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ABSTRACT

Modeling of Helically Applied Current to the Inductively Coupled Radio

Frequency Plasma Torch in Two Dimensions

Cantiirk, Mehmet
Ph.D, Department of Physics

Supervisor: Prof. Dr. Sinan Bilikmen

January 2004, 79 pages.

The electrodeless plasma discharge is typically driven by radio frequency (RF)
power supply within the range (0.2 — 40 M Hz). The applied power is coupled
into the plasma inductively called inductively coupled plasma (ICP). RF ICP
technique has achieved significance importance in a diversity of research and
industrial applications for over the last threes decades. It is still required to
undertake both theoretical and experimental research.

In this work, RF ICP technique is applied on the torch modeling in 2D. Based
on extended electromagnetic vector potential representation, an axisymmetric
model in 2D is proposed for the calculations of the electromagnetic fields in an
RF ICP torch. The influence of axial vector potential is included to the vector
potential formulations. This is achieved by imposing a helical current carrying
wire configuration. The corresponding governing equations are solved numerically
by applying finite element method (FEM) using commercial partial differential
equation solver (Flex PDE3). Based on this model, the plasma behavior and

properties are examined in terms of plasma parameters. Besides, a comparative

111



analysis is made between proposed model called helical configuration and the one
currently available in the literature called circular configuration.

This study shows relatively little difference between temperature fields pre-
dicted by two models. However, significant difference is observed between cor-
responding flows and electromagnetic fields. Especially, tangential flow which is
observed in helical configuration vanishes in circular configuration. The proposed
model offers an effective means of accounting for the variations of the helical coil
geometry on the flow and temperature fields and achieving a better representa-
tion of the electromagnetic fields in the discharge. Finally, it is concluded that
minimum number of turns (n = 2) yields significant difference between two mod-
els whereas, maximum allowable number of turns yield no distinctions on the
results of two models in terms of azimuthally applied current. However, axial
effect of current still exists but very small with respect to the result obtained

with minimum number of turns.

Keywords: inductively coupled plasma (ICP), electrodeless plasma discharge,
inductive plasma torch modeling, ICP simulation, radio frequency, argon plasma,

inductive coupling, helical current configuration, circular current configuration
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OZ

IKI BOYUTTA BURGUSAL AKIMLI IKILIMLI BAGLASIMLI RADYO
FREKANSLI PLAZMA ALEV MESALESI (TORCH) MODELLEMESI

Cantiirk, Mehmet
Doktora , Fizik Boliimii

Tez YoOneticisi: Prof. Dr. Sinan Bilikmen

Ocak 2004, 79 sayfa.

Elektrodsuz plazma bosalmasi (plasma discharge) tipik olarak radyo frekansh
(RF) siiriicti gii¢ kaynagiyla (0.2 — 40 M z) frekans araliginda galigmaktadir. Giig
kaynagindan uygulanan RF akimimin plazmayla etkilesimi ikilimli baglasml (in-
ductive coupling) oldugundan olusan plazmaya ikilimli baglasmly plazma (fBP)
denmektedir.

RF ikilimli baglagml plazma teknigi 30 yildan fazla bir zamandir ¢cok yonlii
aragtirmalar sonucu endiistriyel uygulamalar acisindan énemli mesafeler kat etmig
olmasina ragmen, konu tlizerinde deneysel ve teorik caligmalara gereksinim devam
etmektedir. Bu calismada RF IBP teknigi kullamlarak ates mesalesi (torch)
modellemesi iki boyutlu silindirik diizlemde ntimerik olarak ¢aligilmigtir. Bunun
i¢in gerekli kismi difransiyel denklemler sonlu ége teknigi (finite element method)
ile ¢oziim yapan bir paket programla (FlexPDE3) ¢oziilmiigtiir.

Elektromanyetik vektor potansiyeli temel alinarak silindirin eksen tizerindeki
simetrisi goz oniine alinarak elektromanyetik alanlar hesaplandi. Bu modellemede

uygulacak akimin burgusal sarimli telden ge¢gmesinden dolayr hem acgisal hem



de eksen yontindeki vektor potansiyelin plazmaya etkisi incelendi. Bu model
temel alinarak ikilimli baglagsmlh plazma davranisi plazma parametreleri cinsinden
incelendi. Ayrica elde edilen sonuglar 6nerilen burgusal akim modeli ve lieratiirde
kullanilan ¢embersel akim modeli arasinda karsilagtirildi.

Elde edilen bulgularin gosterdigine gore plazma akisi, sicaklik ve elektro-
manyetik alan tizerinde iki modelde edinilen bulgular arasinda farkhiliklar
gozlenmektedir.  Ozellikle acisal yonde olusan plazma akigi 6nerilen metodla
gozlenmesine ragmen ¢embersel akim modelinde gozlenmemektedir. Sonug olarak
uygulanan yeni modelle elde edilen bulgular cembersel akim modelinden bulunan-
dan farkliliklar gostermektedir. Burgusal telin eksen boyunca uzunlugu sabit
tutulup sarim sayisi ntimerik olarak uygulanabilir azami degere ulasica, ayni
sartlarda burgusal modelden elde edilen agisal bulgular cembersel modelden elde
edilenlerle ayni olmasina ragmen, eksensel etki en diigiik seviyeye inmektedir.
Ayni gartlar altinda sarim sayisi en diigiik degere (yani bir’e) digiiriildiigiinde iki

model arasindaki fark ¢ok biiyiik olmaktadir.

Anahtar Sozciikler: ikilimli baglasimhi plazma, elektrotsuz plazma bosgalmasi,
mesale modellemesi, ikilimli baglagimli plazma modellemesi, radyo frekansi, akigkan

plazmasi, ikilegimli bosalma.
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CHAPTER 1

INTRODUCTION

For over one hundred years, inductively coupled plasma (ICP) sources have been
studied for a variety of applications. The first experimental research in electrode-
less gas discharge was done by Hittorf (1869); he observed that residual gas in a
vacuum tube placed into an inductor begins to glow as soon as a high frequency
current is passed through it [1]. In 1947, Babat [2] was the first to present a
study of the characteristics of inductively coupled electrodeless ring discharge as
a function of gas pressure and frequency. Once the plasma ignition established
at low pressure, a stable plasma can be maintained while the pressure is raised
up to atmospheric pressure by using a power generator of about 100 kW and
a frequency of 4 M Hz. The next major development on the induction plasma
began in 1961 with Reed [3]. Reed’s principal contribution was to show that an
inductively coupled plasma can be maintained in an open tube called torch in
the presence of a streaming gas. Upon leaving the discharge region, the partially
ionized gas forms a low velocity plasma jet with an average temperature in the
range of 8000 K to 10000 K. Interestingly enough, in spite of the numerous

investigations reported over the last four decades, the basic design of the ICP



torch hardly changed compared with the one originally developed by Reed.

Basic phenomenon governing the operation of ICP are essentially similar to
that of the induction heating of metals. With induction plasma, however the
fact that the conductivity of the load (€.9. 0 arpiasma = 1000 S/ m at 8000 K,
1 atm, 4 M H~z) is substantially lower than the electrical conductivity of perfect
conductors such as o¢, ~ 6 x 107 S/ m for copper at room temperature. This
coupling mechanism was demonstrated by Freeman and Case in 1968 [4]. In this
kind of facility, the operating gas (air or any other mixture of gases reproducing
an arbitrary planetary atmosphere) is heated in an electrodeless manner to a
partially ionized plasma state with peak temperatures around 10000 K. The
gas is injected into a quartz tube surrounded by a copper inductor. Applied
RF electrical current runs through the inductor and induces a secondary current
through the gas inside the quartz tube, which heats up by means of Ohmic
dissipation. An inductive discharge in its simplest form is a tube made of quartz
or ceramic placed inside a solenoid (the primary coil) through which RF current
is applied as shown in Fig.(1.1) and Fig.(2.1).

Conceptually, the induction plasma torch is extremely simple. Its essential
components include a refractory or quartz tube through which a working gas
flows. An RF power supply is coupling the energy to the plasma by means of
helical coil of n turns surrounding the plasma tube and a means of initiating
the discharge. The most widely used method for plasma generation utilizes the

electrical breakdown of a neutral gas in the presence of an external electric field



[1]. Charge carriers accelerated in the electric field couple their energy into the
plasma via collisions with other particles. Electrons retain most of their energy
in elastic collisions with atoms and molecules because of their small mass and
they transfer their energy primarily in inelastic collisions. Fundamental rules
for plasma discharge is that an electron must recreated itself before being lost.
Therefore, electron must have a collision with a neutral atom, molecule, or ion
that results in an ionization before the electron diffuses to the wall or substrate
and is lost. All cross sections or probabilities of electron collision ionization
increase with electron energy. The most natural response of the plasma to the
removal of the gas is to increase the average electron energy.

A number of different methods have been used to initiate the torches all of
which use argon as the starting gas [5]. First, a flow of argon gas is injected
from the inlet tube of a quartz torch. Argon injection is initially necessary even
the intended plasma is not the argon plasma. A load coil, usually copper, sur-
rounds the top end of the torch and is connected to an RF generator. When
an appropriate RF power depending on the sample is applied to the load coil,
an alternating current oscillates within the coil at a rate corresponding to the
frequency of the generator. RF oscillation of the current in the coil causes an
intense electromagnetic field to be created in the area at the top of the torch.
With argon gas flowing through the torch, a high-voltage spark is applied to the
gas, which causes some electrons to be stripped from their argon atoms. These

electrons, which are caught up and accelerated in the magnetic field, then collide



with other argon atoms, stripping off still more electrons. This collision induced
ionization of the argon continues in a chain reaction, breaking down the gas into
argon atoms, argon ions, and electrons, forming what is known as an inductively
coupled plasma discharge. The ignited ICP discharge is then sustained within
the torch and load coil as RF energy is continually transferred to it through the
inductive coupling process. In ICP torch, a gas at ambient temperatures is heated
to a plasma state with peak temperatures of about 10000K. The gas is injected
into a quartz tube, surrounded by a thick, water-cooled inductor. A powerful RF
current oscillates through the inductor and induces a secondary current through
the gas inside the tube, which heats up by means of Ohmic dissipation. There-
fore, the induced current can be visible with magnitude I;,guced &= —nl.0i Where
I.,;; is the current induced by voltage applied to the two ends of the coil and n is
the number of turns of coils.

Bernardi et al [6] have proposed the plasma initiation technique which makes
use of a graphite rod initially inserted in the coil region and then gradually ex-
tracted. The presence of the rod, which is heated by the RF field, causes a local
increase in the electric conductivity of the cold, non-ionized gas by thermionic ef-
fect, so inducing the plasma initiation. This study deals with the time-dependent
numerical simulation of inductively-coupled plasma torches during the ignition
transient.

When an inductive plasma of high purity is thus obtained, it may be used

in a wide variety of industrial and scientific applications [7]. This is because,



ICP torch has long been considered as an excellent tool for industrial labora-
tory plasma research and industrial applications. Briefly, the principle develop-
ments in this area presented in three successive groups: The first makes use of
the plasma analysis as a heat source for crystal growth, spheroidization, plasma
spray-coating and deposition, and plasma sintering [8]. The second applications
involving a chemical reaction, for synthesis of high purity silicon, synthesis of
pigment titanium dioxide, and synthesis of ultrafine ultra pure powders [9]. The

third one is spectrochemical elemental analysis [10].

