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RESUME

Cette these presente une etude de modelisation mathematique de base effectuee sur des
reacteurs a plasma rf et sur Ie traitement des poudres par plasma. La validation des
resultats prevus a ete conduite en utilisant les donnees experimentales disponibles.

Premierement, un modele Uquide de turbulence a trois equations comprenant des
fluctuations de densite du plasma a ete utilise pour etudier la turbulence dans une torche a
plasma rf. Les fluctuations de densite out un effet negligeable sur la temperature du
plasma et sur les profils de vitesse en conditions d'ecoulement, compares aux resultats
obtenus en utilisant Ie modele conventionnel de turbulence de k-e. II a ete demontre que
deux regions distinctes coexistent dans la torche de plasma rf: la region turbulente
d'ecoulement et la region laminaire d'ecoulement, chacune avec une zone distincte de
temperature et de configuration d'ecoulement. Les conditions d'operation, comme Ie
niveau de turbulence initial, Ie debit des gaz et de la vitesse, la pression de la chambre et
la puissance du plasma ont differents degres d'importance sur la turbulence du plasma.

Base sur 1'etude de turbulence, la dispersion des particules dans reacteur a plasma rf a ete
etudiee en considerant 1'effet des fluctiations de la vitesse du plasma sur la dynamique
des particules. Le modele de turbulence de k-e a ete employe pour decrire la phase
plasma, et une approche Eulerienne a ete utilisee pour decrire la dynamique des
particules. Un modele Particle-Source-in-Cell (PSI-Cell) a ete adopte pour representer
des interactions plasma-particules. Un nombre sans dimension. Ie nombre de Stokes, a
ete presente pour elucider la signification et 1'ampleur de la dispersion des particules. II a
ete montre que les particules out des proprietes semblables pour des nombres de Stokes
semblables, independamment des proprietes physiques materielles et de la taille du
particule. La dispersion des particules devient significative quand Ie nombre de Stokes
est moins de un parce que la force de resistance a 1'avancement est relativement elevee;
mais elle est negligeable quand Ie nombre de Stokes est superieur a 5 dans la presente
etude due a 1'inertie des particules.

En conclusion. Ie chauffage des particules et 1'evaporation de celles-ci dans un reacteur a
plasma rf pour la spheroidization des particules out ete etudies numeriquement, et les
resultats prevus ont ete valides en utilisant des resultats experimentaux disponibles
obtenus dans les conditions identiques. Le chauffage et 1'evaporation de particules
d'alumine dans deux plasmas: Ar-Hi et Ar-Ni, ont ete etudies pour montrer les effets du
type de gaz sur 1'evaporation des particules. La taille des particules pour pour Ar-Hz a ete
mieux adaptee que pour les mesures Ar-N2 dans un taux d'entree plus eleve de particules.
Quatre expressions differentes du nombre de Nusselt ont ete utilisees pour mettre en
valeur les effets de transfert thermique de plasma-particules. Les resultats revelent des
differences significatives de transfert thermique plasma-particules et les distributions
finales des particules en utilisant differents modeles. II a ete constate qu'un modele
approprie d'interaction plasma-particules peut de maniere significative ameliorer les
resultats prevus. L'effet d'evaporation des particules sur Ie taux de transfert thermique de
plasma-particules a ete examine. Les predictions ont montre une reduction apparente de
taux de transfert thermique du plasma aux particules. Une interaction entre ces



ameliorations mene a une prediction satisfaisante des distributions de la taille du particule
dans Ie plasma Ar-Hs, mats il y a toujours un desaccord entre les predictions et les
experiences dans 1'evaporation des particules dans Ie plasma Ar-Ni.



ABSTRACT

This thesis presents mathematical modeling studies on some basic phenomena in
radio frequency (rf) induction plasma and plasma treatment of powder materials.
Validation of the predicted results was conducted using available experimental data.

At the outset, a tb-ee-equation turbulence fluid model, including plasma density
fluctuations, was employed to study turbulence phenomena in an rf plasma discharge.
The density fluctuations were found to have negligible effect on plasma temperature and
velocity profiles in the present flow conditions, compared to those results obtained using
the standard k-e turbulence model. It was demonstrated that two distinct regions coexist
in the rf plasma torch: the turbulent flow region and the laminar flow region, each having
distinct temperature fields and flow patterns. Operating conditions, such as the inlet
turbulence level, sheath gas flow rate and swirling velocity, chamber pressure and plasma
power, were found to have varying degrees of influence on the plasma turbulence.

Based on this turbulence study, particle turbulent dispersion in an rf plasma
reactor system has been investigated by considering the effect of plasma velocity
fluctuations on the particle dynamics. The k-e turbulence model was used to describe the
plasma phase, while an Eulerian approach was employed to describe the particle
dynamics. A Particle-Source-in-Cell (PSI-Cell) model was adopted to represent the
plasma-particle interactions. A dimensionless number, the Stokes number, was
introduced to elucidate the significance and extent of particle turbulent dispersion. It was
shown that particles have similar dispersion properties when the Stokes numbers are
similar, regardless of the particle material physical properties and size. The particle
turbulent dispersion becomes significant when the Stokes number is less than 1 because
of the relatively high drag force; but it is less significant when the Stokes number is
greater than 5 in the present study due to the relatively large particle inertia.

Finally, the particle heating and evaporation in an rf plasma reactor used for
particle spheroidization were studied numerically, and the predicted results were
validated using available experimental results obtained under identical operating
conditions. Alumina particle heating and evaporation in two types of rf plasma, Ar-Hi
and Ar-Ni, were investigated to show the effects of working gas on the particle
evaporation. The predicted particle size distributions for the Ar-Hs plasma fitted the
measurements better than those for the Ar-Ni at higher particle feed rates. Four different
expressions for the Nusselt number were used in the modeling to assess their effects on
plasma-particle heat transfer models. The modeling results revealed that significant
differences exist in the plasma-particle heat transfer rate and in the final particle size
distributions using different models. It was also found that a proper plasma-particle heat
transfer model can significantly improve the predicted results. The effect of particle
evaporation on the plasma-particle heat transfer rate was also examined. The predictions
demonstrated a noticeable reduction in the heat transfer rate from the plasma to particles.
The combined effect of these improvements leads to satisfactory predictions of the
particle size distribution for alumina particle evaporation in the Ar-Eb plasma, but there
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still has disagreement between model predictions and experimental observations in
particle evaporation in Ar-Ni plasma in low particle feed rates.
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1. INTRODUCTION

A plasma is an electrically conductive gaseous substance known as "the fourth

state" of matter. Thermal plasmas are low temperature, high pressure plasmas and are

usually generated by gas discharges, either through Joule heating (dc plasma) or inductive

heating (rf plasma). Both generation methods have high electrical energy to plasma energy

conversion efficiencies. Thermal plasmas are widely used nowadays in material processing

and in waste destruction [Pfender, 1999].

An inductively coupled radio frequency (rf) plasma is generated by inductively

heating a gas which is confined in an insulated cylinder that is peripherally surrounded with

several turns of induction coil. An rf plasma torch in the thermal plasma regime usually

runs at atmospheric or reduced pressures. Usually, several tens of kW of electrical energy

can be deposited into the rf plasma column with a diameter of several centimeters. As a

type of thermal plasma, the rf plasma has advantages of clean and relatively high energy

conversion efficiencies.

Since the first successful demonstration of rf plasma operations at atmospheric

pressure in the 1960's, there has been growing interest in developing rf plasma technology

in various applications. With its property of contamination free, various gases, such as the

inert, reducing, oxidative, or even corrosive gases, or a combination of these, are used as

working gases. This feature, together with the high temperatures and steep temperature

gradients in the rf plasma, offers an attractive and chemically non-specific route for the

synthesis of ultra fine powders, whose sizes range down to nanometers. The relatively large

volume of high temperature region in an rf plasma reactor provides a heat source with high

energy density which is sufficient to melt ceramic and refractory metal particles. This

enables the rf plasma to be applied in chemical vapor deposition (CVD), spray coating, and

particle spheroidization and densification.

Since thermal plasmas have their unique characteristics in modem material

processing, growing interest in the induction plasma technologies for plasma synthesis and



material processing has attracted many studies both theoretically and experimentally

worldwide. RF plasma technology has become a mature one and has shown significant

economic benefits. In the past three decades, numerous achievements have been made in rf

plasma material processing. Although considerable efforts have been made in the research

and development of rf plasma technology, many fundamental phenomena involved in rf

plasma applications are still unclear and need to be thoroughly understood. This will help

people to optimize operating conditions and improve the qualities of product, and thus to

reduce the cost and to make plasma processing an affordable technology to more and more

users.

In rf plasma material processing, particle temperature and trajectory histories mainly

depend on the heat and momentum transfer between the plasma and the particles. As a

consequence, the processing efficiency is, to a large extent, determined by the plasma

characteristics. RF plasma torches usually run at high power levels and gas flow rates.

When the high flow rate gas passes through a small channel of rf plasma torch, it will

inevitably become turbulent. The heat, mass and momentum transfer in the turbulent flow

is greatly affected by the properties of turbulence. Understanding turbulence phenomena

within the rf plasma torch is an important requirement of the rf plasma treatment of

materials. Although previous mathematical modeling studies have employed various

turbulence fluid models to predict the plasma temperature and flow fields in turbulent rf

plasma flows, the turbulence phenomena in the rf plasma have not been investigated in

detail. As one of the objectives of the present research, a turbulence fluid model, including

plasma density fluctuations, is used to study the turbulence phenomena in the rf plasma, to

highlight the distributions of turbulence intensity and turbulent viscosity in an rf plasma

torch, as well as the dependence of turbulent properties on operating conditions of the

plasma torch.

Based on the mathematical modeling study of the turbulence phenomena in the rf

plasma, particle dynamics is investigated with the emphasis on particle turbulent dispersion

in rf plasma flows. This enables us to know what are the effects of velocity fluctuations on

particle trajectories and particle mass flux profiles. The Stokes number, a dimensionless



number defining the ratio of the particle aerodynamic response time to the characteristic

time of the turbulent flow, is employed to show the significance of particle turbulent

dispersion and its effects on particles of different sizes and masses.

The third objective of this study is the investigation of particle heating and

evaporation in an rf plasma reactor. Effects from three aspects are studied: (1) effect of

different working gases; (2) effect of plasma-particle heat transfer models ; (3) effect of

particle evaporation on plasma-particle heat transfer rate. The modeling work for the

particle evaporation studies is based on an rf plasma reactor which was previously used in

particle spheroidization experiments. The predicted results are validated against available

measurement results under the same operation conditions.

