of intermediate tube
Radius of the pth control volume
Cross-section of the pth control volume
= averaged strain term used in production term as in table 5
S;j = Strain term as in Table 5
| = Absolute value of averaged strain term used in production term
as in table 5
|S;j| = Absolute value of strain term as in Table 5
T = Temperature
Tyin = (kinetic temperature) corresponds to translational motion of
particles.
Texe = (excitation temperature) which shows how the electronic
excited states are distributed
(ion temperature) which shows translational temperature of ions.
. = (electron temperature) is translational temperature of electrons.
Toe = (neutral atom temperature) is translational temperature of neu-
tral atoms
Tror = (rotational temperature) which is a measure of how rotational
levels of molecules or radicals are distributed.
T, = Inside surface temperature of quartz tube
Ty = External (wall) surface temperature of quartz tube (300 K)
Uy, = local energy dissipation rate
Ur = Volumetric radiation heat losses
u, = Radial component of velocity
up = Tangential (swirl) component of velocity
up = Tangential (swirl) component of velocity for a particular radius
range as in Eq. 6
ug3 = Tangential (swirl) component of velocity for a particular radius
range as in Eq. 6
u, = Axial component of velocity
z = Distance in axial direction
z, = Height of the boundary at pth control volume.
z; = Height of the ith coil

Greek symbols

oer = Thermal diffusivity

0w = Tube wall thickness as in Figure 4

October 2014 Vol. 60, No. 10

o = Skin depth

1

= Skin depth at power 4.73 kW

0, = Skin depth at power 8.84 kW

03 = Skin depth at power 13.35 kW
¢ = Turbulent Energy dissipation rate

Au = Wavelength of transition from upper level u and lower level 1
A= Thermal conductivity

A

t
H

= Thermal conductivity of the quartz confinement tube (Ay=
1.047 W/mK)
= Turbulent viscosity

1o = Permeability of free space
o = Angular frequency

p = Density

1= kinematic viscosity

v = dynamic viscosity

va = Frequency of radiation

v = turbulent dynamic viscosity

o = Electrical conductivity

g, = constant in turbulence energy dissipation equation

o = constant in turbulence kinetic energy dissipation equation
g, = Electrical conductivity at pth control volume

o, = turbulencePrandtl number
Subscript

i = location number
1= lower level
u = Upper level

Abbreviation

CFD = computational fluid dynamics
ICP = Inductively Coupled Plasma
LTE = Local Thermal Equilibrim
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