It is difficult to obtain complete information on the state of an inductive
plasma by purely experimental means. A robust and efficient numerical model
of ICP torch can therefore be useful in the design and operation of ICP setup.
Mathematical modeling is an excellent tool which has so far been used with con-
siderable success to calculate the flow, temperature, and concentration fields in
the induction plasma over a wide range of operating conditions. One of the con-
siderable interest is to use these models for the development of a new design of
RF plasma torch [11], the prediction of plasma-particle interactions under dense
loading conditions [12], [13], the calculation of the emission patterns in spec-
trochemical ICP’s [10] and the investigation of local thermodynamic equilibrium

(LTE) effects under the atmospheric and reduced pressure conditions [14], [15].

Significant progress has been made in modeling the induction plasma from one

dimensional electromagnetic (1D EM) models [4] of the early seventies to recent



extended 2D EM models [16]. By extending the calculation domain of electro-
magnetic field outside the plasma discharge region, the boundary condition of the
vector potential used by standard model (ST in 2D) are replaced by simpler far
field boundary condition [16]. For more than a decade, two dimensional formula-
tion of electromagnetic field in an ICP, based on the concept of electromagnetic
vector potential has been widely used in the development of induction plasma
torch models [17]. This formulation offers a relatively simple means of testing
different induction coil designs and to determine the effect of the particular coil
geometry on the gas flow and temperature fields in the discharge.

In this thesis, helically applied RF current configuration in ICP torch is pro-
posed. It is compared with the circularly applied parallel RF current carrying
configuration system. The axial effect of helically applied current has some in-
fluence on the flow, temperature, and electromagnetic fields in the discharge,
especially for a coil with a relatively large pitch. This is analyzed by changing
number of turns to the configurations as well as imposing a formalism to squeeze
or expand the solenoid between two ends. The proposed model is based on the ex-
tended vector potential formulation, studied by Xue et all in [16], however, it has
some significant difference. Rather than computing Poisson’s equation (a inho-
mogeneous partial differential equation (PDE) with applied current source Toource
imposed to the right hand side, current source is supplied to the equation via the
boundary condition in the coil region. Time dependent governing equations in-

cluding the azimuthal motion are computed together with the steady state PDEs



Figure 1.1: ICP is an inductive discharge where the RF power is supplied primar-
ily by passing current through primary winding close to the plasma and causing
a current to flow through the plasma, which acts as a secondary winding.

for vector potentials. The detailed discussions of transient behavior will be left to
the reference [18], we are interested in steady-state solutions obtained after a few
milliseconds are considered for a complete fluid behavior of the plasma under the
atmospheric pressure. The computations are carried out numerically by using a
commercial PDE solver called FlexPDE3.

The thesis consists of six chapters designed to capture the core ideas in the
torch modeling. In Chapter 2, the theoretical background of electromagnetic be-
havior of RF inductively coupled plasma is introduced. Mathematical formulation
of vector potential is obtained. Then the complete description of electromagnetic
behavior of ICP is defined in terms of vector potential. In Chapter 3, magneto-

hydrodynamic behavior of the plasma is introduced. The goal of the chapter is



to provide physical understanding of the fluid model. The necessity of transition
from kinetic to fluid phenomena and validity of local thermodynamic equilibrium
(LTE) is introduced. The discussion of fluid flow and heat transfer fundamentals
has preceeded with the formulation of governing equations.

Chapter 4 describes the physical model that is intended to be simulated.
Formulation of helical and circular current configurations are introduced. These
will include the specified boundary and initial conditions. In Chapter 5, the
results obtained from the simulations are expressed and discussed in terms of the

physical variables. Finally, Chapter 6 ends the thesis by concluding.



CHAPTER 2

ELECTROMAGNETIC BEHAVIOR OF INDUCTIVELY

COUPLED RF PLASMA

As discussed in Chapter 1, inductive plasma is generated by placing a helical
inducting wire next to the discharge region to transfer or couple energy from RF
power source to the ionized gas in the solenoidal geometry (see Fig.(2.1)). The
RF magnetic flux generated by helical current then penetrates into the adjacent
discharge region. According to the Faraday’s law of induction, the time varying
magnetic flux B induces a solenoidal RF electric field E. It is the inductive
electric field which then accelerates free electrons in the discharge and sustains
the plasma [1] and [19]. In cylindrical geometry, induced electric field within
the plasma has two components. Major component is azimuthal, forming closed
loops about the axis and minor component is directed along the central axis.
Acceleration of electrons is provided by the magnitude of electric field. Similarly,

major RF magnetic field is directed along the central axis.

When the magnetic induction varies in time, an electric field is created accord-
ing to Faraday’s law of induction. The situation is no longer purely magnetic in

character. Nevertheless, if the time variation is not too rapid the magnetic field
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Figure 2.1: RF ICP helicon plasma torch consists of a cylindrical tube (whose
inner radius is Ry) made of quartz or ceramic material (whose thickness is dy)
placed inside the solenoid whose major and minor radius are R. and R, between
two ends: P, and P. Upon leaving the discharge region partially ionized gas
forms a low velocity plasma jet with an average temperature within the range:
[8000K, 10000K]. 2D projection and the characteristic dimensions are referred to
Fig.(4.1).
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dominates and the behavior can be called quasi-static [20]. Quasi-static refers to
the regime where the system is small compared with the electromagnetic wave-
length. The ICP operates at radio frequency of about ~ 10 M Hz so the wave-
length A = c¢f = 30m, which is much larger than the ICP dimension of the torch
(L ~ 0.1m). This means that the fields inside the ICP can be considered as
static in a sense [21]. In addition this regime permits neglect of contribution
of Maxwell displacement current Jp = 6086—15 to Ampere’s law. This is due to

|[Jp| < |J] = o|E].

2.1 Vector Potential Formulations

The electromagnetic behavior of the induction plasma, described by Mazwell’s
equations, is very complicated. Maxwell’s equations consist of a set of coupled
first-order partial differential equations, which are obtained from Gauss’ law,
Coulomb’s law, Faraday’s law and Ampere’s law are relating the various com-
ponents of the electric and magnetic fields. These equations provide a complete
description of the dynamics of interacting charged particles and electromagnetic
fields of induction plasma. We consider Maxwell’s equations in an electrically con-
ducting media, where Ohm’s law relates the electric field to the current density
and so back to the magnetic field via Ampere’s equation. The relevant equations

are
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where o is the electric conductivity given in Appendix C; V is the gradient
operator in cylindrical coordinates; i, = 47 x 1077 H/m is magnetic permeability
of free space. Leaving the detailed discussion and complete derivation to the
reference in [20], with negligible free charge (no charge is accumulated in the
calculation domain), the time varying magnetic field B = V x A as the sole source
of electric field E = —V® — %—f (i.e. by setting ® = 0) leads to the following
equation for vector potential \Y (ﬁ . /Y) — V24 = — uoa%‘f . The Coulomb gauge
VA= 0, and the sinusoidally applied RF current further simplify this equation

V2A = ip,owA + ,U,OO'%I;I. (2.2)
where w = 27 f. The structure of Eq.(2.2) allows us to estimate two characteristic
time scales as well as characteristic length comparable to skin depth. The first
term on the right hand side can be used to estimate the time for the decay of an
initial configuration of fields. In other words, it represents the harmonic variations
of fields within the skin depth of the conducting media at an induction frequency
in M Hz regime (i.e. O(po0wA)). The second term, on the other hand, represents
the change in fields within millisecond range (i.e. O(po0A/7)). The term on the
left hand side represents the typical spatial variation (i.e. O(A/I2)). From this
analysis it is reasonable to expect that the last term on the right hand side is
negligibly small. Thus, the vector potential’s temporal behavior will be primarily

determined by the temperature response through the electrical conductivity [18].
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Therefore, Eq.(2.2) is reduced to a steady state equation:
V2A = ipowA (2.3)

that needs to be solved to obtain electromagnetic behavior of induction plasma.

2.2 Electromagnetic formulation Induction Plasma Discharge

For a cylindrical induction plasma torch, the current is applied to the helical
winding current carrying wire as shown in Fig.(2.1). Since the applied current
density J is parallel to the vector potential /T, vector potential has two compo-
nents: A = A,p + A,z The left hand side of Eq.(2.3) can be handled with the
help of Eq.(B.2) and finally we obtain two uncoupled differential equations for
A, and A;:

V2A, — 3 = ipowA,
(2.4)
V2A, = i, 0wA,
where VA, and V?A, can be expanded in cylindrical coordinate with the help of
Eq.(B.3). Once the solutions of A, and A, are obtained in appropriate boundary
conditions, the field components E,, £, and H,, H,, H, are obtained. Since the
applied current is assumed to be sinusoidal with radio frequency it is reasonable to

expect that the induced fields E , and H and vector potential A are also sinusoidal.

The induced E fields:
E, = —iwA,, E, = —iwA, (2.5)
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The Induced H fields:

1 (9A, 8A 1 (84 1 9(rA,)
H = — 2_ % H =—_—— (=2 g =_—_=2+Y"¢
" e (r@gp 82)’ v u()(@r)’ © per  Or

Lorentz force, F':

F,= +iouR{EH; - E.H}}
F,= +3ou,R{E.H;}

F, = —%apoé)% {E,H'}

Dissipated power density, P,:

1
Py (r,2) = SoR{|E,[* + B[’}
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CHAPTER 3

THE RESISTIVE MAGNETOHYDRODYNAMICS OF

INDUCTIVELY COUPLED PLASMA

Magnetohydrodynamics describes the physical behavior of inductively coupled
plasma. The goal of Chapter 3 is to provide a physical understanding of resis-
tive magnetohydrodynamic (MHD) model. This includes a basic description and

derivation of the fluid model.

Inductive plasma is treated as a continuous, conducting fluid that satisfies
the classical laws of motion and thermodynamics. This model combines fluid
equations, similar to those used in fluid dynamics, with the form of Maxwell’s
equations described in Chapter 2. In this model, the state of plasma system is
described by specifying the mass density p (Z,t), the velocity v (Z,t), magnetic
field B (Z,t), and pressure P (Z,t). The ideal MHD is the most basic single-fluid
model for determining the macroscopic equilibrium and stability properties of
perfectly conducting plasma [22]. In ideal MHD model, the transport properties
such as finite plasma resistivity is neglected. The non-ideal effects such as finite
resistivity, thermal conduction, and viscosity may allow instabilities to develop

that are slower and weaker than those allowed by ideal MHD [23]. Non-ideal
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effect, due to finite plasma resistivity are also essential to the dynamics of plasma
relaxation as well as RF ICP torch modeling.

MHD model is described by considering the plasma to be an electrically con-
ducting, charge-neutral fluid moving in response to electromagnetic and pressure
forces, as described by Newtonian mechanics [23]. Such a description implicitly
assumes that the fluid can be subdivided into infinitesimally small fluid elements,
each of which has the same material properties as the macroscopic system [24].
The macroscopic equations governing the flow are then determined by applying
the appropriate laws of motion and thermodynamics to each of those fluid ele-
ments. This assumption breaks down if the size of the fluid elements becomes
smaller than the Debye length A\p = ,/53\];87';36, the length over which nonuniformi-
ties in charge density are expected to be noticeable [23]. Similar conclusions hold
for length scales that describe the motion of individual particles, such as the ion
gyro-radius 7. Thus if AV is the size of an infinitesimal fluid element, the fluid
description is valid for length scales L ~ V3 such that L > (AV)% > 11, AD.
Our aim is to derive a closed set of partial differential equations that describe the

evolution of the quantities p, v, B , and P in the following sections.