The brief descriptions for the present thesis are as follows:

In Chapter 2, an overall review of previous studies relative to the present

investigation is presented. This review summarizes the model development and other

progress in mathematical modeling in turbulent plasma flows, particle trajectory

calculations, particle turbulent dispersion in both cold flows and plasma flows, and in

plasma-particle interaction models. In Chapter 3, a three-equation turbulent model, which

includes plasma density fluctiations, is described. Mathematical modeling results for

plasma turbulent viscosity and relative turbulence intensity based on this model are

presented. The effects of density fluctuations on plasma temperatures and turbulent

intensities are illustrated. Results also indicate the effects of operating parameters, such as

chamber pressure, gas flow rate, plasma power, sheafh gas swirling velocity, and entrance

turbulence levels, on the plasma turbulence. Based on the turbulence study in Chapter 3,

Chapter 4 describes the particle dynamics in particle turbulent dispersion condition using

the standard k-e turbulence model as the governing equation for the gas phase, and the

Particle-Source-in-Cell (PSI-Cell) model for the particle phase. Plasma-particle two-way

coupling is taken into account in this model. The modeling results are presented in terms of

the Stokes numbers. Particle trajectories, mass flux profiles in different plasma flows and

particle-loading conditions are predicted. Comparisons between results obtained using the

deterministic dispersion model and the turbulent dispersion model are also made. In



Chapter 5, first, the same plasma and particle models used in Chapter 4 are employed with

emphasis on particle heating and evaporation phenomena in an rf plasma reactor. Predicted

results of particle evaporation in Ar-H2 and Ar-N2 plasmas are shown. Then, four different

plasma-particle heat transfer models are employed, and their effects on plasma-particle heat

transfer and particle size distributions are discussed. A model, taking into account particle

evaporation on plasma-particle heat transfer rate, is integrated in the mathematical model at

the end. The corresponding predicted particle size distributions are presented. All results

are validated with available measurement results obtained in the same operating conditions.

Finally, in the last chapter, a summary of the results and conclusions obtained in the

proceeding chapters is presented. Recommended research work related to the present study

in the future is given.



2. LITERATURE REVIEW

2.1 Induction plasma modeling

Mathematical modeling is widely used in the study of heat, mass and momentum

transfer in rf plasmas, as it is a practical and low cost tool in understanding plasma

temperature, velocity and concentration profiles. It has been playing a major role in

research and development in the rf plasma technology.

Excellent overviews of the progress achieved in the mathematical modeling of rf

thermal plasmas, from the 1960's to the end of 1980's, have been presented by Boulos

[1980,1985] and Chen [1991a]. In general, mathematical models have undergone

development from the initial simple one-dimensional models to overall two-dimensional

models over those three decades. At the very early stage, the mathematical models were

limited to solve one-dimensional energy conversion equation and the electromagnetic

equation. The following period was to solve the two-dimensional energy equation and the

one-dimensional electromagnetic field equation. The third stage was to include the

momentum transfer into the existing models, and the recirculation of plasma gas in the

discharge region was predicted. These models were improved in the fourth stage by

formulating heat, mass and momentum conservation equations and the self-consistent

electromagnetic field model in two-dimensional coordinates [Mostaghimi and Boulos,

1989]. Many complicated phenomena related to high power and high frequency rf plasmas

were simulated with the development of these models [Yang et al., 1989].

In the past decade, the mathematical models for rf plasma have been developed

further in several respects. Chen [1991b] has studied the influence of a metallic tube,

inserted into the rf plasma torch, on the plasma temperature and flow fields. He

demonstrated that, although pronounced changes occur in the EM field near the injection

tube due to the large induction current in the stainless steel tube, the plasma temperature

and flow fields are little affected. Proulx et al [1991] showed numerical results on the

plasma radiative energy losses in an argon plasma containing small concentrations of

copper vapor. The presence of small amounts of metallic vapors was proven to have a



significant effect on the predicted plasma temperature field. It is responsible for the local

cooling of the plasma through substantially increasing of the radiative energy losses. Later,

Essoltani et al [1994] used the net emission coefficient method for the calculation of the

volumetric emission coefficient for Ar/Fe and Ar/Fe/Hi plasmas. They found that there is a

strong influence in the presence of iron vapors on the net emission of argon plasma at

atmospheric pressure. The effect is particular important at plasma temperatures below

18000K.

With the successful use of turbulence fluid models in the free plasma jet conditions

[Lee, 1984; Proulxet al. 1987; Dilawariand Szekely, 1987; Spares, 1989], Boulos and co-

authors have also applied the k-e turbulence model to the prediction of rf plasmas, in which

the electromagnetic field plays an important role in the energy and momentum transfer. In

the work ofEl-Hage et al [1989], a standard two-dimensional k-e turbulence model, along

with the one-dimensional electromagnetic field model, were used to represent the turbulent

fluid flow and energy transfer in an rf induction plasma. In their investigation, temperature

and density fluctiations were neglected for simplicity. They found that both laminar and

turbulent fluid regimes exist in the rf plasma, and the effect of swirling on the plasma is to

increase the overall tirbulence level. In a subsequent study, Chen and Boulos [1994]

improved the one-dimensional electromagnetic field model using the two-dimensional one

under turbulent flow conditions. A comparative analysis showed that their model was able

to predict the details of the flow and temperatire fields in the discharge under either

predominately laminar or turbulent flow conditions. Chen et al. [1996] and Merkhoufet al.

[1997] extended the standard k-e turbulence model to that of a three-equation turbulence

model and presented some preliminary results by taking into account the temperature and

density fluctuations in the plasma. However, the details of the turbulence phenomena were

notevauated. Merkhoufand Boulos [1997, 1998] presented a comprehensive mathematical

model, which can simultaneously simulate the rf plasma flows and the electrical systems

including the plasma torch and the power supply, using the k-e turbulence model and a

power supply circuit model.



The gas mixing phenomena and mass transfer occurring in induction plasmas have

been studied with increasing sophistication in simulating the situations encountered in

plasma chemistry and spectrochemical analysis. Girshick and Yu [1990] have reported their

calculation results on plasma temperature and flow fields in pure argon and mixtures of

Ar/H2, Ar/N2 and Ar/Oi, using a laminar fluid model coupled with the 2-D electromagnetic

field model. They found that the major features of the corresponding observations of

laboratory plasmas were well predicted. Zhao et al. [1990a, b] presented simulation results

for the plasma temperature, velocity and concentration fields in an rf plasma reactor, using

both an equilibrium model and a kinetic model for the description of mixing,

decomposition and chemical reactions of the reactants. A three-dimensional laminar model

has been formulated for the prediction of the mixing pattern of single and multiple cold jets

with a transverse rf plasma flow [Njah et al. 1993]. Theoretical and experimental studies of

mass transfer and mixing between a cold jet and an rf plasma stream have been conducted

by presenting concentration profiles of the tracer gas in 1-D [Rahmane et al., 1994] and 2-D

[Rahmane et al., 1996] distributions, using the mathematical model developed by Boulos

and co-workers [Mostaghimi and Boulos, 1989; Chen and Boulos, 1994]. As a farther

investigation, the results of a multi-component study on gas mixing with the rf plasma have

been reported recently by Desilets et al. [1998].

In addition to above mentioned aspects, a number of mathematical modeling efforts

have been put into studies on the fundamentals of rf plasma penoy, 1993; Gao et al.,

1999], chemical equilibrium in rf plasma [Tanaka and Sakuta, 1999], turbulence effects

using FLUENT software [Gutsol et al., 1999], and the ignition procedure for rf plasma

torches [Bernard! et al., 1999].

2.2 Particle trajectory calculation in induction plasmas

The understanding of particle behavior in the plasma is of essential importance in rf

plasma applications. Information on the thermal, velocity and size histories of particle

enables one to know the processing efficiency for particles processed in the plasma. As a

kind of energy, mass and momentum source to the plasma, the one-way or two-way

couplings between the plasma and the particles need to be taken into account in predicting



particle motion and heating in dense loading conditions. The temperature, velocity and size

histories of an individual particle depend on its trajectory and on the properties of the gas

surrounding the particle. The coupling source terms are estimated in terms of the so-called

Particle-Source-In-Cell (PSI-Cell) method [Crowe et al.1977].

The equation of motion, representing the force balance on a particle, governs the

particle movement in the plasma. The particle trajectory is obtained by integrating the

equation of motion. The early stage particle trajectory model (low particle loading

condition) under induction plasma conditions was introduced by Boulos [1978]. In this

model, a simplified form of the Basset-Boussinesq-Oseen (B-B-0) equation was presented

in two-dimensional coordinates. Viscous drag and gravity forces were considered to be the

only forces influencing the trajectory of a particle. The energy balance on the particle is

dominated by the convection heat transfer between the particle and the surrounding plasma

gas and the particle radiation energy loss. Pfender and Lee [1985] evaluated the various

forces affecting a particle trajectory in plasma conditions. The effects of the viscous drag

force, the Basset history term and the thermophoresis were analyzed in detail. It was found

that the correlation to the drag coefficient, due to strongly varying plasma properties, is the

most important factor. Li et al. [1993] used the same trajectory model as earlier proposed

by Boulos but with different drag coefficient. Proulx and coworkers [Proulx et al., 1985,

Proulx, 1987] employed the particle trajectory model under dense particle loading

conditions where plasma-particle interactions were taken into account. Robitaille [1991]

and Chen [1993] calculated the particle trajectories in the deposition process in rf plasma

reactors, under laminar and turbulent flow conditions, respectively. Chang [1992]

developed a comprehensive computational model which was able to simulate particle

injection, heating and melting in a plasma jet, taking into account the effects of the plasma

velocity fluctuations on the particle trajectory.

2.3 Particle dispersion models

2.3.1 Cold flows

Studies of the motion of particles in gas flows have attracted great theoretical and

practical interest over the past several decades due to the importance of gas-particle flows



(particle-laden flows) related to both natural and industrial phenomena. Under turbulent

flow conditions, particles are carried by turbulence flows, and dispersed by turbulence.