3.1 Fluid Flow Characteristics

Properties normally ascribed to fluids include density, compressibility, and
viscosity. Fluid flow is said to be steady if each element of fluid flows a smooth

path each of which does not cross each other. This means that the velocity
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components of fluid and thermodynamic properties at every points in space do
not change in time [24]. The continuous path taken by fluid particles under steady
flow is called streamlines. The velocity of fluid particles is always tangent to the

streamline at that point. Streamlines are satisfied if the following relations hold;

de _dy _d

Vg Uy v,

Streamline flow in which the fluid moves in layers without fluctuations or turbu-
lence so that successive particles passing the same point have the same velocity.
If an adjacent layers of a viscous fluid is smoothly flowing over each other, the
stable streamline flow is called laminar flow [24]. However, at sufficiently high
velocities (e.g. at a certain critical speed) the fluid flow changes from laminar
flow to a highly #rregular flow. This random motion of a fluid is called turbulent
flow. Reynolds number R, which is the ratio of inertial force to viscous force

describes whether the flow is laminar or turbulent:

pud < 2000 fluid flow through a tube is laminar

> 3000 fluid flow is turbulent

In this expression p is the mass density, v is the typical speed, p is viscosity,
and d is the typical size of the solution domain. Laminar flow which is the
normal condition throughout the most of circulatory system is characterized by
concentric layers of fluid moving in parallel down the length of the vessel as shown
in Fig.(3.1). The highest velocity (Vjn4z) is found in the center of the vessel. The

lowest velocity (V' = 0) is found along the vessel wall. The flow profile is parabolic,
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Farabaolic Flow Profile
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Cylindrical (“olume) Flow Coancentric
Fluid Layers

Figure 3.1: Laminar flow.

once laminar flow is fully developed. This occurs in long, straight fluid vessels,
under steady flow conditions (i.e. ICP plasma flow).

The wviscosity is another hydrodynamic property which can be defined as a
measure of how fluid resists against the flow [24]. It is analogous to the friction of
solid bodies in that it also serves as a mechanics for transforming kinetic energy
into thermal energy. In other words, viscosity is related to the internal friction of
adjacent layers sliding past one another as well as the friction generated between

the fluid and the wall of the vessel.

3.2 Heat Transfer and Heat Fundamentals

Heat, being a form of energy, will low when there is a difference in temperature
across a medium. Heat flows from warm to cold areas at a rate proportional to the
temperature gradient and the thermal conductivity of the material —k:ﬁT, [25].
Heat will flow from a higher temperature region in a body to a lower temperature
region if they are in contact, by conduction. Generally conduction involves the

transfer of energy from the high energy particles of matter in the hotter region
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to the lower particles in the colder region. The thermal conduction is due to
molecular energy transfer from parts where temperature is high to those it is low.
Thermal conduction occurs even a fluid is at rest.

The convection can be expressed in two forms: natural convection, the contact
of any fluid with a hotter surface reduces the density of the fluid, causing the
fluid to rise. If the surface is colder than the fluid, the density increases, and
the fluid falls. This circulation of a fluid caused by the temperature differences
is called natural convection. If the fluid is a liquid, almost all heat removed from
the contacting surface is carried away by convection. On the other hand, if the
fluid is a gas, radiation to surrounding surfaces removes a significant portion of
the heat [26]. The second form of convection is called forced convection. It is
the circulation of a fluid over the surface to be heated or cooled by mechanical
means, fans or pumps: or wind. This forced circulation causes turbulence on the
surface, partially wiping off the conductance film and increasing heat transfer.
This effect is proportional to fluid velocity.

Thermal radiation is the transfer of energy between two objects at different
temperature, through a space transparent to the radiation. It is one form of wave
motion known as an electromagnetic phenomenon. The most of the energy from
a practical heating element with temperature of 38 to 1649°C, lies in the range of
wavelengths from 0.5 to 100 microns, which is mostly invisible infrared radiation.
Any body at a fixed temperature will emit radiation of various wavelengths. The

amount of radiation at various wavelengths is different. For example, an increase
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in body temperature causes a decrease in the wavelength at which maximum

energy is emitted, and it causes an increase in total energy emitted.

3.3 Formulation Momentum Equation for Viscous and Incompressible Fluids

Classical mechanics applied to a fluid yields the equation of motion which is

known as Newtonian fluid:

F  dv  0v
o av OV o 1
v Par P U VY (3:1)

Here F' describes the total force acting on the fluid in terms of pressure, viscous,
and external forces: F; = FFressure 4 piscous 4 pbody,

The i’th component of pressure force in the volume is defined by the gradient
of the pressure of the fluid:

[pressure
%

=V (3.2

Similarly, ¢’th component of the viscous force per unit volume is defined by

VISCOUS
Fi

V

== VkO'ik (33)

where oy, is the viscosity tensor of the fluid. As discussed in the preceding section,
physical meaning of o;;, implies that internal friction occurs in a fluid only when
different motion is observed between various parts of the fluid. Hence o;; must

depend on the space derivative of the velocity;

8% 8Uk 2 = =
Oik — M{al‘k + al‘z — gdzkv : U} + 5(5sz %
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where p (P, T) is the coefficient of viscosity and £ (P, T) represents the molecular
behavior of the system. For incompressible fluid (where V - @ = 0) of monatomic
gas (£ = 0), the tensor is reduced to the form

ov;  Ovy
= 4
Tik = £ {&rk + 8.7:,-} (3.4)

Finally, the i’th component of the body force per unit volume is the Lorentz force

per unit volume;

Fbody
%

1 *
=fi= 50,“03CE {fz’jkEij} (3.5)

When the equations from Eq.(3.2) to Eq.(3.5) are substituted into Eq.(3.1),
the final form of the i’th component of momentum equation for viscous and

incompressible fluid is obtained;

p (%1? + Ukvkvi) = VP + Vyiou + fi (%) (3.6)

3.4 Conservation of Matter: Continuity Equation

The continuity equation expresses a conservation law by equating a net flux
over a surface with a loss or gain of material within the surface. Continuity
equations often can be expressed in either integral or differential form. The

differential form of the continuity equation is given by

ot m3s

QB—{—6~(,017):0 (kg> (3.7)
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3.5 Formulation of Conservation of Energy

The conservation of entropy for an ideal fluid which has the form % =0
doesn’t hold for a viscous fluid [24]. In viscous fluid, not only reversible pro-
cess takes place as in ideal fluid but also irreversible process (in which energy
dissipation occurs) takes place. Therefore, it is required to derive the energy con-
servation associated with entropy conservation. Thus, the energy conservation
states that

Time rate of change of total energy density = the energy flur due to mass

transfer + the process of internal friction + heat transfer by means of temperature

gradient + energy flux due to electromagnetic fields.

3.5.1 Derivation of Conservation of Energy

The time rate of change of total energy for viscous fluid is

0 (1 0 (1 0 0
8t( “ +p€+“> 8t< p”) g () + g (W) (38)
The first term on the right hand side of Eq.(3.8) is the rate of change of kinetic

energy which is derived with the help of momentum equation Eq.(3.6):

o [ v? v? 8vi

The second term on the right hand side is the rate of internal energy which is
obtained from Eq.(A.2)

9(pe) _ pT% — WV (pug) - (3.10)

22



The last term on the right hand side of Eq.(3.8) is the time rate of change of

electromagnetic energy density [20]:

6u_

5 = ~R{Vv;8;} - %m{J;Ej} (3.11)

where S = %eijkEjH + is Poynting vector describing electromagnetic energy flow-
ing through the volume. Finally, the time rate of change of total energy in

Eq.(3.8) can be defined explicitely with the help of Eq.(3.9)-Eq.(3.11):
o /1 ,
5 <§pv + pe + u> = Vil +Q (3.12)

where IT, = [pvp {5 + h} — ouvi + senyR {E:H} |} — kV,T| and Q = —V, (kV,T)—
0V Vi — %a?R {EfE;}+ pT%. Note that the required term for thermal conduction

term (e.d. VikV,T) is added and subtracted to the right hand side of Eq.(3.12).

Energy conservation holds if the term @ on the right hand side of Eq.(3.12)

is equal to zero. Thus,

1 s
Q = —Vk (kiva) — O'ikvkvi — 50’% [Ez : Ez*] + pTE =0 (313)

Eq.(3.13) is the general heat transfer equation at constant pressure. Using the

dP
expressions C), = <%)P and pT% = p% T the general form of heat transfer
=
equation at constant pressure will be
pColL =V, (kV,,T) + 04 Viv; + oR [E; - EY] (3.14)
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The physical meaning of the terms in Eq.(3.14) is summarized below:

pCp% : Quantity of heat gained per unit volume

Vi (EVT) : Heat conducted into the volume

01 Vv, : Energy dissipated into the heat by viscosity

1oR([E; - Ef] : time averaged rate of work done by the emf in the volume
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CHAPTER 4

PHYSICAL MODEL OF INDUCTIVELY COUPLED RF

PLASMA TORCH

The typical torch geometry considered in the present work is shown in Fig.(4.1).
Corresponding characteristic dimensions and operating conditions are listed in
Table 4.1. The physical model of the torch is based upon the assumptions given

in the following section.

4.1 Model Assumptions

e The plasma torch is modeled by a fully axi-symmetric configuration in 2D.

e The RF current I.,; is applied to helical conductors as indicated in Fig.(4.2).
This implies that both circular I.,;, and axial component of the coil current

Iooi. is imposed into the system.

Table 4.1: Torch characteristic dimensions and operation conditions. (*): Stan-
dard liter per minute

R, =37mm R,=3mm Lo=50mm Q= 1.0 slpm
R,=188mm déw =35mm L;=63mm Qs =3.0slpm
Ry=25mm 6y =20mm L,=121mm Q3= 33.0 slpm®™
R.=33mm or =2.0mm Ly =200 mm

Ry =100mm f,y=3MHz I.;=200A
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INLET
REGION

Figure 4.1: Torch geometry: RF current is applied to two ends: P; (R.,0, L)
and P (R, 4w, Ly). Pure argon is inserted into the tube with different flow rate:

@1, @2, and Q3 in the inlet region. Plasma is generated in the coil region has a
radius R,, which is less than Ry.
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e Three-dimensional velocity, temperature and EM fields are need to be ob-

tained in 2D.
e Laminar pure argon plasma flows in steady state at atmospheric pressure.

e Optically thin plasma is under local thermodynamic equilibrium (LTE) con-

ditions as described in the following paragraph.
e Pressure work and viscous dissipation in the energy equation are neglected.

e Displacement current Jp = 50%—? is negligibly small and magnetic field is

quasi-static as described in Chapter 2.

These assumptions are well accepted and have regularly been used in previous
modeling studies [16], [28].

Implication of local thermodynamic equilibrium (LTE) is that plasma elec-
tron temperature is equal to heavy particle temperature [14], [15]. Therefore, it
is enough to solve energy equation in Eq.(3.14) rather than two separate equations
for electron and ion/atom energy transfer. Besides LTE implies that properties
of plasma (e.g. physical parameters: viscosity, electric conductivity, thermal con-
ductivity, total volumetric radiation heat loss, mass density, etc.) are described
only as a function of temperature. This assumption is valid only if the operating

frequency is smaller than electron cyclotron frequency: f < ve..
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4.2 Helically and Circularly Applied RF Current Configurations

In this section, helical and circular configurations are qualitatively analyzed.
This is because, the required power is supplied to the system via the boundary
described by two configurations in terms of I.,;, n and the distance between two
adjacent turns (i.e. 0r).

Let R, and b be positive numbers. Then the curve with parametric equations

x (0) = Recos (0)

y () = R.sin (6) (4.1)

z(0) =Ly + b6
in which @ is the angle in the interval [0,27 (n — 1)] and n is the number of
turns within the range 2 <n <1+ L;%fl, describe the right-handed corkscrew-
shaped curve called helix. Since 2% + > = R2?, the helix lies on the surface
of the right circular hypothetical cylinder of radius R., with z-axis its axis of
symmetry. Fig.(4.2) shows the corresponding line segment for 0 < 6 < 7/2. As 0
increases, the helix winds around the cylinder, starting from the specified initial
point P (R.,0, L;) and going around the cylinder once every time 6 increases
by 27 until the final point P, (R.,2m(n — 1), Lg). The vertical distance between
adjacent turns of the helix, equal to 27b, is called the pitch of helix dr;

Lo— 1L,
n—1"

5L=27Tb:

If b is zero (i.e. b=0) then Eq.(4.1) describes a single circle as shown at the top

of Fig.(4.2). The arclength of the helical winding between end points P; and P
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is calculated via the integration;

27 (nfl)
/
0

If we make analogy with above description, the proposed model of the thick

dr
do

0 =21 (n— 1) | R2 + (%)2 (4.2)

helical conducting wire of major radius R, and minor radius R, can be described.