Turbulent gas-particle flows can be treated by two approaches: the Eulerian approach and

the Lagrangian approach (Berlemont et al., 1993]. A comprehensive review of particle

dispersion in a uniform flow field with homogeneous turbulence was presented by Stock

[1996]. An overview made by Elghobashi [1994] highlighted the advances in the past few

years in the development of mathematical models for predicting particle-laden flows, and

the advantages and disadvantages of using the Eulerian and Lagrangian methods in

predicting particle turbulent dispersion were specially pointed out.

In the Eulerian approach, discrete particles are considered as a continuum phase,

and conservation equations in the form of a fluid model are used. The features of the

particle dispersion appear in the equations m terms of appropriate enclosure

representations. In the work ofPicart et al. [1986], the modeling of the discrete particle was

based on the non-discrete dispersive approach, leading to a transport equation for the

particle number density, which involves a dispersion tensor. The coupling effect was

neglected in the k-e turbulence model for the carrier phase. The interphase momentum

exchange was considered as two-way interactions in gas-particle two-phase turbulent flows,

and the particle dispersion in Eulerian formulation was approximated by gradient diffusion

[Adeniji-Fashola and Chen, 1990]. A two-dimensional separated two-phase fluid model,

including interphase transfer terms (mass, momentum, energy), was developed by Simonin

and Viollet [1991], and a strong momentum coupling between the two phases was observed

in their modeling. Studies on the modification of fluid turbulence by particle dispersion

with different levels of sophistication have been accomplished by several authors [Simonin

and Viollet, 1991; Tu and Fletcher, 1994; Squires and Baton, 1994].

The Lagrangian approach treats the particles as discrete entities in a turbulent flow

field and their trajectories are calculated by solving the equation of motion for the particles.

A number of publications deal with this topic and numerous achievements have been

reached over the past two decades. Since particles are dispersed by the fluid turbulence,

particle trajectory models were developed based on the particle motion in the instantaneous



fluid velocity field and the interaction time between a particle and an eddy. Yuu et al.

[1978] calculated the normal distribution fluctuating velocity and the eddy lifetime using

empirical correlation formulas for the turbulence properties, and their mathematical

modeling results were compared with the experimental ones for particle dispersion in a

turbulent air jet. Gosman and loannides [1981] and Shuen et al. [1983] developed the

stochastic dispersion model by computing the particle dispersion directly on the

characterization of the time and length scales for the fluid turbulence properties using k-s

turbulence model. Particle dispersion was obtained based on random sampling to determine

the instantaneous fluid properties, and sufficient numbers of particle trajectory were

calculated to give a reasonable average. A similar procedure also employed by Adeniji-

Fashola and Chen [1990] in the modeling of confined turbulent fluid-particles, takes into

account the tirbulence modulation effects. By choosing different random schemes for the

fluctuating fluid velocity and the turbulent Eulerian length scale, particle tracking has been

described in terms of two-phase flows, and the turbulence length scale was found to be one

of the most important parameters [Berlemont et al., 1993]. Particle dispersion in a two-

dimensional mixing layer was analyzed by calculating the particle trajectories in a free

shear layer, simulated by discrete vortices. The dependence of particle dispersion on the

Stokes number was particularly emphasized [Chein and Chung, 1988].

Studies have also been carried out on the prediction of the heat and mass transfer

phenomena in the presence of particle turbulent dispersion. The average heat transfer

coefficient at the inner pipe wall was predicted for a turbulent pipe flow, loaded with solid

particles [Avila and Cervantes, 1995]. The influence of spherical particle dispersion on the

average heat transfer coefficient, with the change of particle parameters, has been

identified. The effects of turbulence on droplet evaporation in homogeneous turbulence

were stidied using a Lagrangian approach, and the mathematical modeling results were

compared with simulations involving mean quantities only [Berlemont et al. 1991].

2.3.2 Plasma flows

Mathematical modeling studies on particle dispersion in thermal plasmas have been

mostly carried out in plasma jet conditions. An early application of the particle dispersion
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model applied to the turbulent plasma jet was realized by Lee [1984] and Pfender and Lee

[1985]. The k-e tirbulence model was utilised in the plasma jet modeling, neglecting

plasma-particle coupling. A particle dispersion model, similar to that proposed by Gosman

and loaimides [1981], was formulated. In subsequent reviews made by Pfender [1985,

1989], the importance of particle dispersion in thermal plasma processing of materials was

assessed. It was pointed that turbulent dispersion becomes significant for particle diameters

of less than 10 |iim. A similar procedure was also adopted by Proulx et al. [1990, 1991] in

studying the particle loading and radiation effects in a dc plasma jet, and the vaporization of

metallic particles. The turbulence model referred to is the simple mixing length model, and

the plasma-particle interactions, including an empirical expression of the influence of

particle on the turbulent viscosity, are taken into account. In a comprehensive

computational model [Chang, 1992], all plasma-particle interactions, as well as the

interactions between different chemical reactions, were treated in a fully self-consistent

manner. The turbulent dispersion process was simulated by the stochastic discrete-particles

model. A two-fluid k-e turbulence model, considering the heat and momentum transfers

between particles and the gas in the presence of dispersed particles, has been employed in

the modeling of the plasma deposition process [Miyadera, 1992].

Compared with the simulation in plasma jet conditions, mathematical modeling of

particle dispersion in rf plasma by far needs to be pushed forward to satisfy the increasing

requirements of application. Chen's modeling work [1993] was a meaningful attempt to

incorporate the particle dispersion model within the context of rf plasma spraying process

modeling. Although the preliminary results have shown that there is considerable particle

dispersion due to the turbulence in the spraying process, it is necessary to perform further

investigations to reveal to what extent that the particle dispersion becomes significant and

needs to be taken into account in the turbulent rf plasma flow conditions.

11



3. TURBULENCE MODELING OF THE RF INDUCTION PLASMA

3.1 Introduction

The inductively coupled radio frequency (rf) plasma has found applications in

various fields including the synthesis of new materials, preparation of ultra fine powders

(UFP) and the plasma spraying of coatings. Mathematical modeling of the heat, mass and

momentum transfer has become one of the major techniques used in the study of rf

plasmas. In an rf induction plasma loaded with powder material, the material processing

efficiency is, to a large extent, dependent on the plasma characteristics. The major plasma

properties, such as temperature, concentration and velocity fields, are determined by the

energy, mass and momentum transfer in the plasma. In lower mass flow rate conditions, the

transfers are accomplished by the corresponding molecular transport processes. However,

in higher mass flow rate conditions, in addition to the molecular transport, turbulent

transport also contributes to the overall transport phenomena. Under some conditions, fhe

turbulent transport properties even dominate the heat, mass and momentum transfer,

becoming the dominant factor in determining the characteristics of the plasma temperature

and velocity profiles. Therefore, the study of turbulence phenomena in the rf plasma has its

unique importance, and is sometimes indispensable.

Because of the significant influence of the turbulence on the phenomena of heat,

mass and momentum transport in the rf discharge, and the difficulty of obtaining detailed

turbulence measurements in the high temperature discharge region, emphasis has been

placed on the use of mathematical modeling as a means for studying the behavior of

turbulence in the rf plasma discharge. The plasma turbulent viscosity and the turbulence

intensity under various plasma flow conditions are calculated. The results provide a

valuable insight of the turbulence phenomena in the rf plasma torch.

In this chapter, a three-equation turbulence model is employed to study the

turbulence phenomena in the rf plasma [Ye et al., 1999]. The three-equation turbulence

model takes into account the temperature fluctuations and the associated density

fluctuations in the plasma. Early fluid dynamics models considering variable density were

12



developed for prediction of reacting turbulent flow behavior such as that present in

combustion [Jones, 1980; Jones and Whitelaw, 1982]. Later, the three-equation model has

been used in studying temperature and velocity profiles in dc plasmas [Lee, 1984], and

preliminarily applied to the rf conditions by Chen et al. [1996].

3.2 The turbulence fluid model

3.2.1 Densitv-weighted averaging method

The well-known Navier-Stokes equations of motion for a viscous, heat conducting

fluid are the basic equations for studying turbulent flows. Because it is extremely difficult

to obtain instantaneous values for a turbulent flow by directly solving the Navier-Stokes

equations, the conservation equations are averaged over the ensemble to give mean values

of properties of the turbulent flow. The conventional k-e turbulence model is formulated in

terms of time-averaging method neglecting density fluctuations, and one gets the time-

averaged values for a given set of boundary conditions or initial values. However, in the

presence of density fluctuations, the situation becomes more complicated if one persists in

using the conventional time-averaging procedure. The density generated turbulent transport

terms such as p'u.', u;p?M.' make it difficult to find a proper enclosure method to

simplify the governing equations. For this reason, we can replace the time-averaging

procedure with the density-weighted-averaging procedure. Density-weighted-averaging

eliminates the mean-mass term p'u;' and some of the momentum transport terms such as

Ufp/u .' and fi/u^u^, and greatly simplifies the conservation equations.

The conventional time averaging or "mean" of any quantity is defined as [Cebeci

and Smith, 1974]
<0+T

^=lim-L |<^ .(3-1)
T->oo ^-

and

T->oo ^-
'0

<^=0 (3-2)

By means of the time-averaging, the instantaneous value of a quantity (f) is written in fhe

following form:
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<^=0+(^ (3-3)

where (f) and (ff are the time-average of a quantity (f) and its superimposed fluctuations,

respectively.

The time-averaging is convenient when the density fluctuations are not taken into

account. However, when we consider the density fluctuations, the density-weighted-

averaging is employed to replace the time-averaging. It eliminates the transport terms

associated with the density fluctuations. The density-weighted-averaging of a quantity is

defined as

^=^ (3-4)

where the quantity with the tilde denotes the density-weighted-average and fhe quantity

with a bar refers to the time-average. In the density-weighted-averaging procedure, the

density and pressure are kept in the time-averaging forms:

p=p+fJ (3-5)

P=P+P' (3-6)

and other quantities follow:

0=0+^' (3-7)

where (f)" is the time varying component superimposed on the density-weighted-average.

We can find there are important differences between the two averaging procedures.

In conventional time-averaging, <^ = 0 and p(^ ^ 0 in the density-weighted-averaging,

^'^0 and p(^"=0. Relationships between a time-averaged quantity and the

corresponding density-weighted-averaged quantity are as follows:

p0=p0+p0"=p0+p^' (3-8)

^_^_^P^=^ (3.9)
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3.2.2 Basic assumptions

In an rf plasma, it is reasonable to make following assumptions:

(a) Steady state and isotropic turbulent flow;

(b) Axi-symmetric 2-dimensional system of coordinates;

(c) The plasma is in local thermodynamic equilibrium (LTE) condition;

(d) The plasma is optically thin and there is no absorption of the radiation energy

losses;

(e) The thermodynamic and transport properties have no fluctuation except density;

(f) The viscosity dissipation ofthemial energy is negligible.

3.2.3 Govemine equations

Generally, the temperature fluctuations in thermal plasma will cause density

fluctuations. Therefore, the temperature and density fluctuations are included in this model.

Based on the preceding assumptions and by means of the density-weighted-

averaging method, the conservation equations for heat, mass and momentum in density

fluctuation conditions in an rf plasma are obtained. These equations are briefly described as

follows (In the equations, dependent variables with a bar denote the conventional time-

averaged quantities, others are the density-weighted-averaged quantities):

(a) Continuity equation

i^)+l^(,^)=0 (3-10)
r

(b) Momentum conservation equations

3 /_ ^. 1 3 / _ ^ 3^._ 3uV 13^.. 3u
^+T^-?^=^:1 ^eff-^ |+T^-| rA//^-3z " ' r 9r x ' / 3z I' w 3z j r 3r I

^P , ^ (.. 9MV 1 3 ^.. 3vV -^- ^+ ^-1 ^ ^ 1+-T-1 ^ ^ 1+ ^ (3-1 D3z 3z|/~w3zJ r3r^'w 3^J

3 /_ ^. i 3 /_ ^ a /'.. 3v\ 1 3 /' .. 3vyv)^i^v)=T^^^Tr[r^Tr
'5p , 3 /'„ BuV 1 3 ^,. Bv^t „.. v , -,w2 , -^

-^L+T:|A//TL 1+^-1 rA//T: |-2A//-7+P—+^ (3-12)3r 3z I' w 9r j r 9r I ' w 3r j ' t:7-/ rz ' r
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9/_\13/— \ 3 ( 3w^l3^ 3w^wf—^w)+^r^=^[^]+7^[r^\-^pv+5,1 ^ , ^
3,-

(3-13)

where u, v, w are the axial, radial and tangential components of the flow velocity; F^ and

F^ are axial and radial components of the Lorentz force; fJi^ = /^ + ^ is the effective

viscosity of the plasma, which is the sum of the molecular viscosity pi and the turbulent

viscosity pf

(c) Energy conservation equation

^(^)+ll(^/,)=Afr
r

.M\^(^JL\0.-0.•trTz\+~r~Sr\rl'ffTz\+UJ~vt (3-14)
r3rl ^ 3z

where h is the plasma enthalpy, T^ = (A/c ) +(,4 /Pr,), is the combined molecular and

turbulent energy transport coefficient in which K is the thermal conductivity and Cp is fhe

specific heat at constant pressure, Pr/ is the turbulent Prandtl number. Qj and Q^ are the

Joule heating rate and the volumetric radiation energy loss rate of the plasma, respectively.

(d) k-e equations

3 /_ ^ . 1 3 / _ ^ 3 ^ 3A:V 1 3 ^ 3AV ^ _,-^OC^)+-T:(^)=^lr^ l+~i-lr1^ |+^-pe
r dr dz{ dz ] r

3 /- ^ . 1 3 /_.-^\ 3^ 3eV 1 3 ^ 3eV ^ ^e ^ _e2^-(pue)+-L-^(rpv£)=^r^ \+-^-]rre^- \+C^-C^p^-
r dr dz\ dz ] r

(3-15)

(3-16)

where ^ = /^ + (/^ /Pr^.), Fg = /^ + (p, /Pr^), are the combined transport coefficients for

the turbulent kinetic energy k and its dissipation rate e, respectively, the turbulent viscosity

is jit, = pC^k2 /£; ^Tk and Preare the corresponding Prandtl numbers. G is the generation

rate of the turbulent kinetic energy,

G=rt^2
'^u

3z m ,2

+[irJ+ 3 (w

w. ^,]\ <3-">
The definitions for k and £ are as follows:

k=—u,'u/ and £=^:L
H 3u;'3M;'

p 3x. 3bc.
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(e) Temperature variance equation

^ (-^^2\, 1 3 L^.^_ 3fr. 9r2
3zv

where

w-2)-^2)^ 3z
i 3 (^ or

",-~Qr\'i's~Tr

ll 2

\+C,G,-2pe, (3-18)

_^L
JT ~ Pr.

3TY (^T
3z +^ (3-19)

is the generation rate for the temperature variance.

(f) Dissipation rate of temperature variance

3 /- _^. 1 3 /._-..- \ 3f^ 3^Y 1 3i^^r~^-y^Y^\rT-eff
3£,
^r

\+C^G.g^T ^,,2

£2e r. ^e
D\ ^,,2 ~^D2 k

(3-20)
(g) The electromagnetic field model

The governing equations for the electromagnetic field are represented by the two

dimensional vector potential equations:

32^ , 1 3 f^A^} A^1?~+-L^~1 r:^~ |-^f'+M)oc^(/ =0
3z; 3rl 3r

91A, ^ 19(^A,^ A, ^003^=0

(3-21)

(3-22)
3z2 r 3r[ 3r J r:

where AR and Ai are the real and the imaginary parts of a vector potential, respectively, po is

the permeability in free space (/^)=47ixl0'7 H/m), a is the electrical conductivity, and

GJ= IT/ is the angular frequency of the rf power supply with an oscillator frequency /. By

means of the vector potential, the averaged Lorentz forces and Joule heating rate are

calculated by

^=^1Lr ^\A,^)-A^{rA,)\
2r |_

F-=SA'±(A")-A^(A')Lr

&,= k+4)

(3-23)

(3-24)

(3-25)
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(h) The specie conservation equation

3 /_ ^ , 1 3 / - ,A 3^ 37Y 1 3^ 3r
|+—(rpt;7)==—j Ty — |+—| rTy — | (3-26)

r dr dz [ dz ) r

where Y is the mass fraction of species. The mass diffusion coefficient

Ty = H/Sc, +H/SC,, and Sci and Set are the respective laminar Schmidt number and

tirbulent Schmidt number.

3.2.4 Thethree-eguation model

The dissipation rate of a temperature variance only appears in the conservation

equation for the temperature variance. It serves as a sink term in the equation. If we can

find a way to solve Equation 3-18 independently without involving EQ it would be

unnecessary to solve Equation 3-20 and the solution procedure will be simplified. This can

be realized if we write the last term in Equation 3-18 as:

-2pe.=-2p(^1r"2 (3-27)
'r

£<
where —^ is the time scale of the turbulent thermal energy transport. Because the

temperature fluctuations and the velocity fluctuations are caused by analogous mechanisms,

£c
the turbulent thermal energy transport time scale —^- can be substituted by the turbulent

^
kinetic energy transport time scale — . Hence, Equation 3-18 is written as

k

i^l^-^- ^L\^^\C.G.-C^1eff ^- I' .. ^.\ lieff ^ |r^^-^jr

(3-28)

Equations 3-15, 3-16 and 3-28 are three equations describing the turbulence effects

in the plasma, so the preceding turbulence model is called accordingly the three-equation

turbulence model.
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The constants in the three-equation turbulence model are as follows:

C^= 0.9, C^ = 1.44, Cs = 1.92, Q, = 2.0, Cr = 6.0, Pr^ = 1.0, Pre= 1.30, Pr< = 0.7,

Sci=1.0,Sct=1.0.

3.2.5 The thermophysical and transport properties

The thermophysical and transport properties of the plasma at atmospheric pressure

are the published tabulated data [Boulos et al., 1994]. In the case of gas mixtures, the

thermophysical properties are calculated using the mass fraction weighted averaging:

*F=^<?, (3-29)
1=1

where Y{ and l?-f correspond to the mass fraction and the thermophysical property of each

individual gas, n is the number of gas types. The transport properties are given by the Wilke

formula [Bird etal., I960],

r,^y_^Lmix ^^ n

'-'Z^,y
7=1

(3-30)

where J~'refers to the plasma thermal conductivity or viscosity. X represents the molar

fraction of each gas component, and ^ is a coefficient given by the following formula:

\-v2r
1 11, Mi^,,=—=\^+^—L'y-^8|"M,

1+ a-
^

fYM.Y4
M,

(3-31)

where M refers to the molar mass of the gas.

The effects of operating pressure on the gas properties are taken into account. The

relationships are as follows:

c,=c,,(2.621-1.62Wr"o<]' (3-32a)

h =/?,(!.333 -0.333;7)[r/104]4 (3-32b)

A= \ (1.202 -0.202j9)[r/104]2 (3-32c)

jii= ^(0.778 +0.222pf/lo4]5 (3-32d)
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p=p,p (3-32e)

0-= o-i (3-32f)

U^U^p (3-32g)

where the footnote "1" denotes the property at reference pressure jp=l atm). The unit of

pressure is atm.

3.3 The influence of temperature fluctuations on plasma density

In density fluctuation conditions, the time-averaged density can be obtained by

introducing a suitable probability density function (p.d.f.) p(f). The p.d.f. to be constructed

is a density-weighted function, which allows the evaluation of both density-weighted-

averaged and time-averaged values. The density-weighted-averaged values are given by

<f=^W)p(fW (3-33)

and the time-averaged values are given by

^=P\\w-P(<fW (3-34)
JOP(/)J

The time-averaged density can be obtained by

p=l f-PLa<y I ' (3-35)
J» p(f) ~

where 0(/) stands for any quantity which may be uniquely related to a scalar /, including

the temperature, velocity and concentration, etc. [Jones, 1980; Jones and Whitelaw, 1982].

The above definitions of density-weighted-averaging and time-averaging using the p.d.f.

and the conventional definitions through ensemble average are identical.

In a thermal plasma, density fluctuations are usually caused by temperature

fluctuations. Therefore, it is better to associate the p.d.f. with the temperature fluctuations.

Furthermore, we assume the density fluctuations are uniquely caused by those of the

temperature. The beta function is employed as the p.d.f. in the calculation:

J/min

with

'a-ifl- /•y'-i

PW = ,,J/ VA J}.. ; fmin <f<fma. (3-36)
J;/~/-Id-/y-rf/
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\f,~p(f)df^ (3-37)

The temperature variance is chosen to be the scalar in this study. Accordingly, the variables

in Equation 3-36 are defined as

I/(I-/) I"=/ ^}"-^f-/

T, = T + 3-

Tf2
[/ f,_ 1

?