Thus, the parametric equations

z(¢,0) = (R. + Ry cos ¢)cosd
y(¢,0) = (R. + R, cos ¢)sinf
(4.3)
2(¢,0) = L1 + Rysing + 20
7= (z,y,z).
correspond to such a shape in which R, sin ¢ and R, cos ¢ are associated with the
thickness of the helical or circular current carrying systems under ¢ € [0, 27]. As
shown at the bottom of Fig.(4.2), segment of thick helical wire is represented for
0 € [r/2,2r]. Similarly, special case (b = 0) leads to a single turn of a torus-like
circular current carrying wire as shown at the top of Fig.(4.2) for 0 € [7/2, 27].
The set of equations in Eq.(4.3) is associated with surface current density on
the surface indicated in Fig.(4.2) within the end points P; and P,. During the
power is supplied to the system, the RF current I.,; is flowing on the surface
of the conducting wire. Therefore, the electron’s flow velocity on the surface
of the conducting wire of radius R, is related to the surface current density

Keoit = 04Veoir, where o, is assumed to be surface charge density; V.. is the

velocity of electrons moving on the surface of helical wire. The magnitude of
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Re

Figure 4.2: Segment of circular current carrying wire (b = 0, 7/2 < 6 < 2m)
at the top and segment of helical current carrying wire (7/2 < 6 < 2m) at the
bottom. In two segments, the central line expressed within 0 < 6 < 7/2 are
represented by parametric equations in Eq.(4.1)
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Table 4.2: Upper and lower limit of helical system.

Quantity Bottom Limit Upper Limit
n =2 L Lozl 41
o1, =L,—L, .. 2R,

2
¢ = J@rR)? + (Lo — L)? ... (Ly — L) \/1 + (%)
K — 2nRc K, coil = eeees i if K coi

? \/(27TRC)2+(L27L1)2 : (L2—L1)\/1+(%)2 l
K = Lo—Ly 0 e — il
z V@rR)?+(La—L1)*> " \/(2rRe)*+(La—L1)>

= Leail  When the segment of the current

K,y 1s obtained from ’Kwil Soel,
a

- ’O-q‘_/;oil
has completed its journey from P; (R.,0, L) to Py (R.,2mw(n — 1), L) it takes an

amount of time 7 at which the corresponding displacements

2nn—1)R.=Vpr , (n—=1)6,=V,1 , £=Veur

will take place. With the help of the ratios: %:—l = Kﬁc:_z and V‘:il = Klj;l, the

relations among K., K, and K,,; are established,;

2w(n—1)R.
K, = ( Z)

coil

(4.4)
K, = (nigl)éL Ko

Helical current configuration can be analyzed under the given operation condi-
tions from Table 4.1, the required supplied power in terms of applied current (i.e.
I.0i1), number of turns (i.e. in terms of n) and the distance between two adja-
cent wire segments (i.e. in terms of pitch of helix §;) are qualitatively described.

Based on the theoretical discussions here corresponding results was submitted to

129].

31



4.2.1 Helical Current Configuration for Variable n with Fixed Ends

In this case, the two ends of the wire are fixed at prescribed points P; and
P, under given dimensional parameters in Table 4.1. The upper and lower limit
of the quantities are expressed in Table (4.2). When the current is supplied by
a single turn (i.e. n = 2) of helical wire, the pitch of helix will be its maximum
(0, = 58mm) whereas the arclength will have its minimum value (¢ = 215.3mm).
Besides, the specified components of the applied currents can be evaluated as
I, = 192.6A and I, = 53.9A. However, when the number of turns will be
maximum (i.e. n = 10.7 ~ 10) the pitch of the helix will be reduced to its
minimum value (§; ~ 6mm), on the contrary the arclength will reach to its
maximum (¢ ~ 1867mm) with the corresponding applied current components;

I, = 199.94 and I, = 6.2A.

From this qualitative analysis, it is noted that when the number of turns
increases, the axial current decreases as expected while azimuthal current ap-
proaches to the value of total current. Furthermore, when the number of turns
reaches to maximum the behavior of the system can be very close to circular con-
figuration , whereas for a single turn (i.e. n = 2), the effect of the pitch will be
maximum. Therefore axial behavior of electromagnetic fields are at its maximum

value.

Note that n = n,,4. and 6, = 2R, which are theoretically estimated are not

allowable under the specified condition, computations are restricted to the cases
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as indicated in Table 4.3. Moreover, it can be figured out from Table 4.2 that
whether the configuration is circular or helical the effect of azimuthally applied
current is always dominant to sustain the plasma in the torch. This is due to the
azimuthal current source which stays in the range 0.963 K0 < K, < 0.998K .0i
unlike axial current source which stays in the range 0.269K.,;; > K, > 0.0698 K ..;;
as expected.

We will discuss how this contribution influence the plasma behavior in the
torch geometry. Note that helical winding is a 3D object which can only be

expressed in 2D by mapping the projection of 3D to 2D.

4.2.2 Helical Current Configuration for Variable Ends with n = 3

In this section, armed with the resultant analysis from previous section, we
continue discussing about helical configuration for two turns. In this case, keeping
P (R.,0, L) fixed, location of P, (R,, 4w, Ly) is allowed to vary from Ly = 93mm
to Ly = 151mm. The applied current is therefore changing as indicated in Table

4.3.

4.3 Vector Potential as an Electromagnetic Field Source

With the help of the preceeding discussion, electromagnetic behavior of the
standard induction plasma is described by two component of the vector potentials:
A, is due to circular contribution of the applied current and A, is due to the axial

contribution of applied current. For the purpose of numerical solutions, the vector
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Table 4.3: Computational cases: n is the number of turns; AL = Ly — L4

| n | AL(mm) | 6,(mm)

Icoilw(A) ‘ Icoilz(A) ‘ ch/Kcoil ‘ Kz/Kcoil ‘

2 |58 58.0 192.61 93.88 0.963 0.269
3 |58 29.0 198.07 27.70 0.990 0.139
4 |58 19.3 199.14 18.57 0.998 0.070
3130 15.0 198.48 14.43 0.997 0.072
3 |58 29.0 198.07 27.70 0.990 0.139
3 |88 44.0 195.64 | 41.52 0.978 0.208
2|73 73.0 188.65 66.41 0.943 0.332
3|73 36.5 196.97 34.67 0.985 0.173
4173 24.3 198.64 23.31 0.993 0.117
5|73 18.3 199.23 17.54 0.996 0.087

potentials must be divided into its real and imaginary parts;

Ay = RA, +iSA,, A, = RA, +iSA,

Therefore, the set of equations in Eq.(2.4) is expanded to four steady-state Pois-

son’s equations:

RA, . V2RA, — %02 + 0034, =0

r2

SA,:  VQA, - %T—A;ﬁ — oowRA, =0

(4.5)
RA, . V2RA, + pt,0wSA, =0

SA, - V3SA, — p,owRA, =0
Note that the Poisson’s equation defined in Eq.(4.5) has no external source term
— o source ON the right hand side as described Chapter 1.
The solutions of the equations in Eq.(4.5) with appropriate boundary con-
ditions provide complete description of the dynamics of the interacting charged

particles and electromagnetic fields of induction plasma.
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The boundary conditions of Eq.(4.5) are described as follows: At the center
(r = 0) along the axis, vector potential is zero (i.e. A = 0) since E is zero at the
central line. The external boundary conditions of the equations are simpler far-
field boundaries as described in reference [16], whereas the boundary conditions
within the existing sub-domains such as 77 x H 1 =1 X ﬁg and 7 - él =17- Eg are
automatically satisfied by FlexPDE3. Implication of far-field boundary condition
means that A = 0 on the surface (r = Ryr). In the coil regions, however, tangential
boundary condition 7 X H=K:is imposed. The natural boundary condition
will be simplified as the value of the normal component of the argument of the
divergence. Thus, ﬁ.“_v“oj = —K - 7, where K = (0, K,, K,) is the surface current

density as specified in Eq.(4.4).

4.4 Governing Equations

Governing equations consist of three differential equations (momentum, conti-
nuity, energy) with dependent variables ¥, T', and P. Each equation is discussed

in the following sections.

4.4.1 Momentum Equations

In cylindrical coordinates, three velocity components (i.e. radial v,.(r, z), tan-
gential v,(r, 2) and azial v,(r, z)) are representing the flow of gas in 2D. In three-

dimensional axi-symmetric form, the corresponding momentum equations are as
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follows:

T

vttt pi Vo, = pt = 0P L B 4V (uV) 4 V- ()

'U@: p%—{—pﬁﬁvw_i_perW:F(p_{_ﬁ(Mﬁvcp)_&_ngﬁ

r r2 r Or

Uz 'Oagtz+p6'ﬁvz:_%+Fz+ﬁ'(ﬂﬁﬂz)‘f’ﬁ'(ru%g)
(4.6)

where V = TA% + 73% (¢ dependency is ignored in 2D); p is the gas density; t is
the time; P is the pressure; p is the viscosity. Momentum equations described
in Eq.(4.6) are also called Navier-Stokes equations. Notice that various terms
arise in Eq.(4.6), which are physically representing centrifugal and Coriolis forces
in cylindrical coordinates. These terms are mathematically retrieved from the

derivatives of the unit vectors in the convection and viscosity terms of Eq.(B.2).

4.4.2 Pressure State Equation

In principle, the set of equations described in Eq.(4.6) are supplemented by
the equation of incompressible mass conservation (i.e. continuity equation) in
Eq.(3.7) but continuity equation contains no reference to the pressure, which is
nominally the remaining variable to be determined. In practice, we choose to
solve a slightly compressible system according to reference [27], by defining a hy-
pothetical equation of state. In fact, this is physically reasonable and necessary

to stabilize momentum equations for laminar flow. Such pressure variations in
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momentum equations are balancing the viscous forces and electromagnetic forces.
The compressible form of the continuity equation is obtained by taking the di-
vergence of momentum equation. Pressure state can simply be derived if the ¢’th
component of momentum equation in Eq.(3.6) together with the equation of state
in Eq.(3.7) yields

= ([ 00\ =/ . = oo o .
V2P = —V. <p6t> ~V-(p¥ V)45~ (p})+V-F+V-Fseta (p +V- (,01)))
where F is the Lorentz force; ﬁvisc is the viscous force in momentum equations;
the continuity equation is multiplied by a large number o which is representing a
strong response of pressure to changes in density. « is chosen to be large enough
to enforce the near-incompressibility of the fluid, yet not so large as to neglect

the other terms of the equation in the finite precision of the computer arithmetic

JR— 4 av
e.g. o = 10% Hez, .
g PavRS

4.4.3 Energy Equation

As described in Chapter 3, energy equation which is needed to be solved during

the simulation

pCyIE + pCyi- VT =V - (kVT) + P, — Q, (4.8)

where k is the thermal conductivity; C, is the heat capacity; 7" is the temperature;
and @, is the volumetric radiation loss. The set of equations defined in Eq.(4.6),

Eq.(4.7), and Eq.(4.8) represent governing equations that will be solved in all
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sub-domains illustrated in Fig.(4.1).