L/^ L/m

f77"2 , F,, =T-3-^T2
'max ' Jmln

The temperature dependence of Tf is assumed to follow the normal probability density

function with a standard deviation of Oy, = ^/T"2 and mean temperature T.

3.4 Torch geometry and boundary conditions

3.4.1 Torch geometry

The rf plasma torch used in the study is the Tekna model PL-35 torch. The torch has

an inner diameter of 35 mm and a length of 113 mm. The plasma torch consists of three co-

axial tubes. The smallest tube inserted in the center is used to feed materials to be processed

by the rf plasma. The middle tube closer to the torch wall is used to isolate the plasma

forming gas and the sheafh gases. The largest tube is a water-cooled plasma confinement

tube, which is made of a ceramic. The rf plasma torch and the corresponding dimensions, as

well as the operating conditions used in the present study, are schematically shown in

Figure 3.1.

3.4.2 Boundary conditions

(a) The entrance (z = O):

a/<
u=

Q,/n(R^-R2,)
S3/7I(^2-^)

0

v=0,

w=^ W-,

r<R^

R^ <r < R^

R^r<R,
7?i < r< R^

r<R^

R^ <: r< R^

R,<R<RQ

(3-38a)

(3-38b)
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0 r<R,
Y=^^ ^'/"3. (3-38c)

[7, R,Sr<R,

T=350K (3-38d)

k=O.Q05(u2+w2) (3-38e)

£=\000k2 (3-38f)

T"2=0.005T2 (3-38g)

(3-38h)

1

^AR ^ a4 - o
3z 3z

(b) The center line (r = O):

3u 3h 37 3A: 3e 3T"2
=v=w=4; =4 =0 (3-39)

3r 9r 3r 9r 3r 3r

(c) The walls

u=v=w=F2=0 (3-40a)

^=0 (3-40b)
3r

ar _, (T-TJ
3r̂=^—^ (3-40C)

k=^£=0 (3-40d)
3r

A, =^J-^G^,)+/^SJ—C7,4,5,G'(^,) (3-40e)^ - 27T'V^ ^^v>''/ ' 27T ^^o^'^J"yuv^'

tC.F. f
A! =~^^T<7]A!'-js}G(kJ) (3"40f)

(d) The exit (z=z0

3pK 3v 3w 3A 37 ^k ^e 3T" 3^ 3^,
=0 (3-41)

3z 3z 3z 3z 3z 9z 3z 3z 3z 3z

where W2 is the swirling velocity of the plasma gas, ¥3 is the mass fraction of the second

gas species m the sheath gas. ^ (12 W/m-K) and Tw (350 K) are respectively the thermal

conductivity and the temperature of the solid wall. d^ (3.5 mm) is the wall thickness. / is

the coil current and is calculated through the conservation of the total dissipated power in

the plasma. Nc=5, is the number of induction coils. C.V. refers the control volume extending
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over the current carrying regions of the discharge, rj and 5j are the radius and cross section

of the/ control volume. G'(k) is a function of complete elliptic integrals:

^(2-W)-2E(k) ^
k

where K and E are the complete elliptic integrals, and

4R,r
(^+.)2+(z-Z.)^ = ^—^—^ -! (3-43)

where Re and Zc are the respective radial and axial positions of a coil.

3.4.3 The wall-function method

The turbulence model is valid only in turbulent flows and is not valid in the shear

layer near the solid walls because the near wall regions are mainly dominated by laminar

flows. The contributions of turbulence to the momentum and heat transfer near the walls

are added to the corresponding conservation equations by means of the wall-function

method [Minkowycz and Sparrow, 1997],

^pC^=lta[^] (3-44)
'w K

L£_-i2Lc_
^ ~"̂ -'^•^(^-^ ^

pc^
y^y^^-L. (3-46)

Ll

where quantities with footnote "P" and "W" refer to the corresponding values at a mesh

point 'P" adjacent to a point 'W at the wall. The point "P" is chosen such that it is

sufficiently far from the wall so that the laminar effect predominates in this region. T^ is

the wall shear stress employed in the momentum conservation equation and q^y the wall

heat flux. p and (li are the respective plasma density and the molecular viscosity at point

"P". Yp is the distance between points "P" and "^F". Typically, the near wall viscous sub-

layer extends from the wall to about y? = 11.2. 1^0.41, is the von Karman's constant;

E=9.0, is the roughness of the wall; A=26.0, is the van Driest's constant for a smooth wall

surface.
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3.5 Numerical method

3.5.1 The general form of conservation eqyatKms

The governing equations 3-11 to 16, 3-21, 3-22, 3-26 and 3-28 are written into the

following general form of a conservation equation:

A(p^i^-(,.p^)=|^|0H|f^]+^ (3-47)
rdr dz\ T dz j r

where (f) is a general variable representing the unknown variable in the original conservation

equation, ^ and ^ are the corresponding diffusion coefficient and source term.

3.5.2 Discretization of the conservation eQuation

The SIMPLER algorithm [Patankar, 1980] is a well-known numerical method in

solving partial differential equations governing fluid flow and heat transfer. In the

SIMPLER algorithm, control volume formulation is applied in the discretization of the

conservation equations. The fundamental concept of the control volume method is simple.

It divides the whole calculation domain into small control volumes, each mesh point is

surrounded by a control volume. By integrating the differential equation in each control

volume, one obtains a discretization equation that contains (f) values in a set of mesh points.

A schematic of control volume is illustrated in Figure 3.2. The control volume at mesh

point "P" is shown in the shaded area, where "P", "£:", 'T', 'W and "5" refer to main

mesh points, "e", "w", n" and "y" are positions of the control volume surfaces. The axial

and radial dimensions are respectively Az and ^r, and §z and §r correspond to step lengths

in the axial and radial directions. The discretization equation is given by:

a^ = a^ + ciw(hy + aN(kf + ^<fe + b (3-48)

where the coefficients are:

a, =^4^|)+max(-^,0) (3-49a)

a^ = iydPj)+max(^,0) (3-49b)

a^ = ^^(JPj)+max(-^,o) (3-49c)

a, = D, A^ |) + max(^ ,0) (3-49d)
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aP = aE +aW +aN + as -Sp^z^r (3-49e)

b=Sc^r (3-49f)

where Sc and Sp are obtained by linearizing the source term in Equation 3-47,

S<r=Sc+Sp(l) (3-50)

The conductivities are defined as follows:

A ='%A'1 (3-51a)
).

D.=(-^'- (3-51b)
^

r (/U..AZD- =^^f (3-51C)

D.=^(^ (3-51d)
' ^ Ws

where r? is the radial position of the mesh point "P", and

^=^+W./2 (3-52a)

r^r.-WJI (3-52b)

Fe, Fw, Fn and Fs are the mass fluxes on the surfaces of the control volume:

F,=(p^Ar (3-53a)

F^{pu)^r (3-53b)

F. =-SL(P").Az (3-53c)

F^=L-W^ (3-53d)
rp

The Peclet Numbers are defined as:

R - F - 77 - F
=—S- P =—Si- P = —!- P =—£- f"\Jr'=~D:rv=~D:'r^~D;r'=~D. ^

Function AQP\) is given by a power-law scheme:

^(|P|)=max[0,(l-0.1|P|)5] (3-55)
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3.5.3 Pressure correlation - the SIMPLER algorithm

In the SIMPLER algorithm, the pressure gradient term in the momentum

conservation equation is treated as an independent term. A conservation equation for the

pressure field is obtained using the momentum conservation and continuity equations.

The discretization for z-momentum and r-momentum conservation equations is

carried out based on the staggered control volumes shown in Figure 3.3. The discretized

equation for z-momentum is:

^a.bUnb+b , AT-,^ = ^"no"no - +^-(^ -^) (3-56)
a, a,

where tlnb" refers to mesh points neighboring to point "P", Oe, Onb and b are coefficients

calculated by the combination of convection-diffusion effects on the surface of the control

volume of z-momentum. Let's define a pseudo-velocity,

.a^u^ +b
u, = ^nbnnb (3-57)

^
One notices that Equation 3-57 consists of neighbor velocities and is independent of the

pressure. Equation 3-56 then becomes

Similarly, one can get

^=u+^-(p,-p,) (3-58)
a.

^=^+^(PP-PN) (3-59)
a.

Applying Ue and Vn to the continuity equation, one obtains the following pressure equation:

apPp=^,,p^+b (3-60)

where ap, dnb ssid b are coefficients calculated on the surface of the main mesh points

illustrated in Figure 3.2.

3.6 Results and discussions

The numerical solution was performed in a calculation domain shown in Figure 3.1.

The region, z: 0 - 113.0 mm, r: 0 - 17.5 mm, was divided into non-uniform grids of 39x35

mesh points. The convergence criteria is that the residue satisfies the following condition:

26



^=
Max|^-^ -1

>-4<5xl0~' (3-61)
Max ^

where the superscript "T!" denotes the n iteration in the calculation.

The results are presented in terms of the plasma temperature and flow fields, as well

as those of the relative turbulence intensity and the ratio of the turbulent viscosity to the

laminar viscosity. The latter quantities were calculated as follows:

(a) Relative turbulence intensity [Cebeci and Smith, 1974]

12k ,3
turb'mt (3-62)

<u2 +v2 +w2

(b) Relative turbulent viscosity

r,=& (3-63)

Unless otherwise mentioned, the standard operating conditions used in the calculation are:

the probe gas flow rate, Qi=3 slpm (Ar), the plasma gas flow rate, Qz=25 slpm (Ar), the

sheath gas flow rate, Q=80 slpm (90%Ar+10%H2, voVvol); dissipated electrical power,

Po=15 kW; operating pressure, p=101.3 kPa; and inlet swirling velocity, wi = 10 m/s.

3.6.1 The effect of density fluctuations

Since the density and temperature fluctuations are taken into account in the three-

equation model, the first objective of this study is to investigate the effects of these factors.

Figures 3.4 (a), (b), (c), (d) illustrate the axial and radial profiles of the calculated

density-weighted-averaged and the time-averaged plasma temperature and the variance of

plasma temperature at z=60 mm, 109 mm and r=9 mm and 12 mm respectively using the

three-equation model. Computations were carried out in the standard operating conditions:

plasma torch at a power level of 15 kW, Qs = 80 slpm and at atmospheric pressure. We can

see that both axial and radial profiles of the two kinds of temperature profile are very close

to each other. The predicted density-weighted-averaged temperature is found to be slightly

lower than that of the time-averaged one only in those regions where the temperature

profiles are steep. This is a consequence of fhe relationship of plasma temperature and
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density fluctuations. From the conservation equation of the temperature variance

(Equations 3.18-19), we know that the generation rate of the temperature variance is

proportional to the square of temperature gradient Therefore the plasma temperatures have

higher fluctuation amplitude in the high temperature gradient regions. This results in

greater density fluctuations due the dependence of plasma density on the temperature. From

the definition of the time-averaging method and density-weight-averaging method, we find

the main difference between these two procedures is the role of density. In the case of

constant density, the two definitions are identical and give the same averaged values. With

the presence of density fluctuations, the two definitions are different and therefore give rise

to different values. The larger the density variation, the greater the two different values.

The time-dependent temperature fluctuations and density fluctuations have opposite signs,

i.e., increasing plasma temperature always decreases plasma density and vice versa.

According to Equation 3-9, the density-weighted-averaged temperature is smaller than that

of the time-averaged one.

Figures 3.5 (a) and (b) show the temperature fields and velocity fields in the rf

plasma torch obtained using the standard k-e turbulence model and the present three-

equation turbulence model, respectively. The operating conditions for these two

mathematical models are the same as the standard ones. The corresponding relative

turbulence intensity and relative turbulent viscosity fields are shown in Figures 3.6(a) and

(b), respectively. No significant difference is observed in the respective fields obtained

using the two different models. We conclude that in the present case the temperature and

density fluctuations have negligible effect on the rf plasma turbulence, temperature fields

and velocity fields.

It is important to understand what are the intensity and its distribution in an rf

plasma discharge. Figure 3.6 indicates that there are two major important turbulent flow

regions in the rf plasma discharge. One is in the downstream and near wall region, where

the turbulence is caused by the shear force on the torch wall; another is in the upstream

region where the injection cold gas Q2 meets the recirculating high temperature plasma gas,

forming a shear layer between the plasma and the injected cold gas. The relative turbulent
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viscosity of the second region is much greater than that of the first one. This can be seen

from the profiles of the turbulent viscosity. Some axial and radial profiles of the plasma

temperature and relative turbulent viscosity obtained using the three-equation turbulence

model, are illustrated in Figures 3.7(a), (b), (c) and (d), respectively. It is found that the

relative turbulent viscosity can reach a value of 20 or more at an axial position at z= 13 mm.

Comparing Figure 3.5 with Figure 3.6, we can find the tendency of the variation of plasma

turbulence with the plasma temperature. Let's set T=5000 K as a reference temperature. At

high temperature region (T>5000 K), the molecular viscosity dominates the transport

property; at temperatures between 3000 K - 5000 K, the molecular viscosity and the

turbulent transport are competitive and both are important to the transport property; in the

low plasma temperature region (T<3000 K), the turbulent viscosity becomes predominant

and makes a major contribution to the transport property.

The above results have revealed that there are two distinct flow regions in an rf

plasma discharge. The central high temperature region is dominated by laminar flows;

while the near wall and upstream regions are controlled by turbulent flows. Especially in

the upstream region, the turbulent effect is so strong that the molecular viscosity is almost

negligible.

3.6.2 The effect of entrance turbulenc e level

Two major factors characterize the turbulence phenomena in the plasma flows: the

plasma velocity gradients and the boundary conditions of the turbulent kinetic energy and

its dissipation rate. For the wall turbulence boundary conditions, the laminar flow boundary

conditions are used. For the turbulence at the torch entrance and exit, artificial boundary

conditions should be applied. It is easier to give boundary conditions at the torch exit

because the fully developed flow condition is usually satisfied. Furthermore, the tirbulence

property is affected mostly by the upstream flow conditions, rather than by the downstream

flow conditions. Therefore, it is necessary to check the reasonableness of the entrance

turbulence boundary conditions.
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Since the gas has initial velocities at the entrance, there must be some levels of

velocity fluctuations. We assume the turbulent kinetic energy and its dissipation rate have

the following three different entrance boundary conditions:

(a) B.C. l:k=0, s=0;

(b) B.C. 2: k = 0.005(u2 + ^), €= 1000 k2;

(c) B.C. 3: k = 0.010(u2 + ^), e= 1000 k2.

Figures 3.8 (a) and (b) show the plasma temperature fields and velocity fields at B.C. 1 and

B.C. 3, respectively. Figures 3.9 (a) and (b) are the relative turbulence intensity and the

relative turbulent viscosity profiles. We find that the influences of entrance turbulence on

the plasma temperature fields and velocity fields are very small. The plasma temperature

and velocity at higher inlet turbulence level (B.C. 3) are just slightly higher than that at the

zero entrance turbulence flow condition (B.C. 1). The profiles of the relative turbulence

intensity and the turbulent viscosity are also similar to each other at the corresponding two

boundary conditions at the downstream region. A small difference is observed at the

upstream region closer to the entrance. The turbulent viscosity becomes smaller at high

entrance turbulence intensity level and is due to the higher dissipation rate of the turbulent

kinetic energy given by the boundary at the entrance. The axial profiles of the relative

tirbulence intensity and turbulent viscosity at r=9 mm and r=15 mm are illustrated in

Figures 3.10 (a), (b), (c), (d), respectively. They reveal that the effect of entrance turbulence

boundary conditions is only at the upstream region. The radial profiles of the corresponding

turbulence properties shown in Figure 3.11 also indicate that the entrance turbulence

boundary conditions mainly affect the near wall and upstream regions.

The results presented above suggest that the generation of turbulence, to a large

extent, depends on the gas flow properties within the rf plasma torch. The entrance

turbulence level affects only slightly the turbulence at the upstream region, where the axial

momentum is mainly dominated by the convective transfer from the entrance. In the region

at Z>40 cm, the turbulence sources are mainly from the shear layers closer to the torch wall

and the interaction between the recirculating high temperature plasma gas and the injection

plasma formation cold gas near the fire ball.
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3.6.3 The effect ofsheath eas flow rate

To illustrate the effect of sheath gas flow rate on the plasma turbulence, we

represent the gas flow rate by the corresponding Reynolds number. The Reynolds number

for a flow in a cylinder is defined as

^=mL-^ (^
V TZ^R

where Q. is the gas flow rate and v is the kinematic viscosity of the gas. R is the

characteristic radius of the cylinder. For the sheath aimulus, the Reynolds number is

calculated by the formula proposed by Bird etal. [1960]

Re,=2(K'-R')u= 2Q'_ (3-65)
v m<^o+^)

Three different combinations of gas flow condition were chosen in the present

study:

(a) Q i=3 slpm, Q2=25 slpm, Q3=40 slpm;

(b) Qi=3 slpm, Qi=25 slpm, Qs=65 slpm;

(c) Q 1=3 slpm, Qi=25 slpm, Q3=90 slpm;

Accordingly, the Reynolds numbers at the entrance under different flow conditions are:

Ch = 40 slpm 0^ = 65 slpm 0^ = 90 slpm

Torch Reynolds number Reo 3168 4315 5461

Sheath amiulus Reynolds number Res 1052 1710 2368

The Reynolds numbers indicate that the plasma flows in the torch for the three gas flow

rates are all in the transition regimes.

The temperature fields and velocity fields for Q = 40 slpm and Q = 90 slpm

respectively are shown in Figure 3.12. We find that the temperature closer to the torch wall

at case (a) is greater than that at case (c), whereas the velocity is larger for the latter. The

iso-contours of relative turbulence intensity and the relative turbulent viscosity for Q? = 40

slpm and Q = 90 slpm are given in Figure 3.13, which reveals that both the relative

turbulence intensity and the relative turbulent viscosity in the downstream near wall region

are significantly increased when the sheath gas flow rate changes from Qa == 40 slpm to Q3
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=90 slpm. However, the turbulence level does not change much in the high temperature

plasma core region.

The axial and radial profiles of the relative turbulence intensity and tirbulent

viscosity also convey important information in respect of the changes in tirbulence

properties. As shown in Figure 3.14, the axial profiles of the relative turbulence intensity

show a gradually increase with the sheath gas flow rate, the differences becoming larger

with the increasing radial distance. Although only the sheath gas flow rate is changed and

the plasma forming gas is kept at the same flow conditions, the relative turbulent viscosity

in the upstream region of the plasma forming area is slightly changed due to fhe

recirculation of gas in the discharge region, see Figure 3.14(c). The radial profiles of the

relative turbulence intensity and relative turbulent viscosity illustrated in Figures 3.15 (a),

(b), (c) and (d) clearly indicate that the main affected area is limited to fhe near wall region,

due to the variation of the sheath gas flow rate. The enhancement of the increasing sheath

gas flow rate towards the turbulence level is obvious in the near wall regions.

3.6.4 The effect of plasma power

As has been shown earlier, the turbulence phenomena in the rf plasma torch can be

affected by the plasma temperature. The effect of plasma power is presented in this section

since we are all aware of the importance of the plasma power level to the plasma

temperature. Three plasma power levels are now considered:

(a) Po=10 kW;

(b) Po=20 kW;

(c) Po=30 kW;

where the plasma power means the electrical power dissipated in the plasma from the rf

power supply, it is not the plate power.

Figures 3.16 (a) and (b) illustrate the plasma temperature fields and velocity fields at

power levels Po=10 kW and Po=30 kW, respectively. Significant temperature and velocity

increases with the increasing plasma power have been observed. Figure 3.17 indicates that

with increasing plasma power, the plasma turbulence intensity and relative turbulent
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viscosity are both reduced. This means that the turbulence can be suppressed by increasing

plasma power. This phenomenon is related to the variation of the plasma molecular

viscosity with plasma temperature. The molecular viscosity of an Ar/Hi plasma increases

with the temperature when the temperature is less than 10000 K. By raising the plasma

power, the plasma temperature is increased correspondingly. As a result, the plasma

molecular viscosity is increased, this leads to the decrease of the Reynolds number, and the

turbulence becomes less significant. We also noticed that there is a small region where the

turbulence intensity increases with the plasma power. The location is adjacent to the outer

wall of the probe in the gas recirculation region, as indicated in Figure 3.17 (a) by an arrow.

This is because when more power is "put" into the plasma, the Lorentz force becomes

stronger and the rotation speed of the recirculation gas is increased. Since the turbulence in

this region is mainly caused by the interaction of the recirculation hot gas with the cold

plasma formation gas, the increasing velocity gradients in this area exert greater shear

force, resulting in an enhancement of the turbulence.