During the implementation of the simulation in FlexPDE3, all governing equa-
tions are solved in all sub-domains illustrated in Fig.(4.1). In order to achieve no
flow situation other than plasma zone, the wvelocities and pressure variables are

multiplied by a constant null,

v = null X vg,; v, = null X vg,; v, = null X vy,; P = null X pressure

where vg,; vg,; V425 pressure are the major variables that are to be computed in

all domains and null is defined as

1 inside the tube
null =
10~  otherwise

so that physical variables are filtered in order to obtain physical variables:

Uy Vi Uz P

4.5 Initial Conditions

As briefly introduced in Chapter 1, to start operating the ICP Torch, it is
required to ignite the pure argon gas to achieve a plasma state. This can be
achieved by introducing an initial guess (or intuitive solution) to the govern-
ing equations. Initial conditions are assumed to be steady-state solutions of
Eq.(4.5), Eq.(4.6), Eq.(4.7), Eq.(4.8) in which the plasma was assumed to be op-
erating under steady-state condition with supplied power Pj,;iaq, given in Table

4.4. This can be guaranteed by imposing initial temperature distribution in the
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Table 4.4: The system is initially supplied by power: Pj,;t.- When the system
reaches to new steady-state, supplied power Pf;,, will approximately be two
times Pinitial-

‘ n (# of turns) ‘ AL (mm) ‘ oz, (mm) ‘ Pinitiar (kW) ‘ Prina (EW) ‘

2 o8 28.0 1.70 2.68
3 o8 29.0 3.93 8.68
4 o8 19.3 7.43 15.76
3 30 15.0 4.82 12.74
3 o8 29.0 3.93 8.68
3 88 44.0 2.69 6.40
2 73 73.0 1.45 2.24
3 73 36.5 3.29 7.57
4 73 24.3 6.14 13.29
) 73 18.3 10.08 20.74

Gaussian form. Temperature field is maximum in the center of the plasma (i.e.
Trnae = 10000 K) and gradually decreasing towards the walls and drops to am-
bient temperature (i.e. T, = 350K) outside of quartz wall. In addition, plasma
has an initial axial velocity distribution in Gaussian form. Numerically initial

condition of the system at time ¢t = 0 is summarized as follows:

A, =A, =v, = v, = pressure = 0
T =T, 49900 f;4uss© (2 — Lo) © (r — Ry)
Uy = Vo fgauss© (2 — Lo/4) © (Ry — R, /2 — 1)
where fyquss is the Gaussian distribution and © () is a step function.
In general, the time at which the systems has reached to new steady state
with supplied power Pfnq, given in Table 4.4 was about 15 msec. However, the
required time for the new steady-state might be larger or smaller than this value

depending on the specified configuration discussed in the present work.
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4.6 Boundary Conditions

The boundary conditions for governing equations are as follows;

Inlet (2 =0, 0<r < Ry):

oOP
T:350K, F:UT:'U@:O
z
" 0<7<Rpn—0dn
0 R, — 0, <r <R,
v, =4 92 R,<r<R
w[R% ~ R m= T =
0 R,<r<R,+0r
Q
W[R?r(Ri+6T)2] R, +r <r < Ry

where @01, Q2, and )3 are flow rates given in Table 4.1.

At the center (r =0, Ly < 2z < Lp):

or_op_on.
or  or  Or

=v, =0, =0,

On the wall (r = Ry, Ly <2< Lyp):

a_T o kwall (T - Ta). a_P
or B kAr 5wall ’ or

= =v, =0, =0.

where kyq is the thermal conductivity of quartz wall (i.e. ko = 1.047 Klm)
The boundary condition for temperature guarantees ambient temperature outside
of the wall.

At the exit (z=L7,0 <r < Rp) : boundary conditions is not very well known,

however, if the Peclet number (i.e. dimensionless parameter of the systems defined
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) is sufficiently large, we can impose the boundary conditions as

oT

__p:(%’":%:(%z
0z 0z 0z 0z

Note that %Lzz = 0 is chosen instead of % = 0 unlike the previous work, this is

due to the incapability of FlexPDES3.

4.7 Thermodynamics and Transport Properties of Argon Plasma

The density p, thermal conductivity k, enthalpy h, and viscosity u, volumetric
radiation heat loss )., and electric conductivity o at constant pressure are given

in Appendix C. Thermal conductivity of quartz tube is given in Table 4.1.

4.8 Computational Procedure

The governing equations from Eq.(4.5) to Eq.(4.8) with the prescribed bound-
aries and initial conditions were solved numerically using FlexPDE3 for the
cases listed in Table 4.3. This commercial software is a scripted finite element
model builder and numerical solver. The calculations were performed for about
3025 nodes and 1453 cells in non-uniform grid system and an initial time step
3.5 x 10~ "sec on Fujitsu-Siemens Amilo computer. It took 2 hours of CPU times
on the average for calculating 35 msec of torch operation. A typical run made is

shown in Appendix D.
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Transition time from initial condition specified before to a new steady is ap-
proximately 15msec. The reason of running the system longer than 15msec is to
ensure that the system is completely arrived to new steady-state. Both helical
configuration and circular configuration following physical quantities are com-
puted for |A,|, |A.|, |v], Eiorentss P, Power, J. The effect of time step and
number of grids on the numerical solutions were carefully examined and the re-
sults which will be presented here were some of those obtained with smaller time

step and larger number of nodes.
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CHAPTER 5

RESULTS AND DISCUSSIONS

In this chapter the proposed formulation of vector potential model is first tested
and validated against the previous solutions obtained in reference [16], in which
the term —pgJsource Was imposed (in the coil region) to the right hand side of
Poisson’s equation for A, and coil region was assumed to be non-conducting. The
model validation can be satisfied by supplying the source (with surface current

density) to the equation via boundary condition as discussed.

Proposed helical current configuration is investigated next. The results ob-
tained from helical current configuration is then compared with circular current

configuration. Corresponding study was submitted by Canturk et all [29].

As discussed in Chapter 4, computations are carried out for three cases (see
Table 4.3 for detail) in terms of helical and circular configurations. Since the
cases AL = 58mm and AL = 73mm are similar in nature, the results obtained
in two cases are correlated. In three cases, it is intended to figure out how the

pitch of helix §;, and number of turns n enforces plasma behavior.
In order to compare the results obtained in helical and circular configurations,

the current supplied to the two configurations are assumed to be Icouhelicals@ =
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Lot ;) omar- These results are compared against flow, temperature, and electro-
magnetic fields obtained from circular current configuration model. Computa-
tions were carried out using the same set of equations (except the equation for
A, for circular configuration) for the same torch geometry (Tekna model PL-50)
under the same operation conditions. The details of the principle dimensions of

the torch are identified in Fig.(4.1) and corresponding operation parameters are

listed in Table.(4.1).

5.1 Validation of the Supplied Source to Poisson’s Equation

The solutions of Eq.(4.5) via the proposed current source from boundary con-
dition in coil region is verified with the case in which source was supplied from
the right hand side of Eq.(4.5). In this case, the set of equations described in
Chapter 4, were computed with and without source term — pgJsource under cir-
cular current configuration (with n = 3). Although, the solutions obtained from
two approaches are similar in nature, the solutions obtained from proposed model
is more appropriate to the formal definition of coupling mechanism in RF ICP.
Resultant vector potential observed in both cases are illustrated in Fig.(5.1.a)
and Fig.(5.2.a). By excluding the coil region from computational domain, the
electrical conductivity of the wire has not been taken into account. In addition,
in the present model, the applied current is flowing on the surface of the con-
ducting wire (see Section 4.2 for detail) with a skin depth calculated for a copper

wire doy = 3.78 x 10~°m.
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Figure 5.1: Real part of vector potential RA,(a) under circular configuration for
n =3, 0, = 29mm or AL = 58mm and (b) helical configuration for n = 3,
0r, = 29mm or AL = 58mm.

From now on all computations and evaluations are based on the new imple-

mentation of the current source.

5.2  Helical vs. Circular Current Configuration

5.2.1 Analysis of Vector Potential A

In order to compare the modeling of helically applied current carrying system
with circularly applied system, computation was carried out and the solutions
for vector potentials are plotted in Fig.(5.1) and Fig.(5.2).  As indicated in
Fig.(5.1) and Fig.(5.2), it is observed that the azimuthal vector potentials A, are

identical in both helical and circular configurations (i.e. n = 3 and AL = 58mm).
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Figure 5.2: Imaginary part of vector potential 3A, (a)under circular configu-
ration for n = 3, 0 = 29mm and (b) under helical configuration for n = 3,
or, = 29mm.

This is due to the applied current I, = 1. However, we have

Oilhelicahp oilcircular

additional axial vector potential A, when helically applied current is considered
(see Fig.(5.3)). As Fig.(5.1) and Fig.(5.2) are compared with Fig.(5.3), it is
observed that A, is approximately ten times smaller than A,. This comparison
implies that electromagnetic behavior of the plasma is strongly influenced by
azimuthal vector potential. However, the influence of axial vector potential (will

be discussed later) is important when the flow of the gas is considered.

As pitch of helix §y, is rising gradually from 15mm to 44mm by fixing the
number of turns at n = 3, both #A, and absolute value of SA, are decreasing as

shown in Fig.(5.4). On the other hand, A, and absolute value of 3A, increases.
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Figure 5.4: For n = 3 and 30mm < AL < 88mm, |Apnaz| vs. 0r
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Figure 5.5: For AL = 73mm, |Anae| vs. n As n incremented by one pitch of
helix changes as: ¢y, = {73mm, 36.5mm, 24.3mm, 18.3mm}

n=2..5

On the contrary, as the number of turns incremented by one (for AL =
73mm), A, increases linearly in magnitude, however A, inversely decreases. The
relation between |A| and n is indicated in Fig.(5.5). Similar to Fig.(5.5), the
relation between |A] and &, is plotted in Fig.(5.6). It is shown that A, decreases
linearly while A, exponentially increases. When Fig.(5.4) and Fig.(5.6) are com-
pared, it can be seen that characteristic behavior of |/T| are similar in nature.
This indicates that the adjacent distance ¢, plays more important role than the

number of turns n.
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Figure 5.6: For AL = 73mm, |Apae| vs. 0. As §p increases, n is decremented
as {5,4,3,2}

5.2.2 Induced Current Density J

As described in Chapter 2, based on induction heating theory the application
of RF magnetic field results generation of eddy current in the external cylindrical
shell of the load. Corresponding current profiles of plasma reside in the coil region
are shown in Fig.(5.7). Fig.(5.7.b) represents the distribution of J,, profiles while
Fig.(5.7.c) represents J, profiles respectively.

Table 5.1 show a comparison between induced current and applied current

components. The induced current (Ijusmq) is computed via the integration
Lytasma = fg RT - dd

where S represents the azimuthal cross-section (Ry X (Lt — Ly)) inside the tube

49



Redz [A/mA2]

& i T Redp [A/m*2] E——

u issipate ower m s waa b

18 SIRERER FRREL max 0.01 max 018
e 205 Y 0.00 u 010
D 290 u: -0.05 t 0.00

] 5 s et

& 2.80 t ]
B 270

280

| (b} S

<] i
;. i h
i h g
h g f
f f 8
d J e d:
b 0.10 == i o
a0 s b:
Scale = E8 4] B a
a min
Powerl [KW] = 8.68 v Sedle = E5
Scale = E6
0.
T T T T T T T T T
0 3 5. R [mm] ¢ 0 3 5 R [mm] 9 BR[mm] ¢

Figure 5.7: For AL = 58mm and n = 3, (a) dissipated power for helical config-
uration, (b) azimuthally induced current density J,, profile, (c) axially induced
current density J, profile.

for I,. However, S corresponds to the axial cross-section (7 Rj) for I..
Outside the coil region plasma is assumed to be non-conducting and spans
the temperature difference between that of the plasma and the wall of plasma

confinement tube. The thickness of the shell, which is known as skin depth (i.e.

§= 2_) is displayed as a function of n and ¢, in Fig.(5.8). As indicated in

HOTaqvW

the figure, ¢ is exponentially decreasing for n, whereas, it is linearly increasing

for 5L-

5.2.3 Power Dissipations

Similar to current profiles, power dissipation as shown in Fig.(5.7.a) takes

place essentially in the outer annular shell of the plasma, where the heating
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Figure 5.8: (a) Skin depth 0 vs. number of turns n for AL = 73mm. ¢ is inversely
proportional to n. (b) Skin depth vs. pitch of helix §;, for n = 5..2) AL = 73mm.

0 is approximately directly proportional to dy.
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Table 5.1: Induced and applied current under helical configurations.

‘ n ‘ AL(mm) ‘ n[coil(A) ‘ nIcoilw(A) ‘ _Iplasmaw (A) ‘ nIcoilZ (A) ‘ _Iplasmaz (A) ‘

2|58 400 385.2 274.8 107.8 65.9
3|58 600 594.2 971.9 83.1 67.3
4 158 800 796.5 763.1 74.3 62.2
3130 600 298.4 580.8 43.3 37.2
3|58 600 594.2 971.9 83.1 67.3
3| 88 600 586.9 530.0 124.6 93.1
2|73 400 377.3 229.6 132.8 70.8
3|73 600 590.9 562.0 104.0 82.7
4|73 800 794.5 749.2 93.2 75.8
5|73 1000 996.1 922.5 87.7 72.4

of the discharge depends on conduction and convection transfer of heat from
external shell which gives rise lower temperature, observed at the center of the
discharge. Table 4.4 gives the total power supplied to the plasma under different
computational cases. The total dissipated power depends on the number of turns.
As indicated in Fig.(5.9), power is linearly increasing as m is incremented by
one. On the other hand, Fig.(5.10) displays the same result in terms of pitch
of helix. However, as shown in Fig.(5.10), power is exponentially decreasing
as the pitch of helix becomes larger. The computations were repeated for n =
3 case in which the dissipated power is expressed against the pitch of helix.
Fig.(5.11) represents how dissipated power decreases as dy, increases. For instance
the difference between two configurations are very small at ;, = 15mm however
it will become larger and the difference between two curve is AP,,., = 0.6kW at

0 = 44mm
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Figure 5.9: Dissipated power P (kW) is plotted in terms of number of turns n for
helical and circular configuration under A = 58mm and AL = 73mm.

0] Power vs dL for n=5..2
15 - - — -
—o— Helical Configuration: L2-L1=73mm
——Circular Configuration: L2-L1=73mm
g
<
£109
o
o
5 -
0
T T T T T T
10 20 30 40 50 60 70
& (mm)

Figure 5.10: Dissipated power P (kW) vs. 0, for n = 5..2 for AL = 73mm under
helical and circular configuration.
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Power vs. pitch of helix, n=3
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Figure 5.11: Dissipated power P (kW) vs. pitch of helix §; for n = 3, under
helical and circular configuration.

5.2.4 Comparison of Temperature Profiles

According to Ohm’s law the dissipated power (see Section 5.2.3 for detail)
within the discharge region near the coils is transferred to thermal energy, the
heating of the plasma other than the discharge region is provided by convection
and conduction heat transfer from discharge region which gives rise to lower
temperature of the central plasma region. Because of such heating mechanism,
temperature distribution is essentially populated at the center of the tube near
the coil region. Upon leaving the discharge region partially ionized gas forms a low
velocity plasma jet with an average temperature within the range: [8000, 10000]

in Kelvin.
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Figure 5.12: Temperature profiles for helical configuration, AL = 58mm (a)
single turn (n = 2), d; = 58.0mm (b) two turns (n = 3), 0, = 29.0mm (c) three
turns (n = 4), 65, = 19.3mm.

The temperature fields obtained for two formalisms are investigated in Fig.(5.12).
The results look similar since the total dissipated power is 8.7 kW for helical wind-

ing and 8.4 kW for circular rings. The percentage difference was approximately

%3.4 which is very small to observe temperature difference.

The variation of temperature profiles with respect to d; and n are drastic.
For example, by keeping the number of turns constant while expanding the two
end points of the solenoid, the temperature distribution is sequentially become
wider along the axial direction. When the number of turns is incremented n
from n = 2 to n = 4 it is observed that the solutions of the temperature profiles
show some difference. As indicated in Fig.(5.12) for n = 2, the profiles is located

at the center of the tube near the coil region. As n is incremented by one and
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computation is repeated the temperature profile becomes wider.

From these observations, it can be seen that number of turns plays essential
role on the temperature profiles compared with the case in which the solenoid
is expanded for n = 3. In other words, special attention is given to determine
the effect of plasma operation parameters on temperature field. As shown in
Fig.(5.12) maximum temperature profile in the discharge is insensitive to pitch

of helix (n = 3) but slightly increases with an increase in n.

5.2.5 Lorentz Force F Profiles

As discussed in Chapter 4, Lorentz force derives the momentum equation.
Therefore, velocity profiles in the plasma depends strongly on the variation of
Lorentz force. Fig.(5.13) and Fig.(5.14) indicate Lorentz force profiles for n = 3
and 07, = 29mm under helical and circular configurations. Profiles of F,. in two

configurations are similar in nature with a very small difference in magnitude.

As shown in Fig.(5.13.a) and Fig.(5.14.a), radial force F)., which is generated
at the outer shell of the plasma with a thickness of skin depth § in the coil region
is the major component of the driving force. Because, F, pushes the plasma
stream through the center. In that case, it provides plasma confinement and

avoids over heating the chamber wall.

In order to observe how it effects the plasma flow, computations were also

carried out to determine the behavior of the radial forces under different n and
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Figure 5.13: Lorentz force for helical configuration: (a) Radial force. (b) Az-

imuthal force. (¢) Axial force.
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dr,. In order to see the effect of pitch of helix 4y, results obtained from computa-
tions are analyzed within the range 15mm < §; < 44mm, n = 3 under circular
and helical configurations. In the first case, when 47, has changed from 15mm to
44mm, |F,| decreases 80% and 82% in helical and circular configurations respec-
tively. However, when n increased from 2 to 4, |F,| increases 87% and 88% under
helical and circular configurations. From these comparisons, it can easily be seen
that the variations of n and AL in two configurations are identical, however, the

difference in two configurations is very small in magnitude.

5.2.6 Velocity v Profiles Under Helical and Circular Configurations

The most important contribution of the helical winding is observed in velocity
profile, in which, the total gas flow rate was kept constant and only applied axially.
In the circular configuration, the azimuthal velocity is zero (i.e. v, = 0) since
neither azimuthal driving force nor azimuthal inlet exists.
5.2.6.1 Radial Velocity v,:

It is observed from the solutions of governing equations that radial velocity
v, depends on the radial force as discussed. When ¢y has changed from 15mm
to 44mm magnitude of v, decreases. For example v, has changed from 11m/s
to 2.4m/s while v, , —10m/s to —4.2m/s. Therefore, the decrease in positive
radial velocity profiles is 78.2% but it is 58% in negative radial profile.

The analysis has also been done for the case in which n changes from 2 to

4 for AL = 58mm. It is figured out that v, has increased from 1.2m/s to
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Figure 5.15: Radial velocity profiles under helical configuration, AL = 58mm (a)
case n =2 (b) case n =3 (c) case n = 4.

7.0m/s (82.9%) while v,, . from —3.9m/s to —8.0m/s with 51.3% increase in
magnitude. As shown in Fig.(5.15), it is observed that the variation in the pitch
of helix is inversely proportional to the magnitude of v,., however the variation
in radial velocity profiles is as indicated in the figure. Computation has been
repeated for circular configuration it is observed that there is a small difference
in the magnitude of v, but the profile is as indicated in Fig.(5.15). It can easily
be expressed that the radial velocity in helical winding is comparatively larger
than the one in circular configuration. This is due to the influence of A, in radial
Lorentz force as well as the centrifugal force term —p% in radial momentum

equation, Eq.(4.6).
5.2.6.2  Azimuthal Velocity v,.:
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Tangential motion of the plasma has only been observed in helical configura-
tion because F, is the only driving force for tangential flow. In order to determine
the effect of helical configuration, analysis has been done for two cases: As dp,
changed from 15mm to 44mm, |v,| increases in magnitude. For example, v,,..
has changed from 0.2m/s to 4.5m/s while v, , has changed from —1.7m/s to
—4.5m/s. In contrast to this case, when number of turns has changed from n = 2
ton =4 for AL = 58mm, it is observed that v,,,,, has changed from 4.5m/s to
0m/s while vy, . has changed from —4.5m/s to —4.2m/s. These investigations
have expressed a drastic change in tangential motion and the direction of v,,.
Moreover, as shown in Fig.(5.16.a) velocity profiles has splitted in two halves.
The upper column is flowing in counter clockwise direction whereas the lower
column is in the opposite direction. As indicated in Fig.(5.16.b and c¢) when
the number of turns increases incrementally (while d;, decreases) the flow will
be completely in clockwise direction. Furthermore, Fig.(5.16) shows that as &,
decreases, azimuthal motion becomes completely in one direction. This behavior

might be important for some applications such as powder spheroidization.

5.2.6.3  Axial Velocity v,:

Simulation results have indicated that the axial flow profile is influenced by
radial and tangential motions. In other words, the major driving force as dis-
cussed in the preceding paragraph is radial Lorentz force. It pushes the plasma

stream toward the center in the coil region. This will be balanced by pressure
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Figure 5.16: Azimuthal (can also be called tangential) velocity profiles under
helical configuration (AL = 58mm) (a) case n = 2 (b) case n = 3 (c) case n = 4.

gradient and finally the convection in flow is yielded along the z-axis. Compari-
son of helical and circular configuration have indicated that minor influence arises
from tangential motion. In this case the pitch of helix implicitly influences the
flow. In order to make further analysis, the same procedure is repeated for v,
and v,,. In case of n = 3 under helical configuration, d;, has changed from 15mm
to 44mm, it is observed that v, has decreased drastically (e.g. v,, .. from 30m/s
to 6m/s while v, . from —18m/s to —6m/s). Similar result has been observed
for circular configuration except the change in magnitude (e.g. v,,.. = 30m/s
to vs,,,. = 13m/s but v, . from —18m/s to —6m/s). In the second case by
keeping ends of helix fixed (AL = 58mm) while incrementing the number of turn
by one, it is observed that v, is directly proportional with n (see Fig.(5.17)). For

example as n changed from 2 to 4, v,, . increased from 10m/s to 27m/s whereas

61



T
vz [mfsec) } f C/fﬂ—r\J
Wz [misec]
max 202 i 18. W’
max 103 e -2.00 D: 200 100
Coonn o d -2.50 : -4,
PO I 5 tn 5 Velnied
ALog0ol b -3.50 B
350 a 400 A 170 E g 88 ?ax g?g =
" 7 min 415 Jo oo n: 0 A
' ' min 917
o o _
Il e
{3: i 900
. s: 900 h £.00
. 50 o |
P35 g 700 8] f: 000
oo p 600 e 300
n 250 o 5.00 d -6.00
nooA00 O ¢ 900 L
lm. 328 m: 3.00 b -12.0
k. | 200 a -150
R ki 100 min - -158
I 080 T
i 0.00 . [
1o -1.00
h 050 .
h -2.00
g 1.00 g -300
f 150 2 g
T L T T T T T T T T T T T T
3 6 R [mm] 9 12 i 3 B R [mm]s. 12 o 3 & R[mm]a 12.