The axial profiles for the relative turbulence intensity and turbulent viscosity shown

in Figure 3.18 demonstrate the decrease in plasma turbulence levels with increasing plasma

power. The radial profiles for the corresponding quantities shown in Figure 3.19 also

suggest the same conclusion. Compared to the turbulence intensity, the turbulent viscosity

is more sensitive to the plasma power. In the region near the wall, the turbulent viscosity

can be reduced to around one-tenth of its initial value, as the plasma power is increased

only some three times. Figures 3.19 (c) and (d).

3.6.5 The effect of pressure

The effect of the plasma pressure has been studied for three cases:

(a) p=26.7 kPa;

(b) p=53.3 kPa;

(c) p=101.3kPa.

The temperature fields and velocity fields at pressures p=26.7 kPa and 101.3 kPa are shown

in Figure 3.20. We find in fhe low pressure case, the high temperature region extends

remarkably in the axial direction, with the wall temperature profile moving slightly
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downwards. The axial plasma velocity also increases greatly from the maximum velocity

around 50 m/s at p=101.3 kPa to 170 m/s at p=26.7 kPa. The effects of pressure on the

plasma temperature and velocity fields are due to the change of inlet velocity and the

transport properties in different pressure conditions in the plasma torch.

The iso-contours for the relative turbulence intensity and the relative turbulent

viscosity are illustrated in Figures 3.21 (a) and (b) respectively and reveal that the plasma

pressure has significant influences on the plasma turbulence as well, although the total gas

flow rate remains unchanged. The turbulence intensity level at low pressure (p=26.7 kPa) is

much smaller than that for the high pressure case (p=101.3 kPa), and the strong turbulence

region in the upstream region moves downwards due to increasing axial plasma velocity.

The area and magnitude of the turbulence have both been significantly reduced in changing

from the high pressure to low pressure conditions. The axial profiles for the relative

turbulence intensity and turbulent viscosity at different pressures are shown in Figures 3.22

(a), (b), (c) and (d), respectively. It is found that the upstream turbulence is more sensitive

to the variations in plasma pressure, because the plasma temperature in the upstream region

is very low and the corresponding viscosity is small compared to the downstream region

where the plasma gas is hot. The radial profiles for the turbulence intensity and turbulent

viscosity corresponding to the pressure changes are shown in Figures 3.23 (a), (b), (c) and

(d). It is again seen that the changes of turbulence magnitude near the wall are relatively

small.

3.6.6 The effect of swirling velocity

A well-accepted conclusion and experienced practical finding for the effect of

swirling of the plasma gas is that it can aid in the stabilization of the plasma performance.

Here we seek to understand the influence of the swirling velocity on the plasma turbulence.

Three cases are simulated in this study:

(a) swirling velocity v^=5 m/s;

(b) swirling velocity v^=15 m/s;

(c) swirling velocity v^=25 m/s.
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In Figure 3.24 (a), the plasma temperature extends a little towards the torch wall when the

swirling velocity changes from 5 m/s to 25 m/s. The associated increase in upstream

temperature implies the presence of a stronger back flow in the high swirling velocity case.

This phenomenon is different from the results obtained from some other prediction made

using the 1-D electromagnetic model [Boulos etal., 1980, Wei, 1987], where the backward

velocity was found to decrease with increasing swirl velocity. This disagreement results

from the applications of 1-D and 2-D electromagnetic fields. In the 1-D electromagnetic

field condition, only the radial Lorentz force is taken into account. In the 2-D

electromagnetic field case, in addition to the radial Lorentz force, the axial Lorentz force is

also considered and this makes the simulation much more realistic. From Figure 3.24 (b),

the velocity along the axis rises with the increased swirling velocity component.

The iso-contours of the relative turbulence intensity and turbulent viscosity for

W2=5 m/s and W2=25 m/s are illustrated in Figures 3.25 (a) and (b), respectively. The

.evolutions of axial and radial profiles for the turbulence intensity and turbulent viscosity

with changes of the swirling velocity component are shown in Figures 3.26 and 3.27

respectively. From these figures, the effect of the swirling velocity is seen to enhance the

turbulence levels. The effect is more pronounced in the shear layer near the torch wall. The

reason for this is as follows. From Equation 3-17 we know that the generation rate of the

turbulent kinetic energy is proportion to the turbulent viscosity and the square of the

velocity gradients. The velocity gradients near the torch wall increase with the swirling

velocity component, resulting in a greater rate of plasma turbulence production. The

combination of these effects contributes to the increase of turbulence level with the

increased swirling velocity.

3.7 Conclusions

In summary, the turbulence phenomena occurring in the rf plasma discharge have

been studied in respect of the density and temperature fluctuations using the three-equation

turbulence model. The mathematical modeling results reveal that the density and

temperature fluctuations have negligible effect on the rf plasma temperature and velocity

fields, compared with the corresponding simulation results obtained using the standard k-e
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turbulence model. Two kinds of significantly different flow regions, the turbulent flow

region and the laminar flow one, are found to coexist in an rf plasma torch. The plasma

turbulence intensity and turbulent viscosity are found to be considerably larger in the near

wall and upstream regions of the torch. For example, the relative turbulent viscosity can

reach as much as 20 or more. The shear layer formed by the recirculating hot gas and the

injection plasma forming gas generates the turbulence in the upstream region; the shear

force then generates the turbulence near the torch wall. Laminar flow conditions

predominate in the regions where the plasma temperature is generally greater than 5000 K.

The parameters affecting the turbulence in the rf plasma torch were also investigated

using the three-equation turbulence model. The inlet turbulence conditions are

demonstrated only to have effect on the upstream region in a short axial distance. The

turbulence intensity and turbulent viscosity near the torch wall have strong dependence on

the sheath gas flow rate, but the turbulence in the upstream region is just slightly affected

by the sheafh gas flow rate. By increasing the plasma power, the turbulence level has been

suppressed due to the increasing plasma temperatire in the torch. Compared with that in

high pressure conditions, the turbulence in low pressure conditions becomes weaker

because the plasma temperature has been increased, and the strong turbulence region moves

downwards due to the increasing axial plasma velocity. The role of the swirling velocity in

the plasma gas is to increase the amplitude of turbulence, the influenced is especially

pronounced in the near wall region. The variation of the above-mentioned operating

parameters has little effect on the turbulence in the high temperature region.
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Figure 3.2 A schematic of control volume used in the discretization
of the conservation equations.

Figure 3.3 (a) The control volume for z-momentim and (b) the
control volume for r-momentum.
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Figure 3.20 (a) Plasma temperature fields and (b) velocity fields at pressure p=26.7 kPa (the left-hand side of each chart) and p=101.3 kPa
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Figure 3.21 (a) Iso-contours of relative turbulence intensity and (b) relative turbulent viscosity at pressure p=26.7 kPa (the left-hand side of
each chart) and p=101.3 kPa (the right-hand side of each chart).
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4. PARTICLE DISPERSION IN TURBULENT RF PLASMA FLOWS

4.1 Introduction

Mathematical modeling of particles dispersion in particle-laden turbulent flows

under the condition of constant gas physical properties has been extensively studied using

various models [Elghobashi, 1994; Adeniji-Fashola and Chen, 1990; Berlemont et al.,

1991; Stock, 1996]. It is well known that properties of thermal plasmas differ from those of

ordinary gases through the nature of their high and non-uniform temperature fields. Particle

dispersion in thermal plasmas is a complex process because of the strong dependence of

plasma transport properties on the plasma temperature. Momentum, heat and mass transfer

between particles and the surrounding plasma is simultaneously involved in the particle

dispersion process. Plasma-particle interactions change the pattern of the plasma

temperature and velocity fields, which in turn influence those attributes of the particles. A

number of mathematical modeling studies have been conducted on plasma-particle

interactions taking place under thermal plasma conditions. Lee and Pfender [1987] and T.

Miyadera et al. [1992] studied the particle heat and mass transfer and the particle loading

effects on plasma jets under turbulent flow conditions using various approaches. Plasma-

particle interaction effects occurring in rf plasma torches under laminar flow conditions

were studied by Proulx et al. [1985, 1987]. In other work, Proulx et al. [1990] studied the

plasma-particle interactions found in a dc plasma jet and based on the simple mixing length

turbulence model. Chen [1993] used a stochastic model to study particle turbulent

dispersion in an rf plasma spray process, where the momentum exchange between fhe

plasma and the particles was neglected.

In Chapter 3, the turbulence phenomena present in an rf plasma torch have been

extensively investigated and described using the three-equation turbulence model. It was

found that the plasma turbulence intensity and turbulent viscosity depend greatly on the

plasma temperature. Previous simulations have indicated that the plasma could be

significantly cooled locally, due to the heat exchange between the particles and the

surrounding plasma gases under dense loading conditions [Proulx et al., 1985]. As a
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consequence, the existing turbulence located in particle-laden regions within the rf plasma

is affected because of local changes to plasma velocity and temperature.

In this chapter, the particle turbulent dispersion in an rf plasma reactor is studied.

The simulations were conducted under various flow conditions and powder materials. The

Stokes number, defined as the ratio of the particle aerodynamic response time to the

characteristic time scale of the turbulent plasma flow [Chein and Chung, 1988], is used as a

scaling parameter. Particle diffusivity is studied in terms of the Stokes number, which is

found to play an important role in the particles' transport mechanism [Ye, et al., 2000].

4.2 Governing equations

4.2.1 The plasma equations

In Chapter 3, density and temperature fluctiations were found to have no substantial

effect on the predicted plasma temperature, velocity or turbulence properties, compared to

the corresponding results obtained from the standard k-e turbulence model. Therefore, the

latter model is used as the fluid model best able to describe the rf plasma flows in the

following work.

Based on the assumptions set out in Chapter 3, the governing equations for an rf

plasma flow are summarized in the following general form in cylindrical coordinates:

^}^(^)=^^VL^^S^S^ (4-1)
9z " '' r 3r ' ' ' ' 3z[ Y 6z j r

where p, u, v are the plasma density, axial and radial velocity components, respectively. (f>,

^corresponds to any scalar and its diffusion coefficient. The diffusion coefficient consists

of molecular and turbulent transport components. S^ and S^ are the corresponding source

terms contributed by the plasma gas and particles. For the continuity equation, <^=7; (f)=u, v,

w correspond to the conservation of axial, radial and the tangential momentum; (p^h is the

energy conservation equation; (ff=k, e are conservation equations for the turbulent kinetic

energy and its dissipation rate, respectively.