Figure 5.17: Axial velocity profiles under helical configuration (a) case n =2 (b)
case n =3 (c) case n = 4.

v,,... changed from —4m/s to —15m/s. When the similar comparison has been
done for circular case only a small change in |v,| is observed. That is v, is
similar to previous case but v, , changed from —5.5m/s to —15m/s. Therefore,
the effect of helical winding for axial velocity profile is very small. However, ¢,
as an adjacent distance between turns is important not only for helical but also
circular configurations.
5.2.6.4 Velocity Flow v = rv, + Zv,:

Comparisons were also carried out to determine the effect of increasing number
of turns on velocity flow. In this case, vector form of the velocity flow (i.e.
U = (v, v,)) is shown in Fig.(5.18) for only helical configurations. It can be seen
that the number of turns are much more influencing the flow. For example, when

the number of turns increased one by one the magnitude of the velocity flow
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Figure 5.18: Velocity flow of helical winding of (a) single turn, (b) two turns, (c)
three turns.

doubles (i.e. for one turn:10.5 m/s; two turns:21 m/s; three turns:30.0 m/s).
Similarly, the size of the pitch changes the shape of the swirl observed at the
central discharge region. For example, when the pitch is large the shape of the
swirl is broadened in the central discharge region in the tube. When the pitch
decreased to minimum value as the swirl shrinked significantly and shifted toward

to the inlet side of the discharge region.
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CHAPTER 6

CONCLUSION

An integrated system of numerical codes has been developed to investigate ther-
mal plasma characteristics produced by RF plasma torches and to find the opti-
mum design and operating variables depending on their industrial uses. Based on
the numerical calculations by the computer codes developed, a two-dimensional
helical representation of current carrying system in an inductively coupled RF
plasma is investigated using the extended vector potential approach with im-

provement on the current source.

Plasma parameters predicted by numerical calculations are quantitatively in
good agreement with previous modeling, which proves the validity of numeri-
cal modeling in the development of thermal plasma torches for their industrial

applications.

The solutions determined from two approaches (i.e. Poisson’s equation with
source and without source terms) are similar in nature. However, results obtained
from proposed model is appropriate to the formal definition of inductive coupling

mechanism for plasma discharge.
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Computations, which have been carried out both for helical and circular con-
figurations, have shown significant differences on electromagnetic behavior as well
as temperature and fluid flow of the induction plasma. The major difference be-
tween two configurations has observed on axial vector potential A, and azimuthal
motions v,. The minor difference, on the other hand, is in magnitude of the pa-
rameters other than A, and v,. In that sense, this simulation retrieves more
elaborative informations for a standard induction plasma under typical operating
conditions. The significance of the present model is, for example, in its ability
to predict the effect of coil geometry on the flow and electromagnetic fields in
the discharge region. The realistic representation of electromagnetic fields has an
important influence on radial and angular components of the Lorentz force which
causes modification in radial flow for the circular configuration and driving the
angular motion.

Furthermore, it is realized that computations for both configurations, have in-
fluenced dependent variables that were calculated for both configurations. Num-
ber of turns and the distance between two adjacent turns have major impact on
the profiles as well as the magnitude of the parameters. For example, the increase
in number of turns cause to increase all physical parameters except A, and v,
in magnitude and the profiles. On the other hand, A, and v, decreases as n
increases.

Finally, another important conclusion is that minimum number of turns (n =

2) yields significant difference between two models whereas, maximum allowable
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number of turns yield no distinctions on the results of two models in terms of
azimuthally applied current but axial effect of current still exists but very small
against to the result obtained with minimum number of turns. difference on

azimuthal .
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APPENDIX A

THERMODYNAMIC QUANTITIES

The derivation of conservation of energy requires some of the essential thermo-
dynamic quantities (from [33]) in order to derivate the time rate of change of

internal energy % (pe). The quantities are given as

Ae = Q+W =h-1
Ah = TAS+VAP
(A1)
Q = TAS
W = —PAV = LAp

where € is the energy, () is the heat energy, h is the enthalpy, W is the work
done on the gas. In terms of given quantities from Eq.(A.1), the rate of change
of internal energy can be expanded as % (pe) = p%e + e% p where the first term

on the right hand side is p% = pT% 4 29 and % — _V . (p7). Final form will

ot T p oty ot
be,

0 s o,

5 (PE) = T 5 = hV - (p¥) (A.2)
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APPENDIX B

USEFUL MATHEMATICAL IDENTITIES

B.1 Vector Laplacian in Cylindrical Coordinates

. ] (B.1)
where
VAV =V, - - 35
V| =V, -+ A5 (B.2)
V2| = VRV

B.2 Laplacian of a Scalar Function in Cylindrical Coordinates

10 of 10%f 0*f
2
=——r—=—4+—-—"+—= B.
vy ror or * r20p?  0z? (B-3)
B.3 Gradient Operator in Cylindrical Coordinates
- 0 0 0
=Fr—4+o— + 22— B4
Vv T@r—'—wr&p—'—zaz (B-4)
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APPENDIX C

ARGON PLASMA PARAMETERS AT ATMOSPHERIC

PRESSURE

The density p, thermal conductivity &, enthalpy h and viscosity u data for argon
plasma at atmospheric pressure were those tabulated by Lewis [30]. These are
the best experimental data available for argon plasma in the literature. Using
curve fitting tools(Axum 6.0) polynomial equations are calculated as a function

of temperature for each physical parameter.

C.1 Mass Density of Argon Plasma py, (%)

482.069
PAr (T) = T (Cl)

C.2 Thermal Conductivity of Argon Plasma k., (K—V‘;n)

ka- (T) = 0.01094 + 3.161 x 107°7 — 1.537 x 107972 4 1.421 x 1071373

—1.095 x 10717T* 4+ 3.629 x 10~227°
(C.2)
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C.3 Enthalpy of Argon Plasma h 4, (k—‘]g)

har (T) = —9.17 x 10* 4 754.6T — 0.171T% + 4.994 x 107573 ©3)

—6.309 x 10797* 4+ 2.895 x 10~ 137°

C.4 Heat Capacity of Argon Plasma C,,, (kgiK)

The heat capacity is obtained using the equation C,, (T') = (%)P, where

har is from Eq.(C.3):

Cp, (T) = T54.6 —0.342T +1.4982 x 10T —2.5236 x 10~°T4-1.4475 x 10~ 1*7*
(C.4)
C.5 Viscosity of Argon Plasma i, (%)
par (T) = 1.379 x 107° +4.101 x 10737 — 2.139 x 10~ 27>
(C.5)

+1.992 x 1071673 — 1.398 x 107207% + 4.102 x 10~%7°

C.6 Electrical Conductivity of Argon Plasma o4, (%)

The electrical conductivity of argon under atmospheric pressure was calculated
using the following equations proposed by Miller and Ayen based on the data by

Devoto [32].
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2.6 x 10%exp (—%2X100) 4000 < T' < 8000 K

oar (T) = (C.6)
1.96 > 10% exp (—*21%%) 8000 < T < 15000 K

C.7 Volumetric Radiation Heat Loss @, ,. (%) for Argon Plasma

The volumetric radiation loss was calculated using the following equation pro-

posed by Miller and Ayen based on Evans and Tankin’s total radiation data [31].

Q... (T) =5.6 x 103 (T — 9500) + 0.181 x 10% (T — 9500)> ,T > 9500 K

(C.7)
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APPENDIX D

PART OF SCRIPTED SIMULATION CODE IN FLEXPDE3

{***** k3kk ****************************************}

Author: Mehmet Canturk

File: ICPTorch.pde

Date: 31 August 2003

Version: Evaluation Code.

The following code, which is a part of my thesis work, is simplified for the demonstration
purpose. In this demonstration program, it is intended to compute azimuthal vector potential,
temperature, radial and axial velocity profiles in the described domain. In oder to simulate, it is
required to have a professional version of FlexPDE3 or FlexPDE4 (available from the web site

”www.pdesolutions.com”).

{***** *3kk ****************************************}

TITLE 2D RF ICP Torch for Evaluation’
COORDINATES YCYLINDER (’R’,’Z’)
SELECT

ErrLim= 5e-3

SMOOTHINIT On

INITGRIDLIMIT 0

Alias(y) = 7Z [m]”

Alias(x) = "R [m]”
VARIABLES

ReAp(1.0e-4) ImAp(1.0e-5)

tmp(11000) Vrr( 4) Vzz(20) pressure(10)(Simplex)
DEFINITIONS
null; PressureSource; {Declarations}
{UNIVERSAL CONSTANTS AND SI UNITS}
mm=1e-3; slpm=1e-3/60; mu0=4*PI*1e-7; zero=1e-15;

{RADIAL AND AXIAL PARAMETERS}
C0=0; R0=25e-3; Ra=3e-3; R2=3.7e-3; Rn=18.8e-3; Rm=3.7e-3;

Rc=33e-3; RT=125e-3; L0=>50e-3; L1=60e-3; L2=124e-3; LT=200e-3;
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NofTurns=3; delL=[L2 - L1-2*Ral/[NofTurns-1];

delM=2.0e-3; delT=2.2¢-3; delW=3.5e-3;

Zc=ARRAY (L14+Ra+0*delL, L1+Ra+1*delL,L14+Ra+2*delL)

{TIME RANGE in sec}

tfinal=35e-3; tincrement=tfinal*1e-5
gaussian=Exp(-[(z-LT*1.4/3) /(LT /2.5)]**2-[(r-R0/5) /(R0/2)]**2)
gaussianAxial=Exp(-([r-R0*1.5/3]/[R0/4])**2)*Exp(-([z-LT*2/3] /[LT/2])**2)
{OPERATION PARAMETERS}

omega=2*PI*3.0e6; Ta=350; Icoil=200;

mu0Kcoil=mu0*Icoil/[2*PI*Ra] ; VQin0=1; VQmid0=0.05; VQout0=1.7;
Vzcentral=swage(r-(Rm-delM), Vqin0,0, mm/4);

Vzmid=swage(r-Rm, 0, Vqmid0, mm/4);

Vzmidout=swage(r-Rn, Vzmid,0, mm/4);

Vzout=swage(r-(Rn+delT), Vzmidout, Vqout0, mm/4);
VzInlet=null*swage(r-(R0-Ra/4), Vzout,0, mm/4);

{PHYSICAL PARAMETERS}

rho=[482.069] /tmp;

kAr=0.01094+3.161e-5*tmp-1.537e-9*tmp**2+1.421e-13*tmp**3- 1.095e-17*tmp**4+3.629¢-22*tmp**5;
kQuartz=1.047;

hAr=-9.17e4+(754.6]*tmp-[0.171]*tmp**2+4-[4.994e-5]*tmp**3- [6.309¢-9] *tmp**4+[2.895e-13]*tmp**5;
Cp=T754.6- [0.342]*tmp + [1.4982e-4]*tmp**2- [2.5236e-8]*tmp**3+[1.4475e-12]*tmp**4;

mu=1.379e-5+4.101e-8%tmp-2.139e-12*¥tmp**2+ 1.992e-16*tmp**3
-1.398e-20*tmp**4-+4.102e-25*tmp**5;

Qradiation=UStep (tmp-9500)*[5.6e3* (tmp-9500)+ 0.181e3*(tmp-9500)**2];
sigmaAr= IF(tmp < 3000) THEN 0 ELSE (IF (tmp<8000)
THEN [2.6e6]*EXP(-[6.21e4]/tmp)

ELSE [1.96e5]*EXP(-[4.26e4]/tmp)
sigma = sigmaAr*swage(r-[Rn+delT*1.45], 1, 0, mm/8)*swage(z-[L0],0,1,mm/8)
patm = pressure*null; Vr = Vrr*null; Vz = Vzz*null; k = kAr;
{ELECTRO MAGNETIC FIELD COMPONENTS}
ReEp = +omega*ImAp ImEp = -omega*ReAp;
ReHr = -1/mu0*Dz(ReAp); ImHr = -1/mu0*Dz(ImAp)

ReHz = +1/mu0/r*Dr(r*ReAp); ImHz = +1/mu0/r*Dr(r*ImAp)
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Power = sigma/2*(ReEp**2 +ImEp**2);

Fradial = +mu0*sigma/2*(ReEp*ReHz +ImEp*ImHz);
Faxial = -mu0*sigma/2*(ReEp*ReHr+ImEp*ImHr) ;
{Pressure sources}

Vgrad(var) = Vr*DR(var) + Vz*DZ(var)
PdivRhoDtV = 1/r*DR(r*rho*DT(vr)) + DZ(tho*DT(vz))

+1/r*DR(r*rho*Vgrad(vr)) + DZ(rho*Vgrad(vz));
PdivF = 1/r*DR(r*Fradial) + DZ(Faxial);
Ppenalty = le4*(1/r*dr(r*rho*vr) + dz(rho*vz))
PdivVisc = -1/r*Dr(mu*Vr/r)
{*****************************************************************}
INITIAL VALUES
ReAp = 0; ImAp = 0;
tmp = Ta +9900*gaussian*swage(z -L0,0,1,L.0/4)*swage(r -(R0-mm),1,0,Ra/4)

vzz = VgoutO*gaussianAxial*ustep(RO -Ra/2-r)*ustep(z -L0/4)

vir = 0; pressure= 0
ik Hokok R R |
EQUATIONS

ReAp: Del2(ReAp) -ReAp/r"2 +mul*sigma*omega*ImAp=0
ImAp: Del2(ImAp) -ImAp/r"2 -mu0*sigma*omega*ReAp=0

tmp: rho*Cp*DT (tmp)+rho*Cp*Vgrad(tmp)-DIV (k*GRAD(tmp) )-Power+Qradiation=0
vIT: rho*DT(vr)+rho*Vgrad(vr)+DR(patm)-Fradial-[DIV(mu*GRAD(vr))+

1/r*DR(r*mu*DR(vr))+DZ(mu*DR(vz))-2*mu*vr /r**2]=0
vzz: rho*DT(vz)+rho*Vgrad(vz)+DZ(patm)-Faxial-[DIV(mu*GRAD(vz))+

1/r*DR(r*mu*DZ(vr)) +DZ(mu*DZ(vz))] = 0
pressure: DEL2(patm) -pressureSource = 0

{*****************************************************************}

BOUNDARIES

REGION 1 'COMPUTATION DOMAIN’ null = zero; pressureSource = 0
START(Co0, L0) VALUE(ReAp) = 0 VALUE(ImAp) =0
LINE TO(Rm, L0) VALUE(ReAp) = 0 VALUE(ImAp) =0
LINE TO(Rm, CO0) VALUE(ReAp) = 0 VALUE(ImAp) = 0

LINE TO (RT, C0)  VALUE(ReAp) = 0 VALUE(ImAp) = 0
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LINE TO (RT, LT)  VALUE(ReAp) = 0 VALUE(ImAp) = 0
LINE TO (C0, LT)  VALUE(ReAp) = 0 VALUE(ImAp) = 0

LINE TO FINISH

{****% k3kk ****************************************}

EXCLUDE 2 'COILS’

REPEAT i = 1 TO NofTurns
START(Rc + Ra, Zc[i]) NATURAL(ReAp) = muOKcoil

ARC(CENTER = Rc,Zc[i]) ANGLE = 360 TO FINISH
ENDREPEAT

{*****************************************************************}

REGION 3 'QUARTZ WALL’ k = kQuartz; null = zero; pressureSource = 0;
START(C0,L0) LINE TO(Rm, L0) TO(Rm, C0)

TO(RO +delW, C0) TO(RO +delW,LT) TO(CO, LT) TO FINISH
{*****************************************************************}

REGION 4 "ARGON GAS’

null = 1; PressureSource = -PdivRhoDtV +PdivF +PdivVisc +Ppenalty
START’EXTERIOR’(CO0, LO) NATURAL(tmp) = 0

VALUE(vrr) = 0 VALUE(vzz) = Vzcentral NATURAL(pressure) = 0
LINE TO(Rm, LO0)

VALUE(tmp)=Ta VALUE(vrr)=0 VALUE(vzz)=0 NATURAL(pressure)=0
LINE TO(Rm, CO0)

VALUE(tmp)=Ta VALUE(vrr)=0 VALUE(vzz)=VzInlet NATURAL(pressure)=0
LINE TO(Rn, C0) NATURAL (tmp)=kAr/kQuartz*[tmp-Ta]/delT

VALUE(vrr)=0 VALUE(vzz)=0 NATURAL (pressure)=0
LINE TO(Rn, LO) NATURAL (tmp)=kAr/kQuartz*[tmp-Ta| /L0

VALUE(vrr)=0 VALUE(vzz)=0 VALUE(pressure)=0
LINE TO(Rn +delT, L0)

NATURAL(tmp)=kAr/kQuartz*[tmp-Ta]/delT

VALUE(vrr)= 0 VALUE(vzz)= 0 NATURAL(pressure)= 0
LINE TO(Rn+delT, C0)

VALUE(tmp)=Ta VALUE(vrr)=0 VALUE(vzz)=VzInlet NATURAL(pressure)=0
LINE TO(RO, C0) NATURAL(tmp)=kQuartz/kAr*[tmp-Ta]/delW

VALUE(vrr)=0 VALUE(vzz)=0 NATURAL(pressure)=0
LINE TO(RO, LT)

NATURAL(tmp)=0 NATURAL(vrr)=0 NATURAL(vzz)=0 VALUE(pressure)=0
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LINE TO(CO, LT)
NATURAL(tmp)=0 VALUE(vrr)=0 NATURAL(vzz)=0 NATURAL(pressure)=0

LINE TO FINISH

{****% *3kk ****************************************}

REGION 5 'PLASMA LOAD’
null= 1; PressureSource=-PdivRhoDtV+PdivF+PdivVisc+Ppenalty

START(CO, L0) LINE TO(Rn+delT, L0) TO(Rn+delT, LT) TO(C0, LT) TO FINISH

{****% *3kok ****************************************}

TIME FROM 0 TO tfinal BY tincrement

PLOTS FOR CYCLE=1
CONTOUR(ReAp) AS”ReAphi [T m] ”
CONTOUR(ImAp) AS”ImAphi [T m] ”
CONTOUR(Tmp) AS” Temperature [K]”
VECTOR(Vr,Vz) AS ”"Flow [m/sec] ”

END

{*****************************************************************}

76



REFERENCES

[1] Edited by Oleg A. Popov, High Density Plasma Sources, Design, Physics, and
Performance, Wayne L. Johnson, ch.3, pp100, Noyes Publications (1995).

[2] Babat, G. L., J . [Itistti elwt. Engrs, 94, 27-37(1947).
[3] Reed, T.B., Journal of Applied Physics, 32, 821(1961).
[4] M. P. Freeman, J. D. Chase, J. of Appl. Phys., 39, 180 (1968).

[5] G. R. Jordan, Induction plasma torches, Review of Physics in Technology, 2
No 3, 128-145, (1971).

[6] D. Bernardi, V. Colombo, G. G. M. Coppa, and A. D’Angola Eur. Phys. J.
D, 14, 337-348 (2001).

[7] M. 1. Boulos, High Temp. Chem. Processes, 1, 401-411 (1992).

[8] B. Bottin, M. Carbonaro, V. Bander Hagen, A. Novella, 3" European Work-
shop on TAPS, ESTE, the Netherlands, 25-27 (1998).

9] M. I. Boulos, Pure & Appl. Chem., 57, 9 (1985).

[10] I.B. Brenner, A.T. Bander, Spectochimica Acta Part B: Atomic Spectroscopy,
55,1195-1240 (2000).

[11] T. Yoshida, K. Nakagawa, T. Harada, and K. Akashi, Plasma Chem. Plasma
Process., 1, 113 (1981).

[12] P. Proulx, J. Mostaghimi, and M. I. Boulos, Int. J. Heat Mass Transfer, 28,
1327 (1985).

[13] P. Proulx, J. Mostaghimi, and M. I. Boulos, Plasma Chem. Plasma Process.,
7,29 (1987).

[14] J. Mostaghimi, P. Proulx, M. I. Boulos, J. Appl. Phys., 61, 5, 1753-1760
(1987).

[15] J. Mostaghimi, and M. I. Boulos, J. Appl. Phys., 68, 6 (1990).

[16] S. Xue, P. Proulx, and M. I. Boulos, J. Phys. D: Appl.Phys., 34, 1897-1906
(2001).

7



[17] J. Mostaghimi, and M. I. Boulos, Plasma Chem. Plasma Proc., 9, 25 (1989).

[18] J. Mostaghimi, K. C. Paul, and T. Sakuta, J. Appl. Phys.,83, 4, 1898-1908
(1998).

[19] J. Hopwood, Plasma Source Sci. Technol., 1, 109-116 (1992).

[20] J. D. Jackson, Classical Electrodynamics, 3" Ed., John Wiley & Sons, Inc.
(1998).

[21] W. N. G. Hitchon, Plasma Processes for semiconductor Fabrication, Cam-
bridge University press (1999).

[22] J. P. Freidberg, Ideal Magnetohydrodynamics, Plenum Press, New York and
London (1987).

[23] S. Ortolani and D. D. Schnack, Magnetohydrodynamics of Plasma Relax-
ation, World Scientific (1993).

[24] L. D. Landau and E. M. Lifshitz, Fluid Dynamics (1959).

[25] C. James Erickson, Handbook of Electrical Heating for Industry, IEEE Press
(1995).

[26] H. U. Eckert, J. Appl. Phys., 41, 4 (1970).

[27] J. H. Ferziger, M. Peric, Computational Methods for Fluid Dynamics, 3"
Ed., Springer (2002).

[28] Boulos M. 1., IEEE Trans. Plasma Sci. 4, 28 (1976) Pure & Apple. Chem.,
57, 9, 1321-1352 (1985).

[29] M. Canturk, S. Bilikmen, J. Phys. D: Appl. Phys. submitted, (2003).

[30] J. L. Lewis, The Motion of Particles Entrained in a Plasma Jet, Ph.D.
Thesis, McGill University (1971).

[31] L. Evans, R. S. Tankin, Phys. of Fluids, 10, 6, 1137-1144 (1967).
[32] R.S. Devoto, Phys. of Fluids, 9, 6, 1230 (1966).
[33] F. Mandl, Statistical Physics, 2" Ed., John Wiley & Sons, Inc. (1988).

78



VITA

Mehmet Cantiirk received his B.S. degree from Science Education in Physics,
Middle East Technical University (METU), Turkey in 1995. He then attended
to graduate school at METU, received his M.S. degree in Physics in 1997. He
also received the M.S. degree in Information Systems, Informatics Institute at
METU in 2003. He has been a research assistant at Physics, METU since 1995.
He attended 34" Culham Plasma School organized by UKEA, Culham, UK, and
Autumn College on Plasma Physics ICTP, Trieste, Italy in 1997. He worked as
a visiting scholar (supported by TUBITAK BAYG-BDP) on the topic of Acti-
nometric measurement of NF3/Ar and Computer modeling of plasma reactor at
University of Wisconsin, Computer and Electrical Engineering, Center for plasma
aided manufacturing, Madison, WI between June 2001-July 2002. His research
interests include plasma torch modeling, plasma fireball, embedded software de-

velopment, computer graphics.

79