The equations for the two-dimensional electromagnetic field are described by:
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32^ .13^3^ ^
y-+—\r^R- \-^L+H,aoA, =0 (4-2
2 _. -t_ I -\_, I _.2r dr [ dr ] rt

92A, ,13f,34) A,
3z r ()r { 3r j r
^^l^l—w3101-0 (4-3)

where Ap, Ai are the real and imaginary parts of a vector potential, respectively.

4.2.2 The particle trajectorv model

In the present model, the particulate phase is treated as discrete identities using the

Lagrangian approach. The treatment of particle dispersion involves tracking the trajectory

of an individual particle when it moves through the plasma. The model is based on the

following assumptions:

(a) The particulate phase is dilute, therefore the particle-particle interaction is

negligible but the plasma-particle interactions are taken into account;

(b) The particles have infinite thermal conductivity and the internal temperature

distribution in a single particle at any time is uniform;

(c) The particles are rigid spheres;

(d) Particle evaporation occurs only at the boiling temperature of particles.

The governing equation for tracking a particle trajectory is the equation of motion

for the particle. Based on the above assumptions, the effective forces affecting the motion

of a particle are the drag force, the gravity and the centrifugal force. The equations of

motion for an individual particle in cylindrical coordinates can be expressed as:

"-—lC,(u,-u,)U,\-P-\+g (4-4)
dt 4 ^ p s' n\p,d

p"p

dv, 3'p _=—C^(v,-v.)U
'I V.2.

D\vp vg^R\dt 4 ^ p 8' K[p,d
p" p

+-^ (4-5)

dw
p _

dt
=—C,(w,-w,)U,

vpwp

p.d,
(4-6)

U, = ^-u^+ (v,-v^+ (w^-w^ (4-7)
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where Up, Vp and Wp are the axial, radial and tangential velocity components of the particle,

respectively and where Ug, Vg and Wg are the corresponding instantaneous plasma velocity

components. UR refers to the relative speed between the particle and the plasma

surrounding it, pp and dp represent the respective particle density and diameter. The drag

force is caused by the relative movement of the particle in the plasma, the drag coefficient

CD follows the relationships:

'D ~ ^DOJ D ^~r~i

where,

c°o=^- (4-9)
Re

andyb depends on the Reynolds number,

|1, Re<0.2

,0=
1+0.1876^ , 0.2 < Re<2.0

(4-10)
ll+O.HO^081, 2.0<Re<21.Q

|1+0.189^062, 21.0 <Re< 200

where Re is the Reynolds number based on the particle diameter and the relative speed Up,

pU^d,Re=^R^P (4-11)
JLi

It is meaningful to rewrite the equation of motion for the particle in the form of a

vector equation,

du. 3^ / ,, ,f P,~p _=—C2>(U.-U,)|U,-U
's +F, (4-12)

dt 4 "' ' 8" ' "lp,rf,
/

where Fb is the body force exerted on the particle. The above equation is further rewritten

into the following dimensionless form,

^=4^-U,)^ (4.13)

where

JL. -^_(_.a=-F^.y..=-^-
' *"' ~ r\ I .. ' ^r* — -2 / r^ ? f^ ~

U, ' D/UQ ' u U^/D ' 'M ji^
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in which UQ and /^ is the average gas velocity and viscosity at the torch entrance

respectively, and D is the torch diameter. St is the Stokes number, which is defined as the

ratio of particle aerodynamic response time to the characteristic time of the plasma flow

[CheinandChung,1988],

^P4^ (4-14)
D/UQ

Using the definition of the Reynolds number at the torch entrance,

^ =P^D (4-15)

the Stokes number is written as

S'=^Y,Re, (4-16)

where y^ =d p/ D is the non-dimensional particle size, and 7 =Ppl Po is the relative

density of the particle to that of the plasma.

Equation 4.13 indicates that the particle dynamics in the plasma flow is dominated

by the competition of two forces: the viscous drag force and other forces (mainly the

gravity). The drag force mainly depends on the Stokes number. The physical meaning of

the Stokes number is that it reveals which force predominates in determining a particle's

motion: the initial momentum or the momentum transferred from the plasma to the particle.

The particle thermal state is determined by an energy balance between the particle

and the surrounding plasma gases. The energy change rate for a particle includes the

convection and radiation heat transfer:

Q= A^(T,-T,)-A^s,(T; -T.4) (4.17)

where A = Tflp is the surface area of the particle; Tp, Tg and To are the particle temperature,

local plasma temperature and the temperature of the environment, respectively. cs and £p

are the respective Stefan-Boltzmann constant and the particle emissivity. Neglecting the

internal heat transfer in the particle, the thermal state of the particle is decided according to

the net heat exchange rate Q between the particle, the plasma and their surroundings.
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(a) For particle heating, Tp<Tm and Tm<Tp<Tb,

7T \dT^
Q=\'-P.d\c^ |—^ (4-18)6 ^^p"p \ dt

(b) For particle melting, Tp=Tm,

Q={7Ep^H^}^- (4-19)^r-p-p-n, J^

(c) For particle evaporation, Tp=Tb,

Q={-^p^H^d, 4-20)

where Tjn and Tb refer to the melting and boiling points of the particle, Cp is the specific heat

of the particle at constant pressure, Hm and Hv are the latent heat for particle melting and

evaporation, respectively, x is the liquid mass fraction of the particle. The Nusselt number

for the particle is represented as [Proulx, 1985]:

Nu = ^-^== 2.0 + 0.515^°-5 (4-21)
k

where k is the thermal conductivity of the plasma gas.

4.2.3 The particle turbulent dispersion model

In a particle turbulent dispersion process, the particles interact with eddies and

respond to the instantaneous plasma velocity rather than the mean velocity. The motions of

the particles are tracked as they interact with a succession of turbulent eddies. The flow

properties for each eddy are assumed to be constant. The instantaneous velocity for an

isotropic turbulent plasma are given by:

u,,=u,+u\ (4-22)

where Ug,i, Ui and U{' are the instantaneous, mean and fluctuational velocity components of

the plasma, respectively. M( ' is obtained from the turbulent kinetic energy and follows a

Gaussian distribution with a mean at zero and a standard deviation {2k I 3)2

The time for a particle interaction with an eddy is assumed to be the minimum of

the eddy lifetime and the transit time required for the particle to pass through the eddy. The
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characteristic size of an eddy, Ie, is assumed to be its dissipation length scale [Shuen et al.,

1983],

/^ = cfky2 Ie (4-23)

where Cp= 0.09, is a constant for turbulent fluid model. The eddy lifetime, te, is estimated

as

t,=l,/(2k/3)^ (4-24)

Meanwhile, the transit time of a particle is obtained by linearizing the equation of motion

for the particle in a uniform flow field,

^=-Th<l-/,/TC/,) (4-25)

T=4p,rf,/(3pC^,) (4-26)

where T is the particle relaxation time in an eddy. If / > TC/^, the stopping distance of the

particle is smaller than the scale length of the eddy. Therefore, the interaction time between

the particle and the eddy is

T,=mm(^) (4-27)

The particle's equations of motion are integrated using the above time step in each

eddy, and the procedure is repeated for all successive eddies along the particle trajectory

until the particle reaches the exit boundary of the calculation domain or is fully evaporated.

The energy transfer equations are solved simultaneously throughout this procedure.

4.2.4 The source terms

The energy and momentum source terms contributed by the particles to the

conservation equations of the plasma in Equation 4-1 are determined by the variation in

particles' mass, energy and momentum during their dispersion in the plasma, using the PSI-

Cell method [Crowe et al., 1977]. The particle trajectory and thermal state are determined

by the injection position, the particle mass and size, and the turbulent dispersion history.

In the present study, the particles are injected into the plasma through a central tube,

which is inserted vertically downwards into the plasma through the top of the rf plasma

torch. The total particle trajectory is thus represented by
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N,^ = n^n, (4-28)

where rir, nd and nt refer to numbers corresponding to the radial particle injection points, the

particle size distributions and the particle turbulent dispersion histories. Each trajectory

represents a group of particles with identical starting status. The particle numbers for a

single trajectory in unit time is given by

N(lw = pwpwp(m)? (4-29)

with

2>")=1> $>w=l. I^)=l (4-30)
/=1 *=1 m=l

where pv), pw and pw are the probability density functions (p.d.f) of the radial injection

position, the particle diameter distribution and the particle turbulent dispersion history,

respectively. N^ represents the total number of particles injected per unit time.

The p.d.f. for the injection position is so determined that it is proportional to the

element area where the particles are injected. This will ensure that the particles have a

uniform mass flux in the tube. If the particles are injected uniformly at rir positions in the

tube, p\.) can be expressed as

PW=2L1 (4-31)

The p.d.f. for the particle diameter pw is assumed to follow a Gaussian probability

distribution function. For the turbulent dispersion history,

Pw=1 (4-32)
n,

The contributions of particles to the plasma mass, energy and momentum source

terms in a cell (control volume) are the summation of the effects of all particles that pass

through that cell. Accordingly, the particle number concentration in a given cell crossed by

fhe trajectory (/, k, m) is:

N(l'k'm)^!-k'm)

c^'") =——— (4-33)
ij
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where ^l>k is the residence time of the (/, k, m) particles in the (f, j) cell with a cell

volume Vzj. The mass source term for the (i,j) cell is the summation of mass changes of all

particles in the cell:

^'m)A^(/'A'm)

% = X^S— (4-34)
l^.m Lij

where ^m^'K'm} is the amount of mass evaporated from the particles (/, k, m) when they pass
'p

through the cell (z,7"). The source term in the plasma energy conservation equation includes

the heat transferred to the particles by convection and the energy needed to heat the

evaporated mass to reach the LTE state of the plasma:

iE _ \' (^(l,k,m)(^(l^/n) ^f-)(l,k,m)^ (^_
>P,'J = Z^^P/J ^P.V "'"^v,,/ ) ^t~-

l,k,m

^.)

"ij 0

where

C" =-^ \^MT, -T^)dt (4-36)

and

)(l^/n) ^ | "^2r» I ^ I- fT-T(l'k'm)'\^ (&.-'
7v,y - ^i,k^) j ~^up^p\~^~^p^lv~lp,ij )ul ^~-

ly 0

The corresponding source terms in the plasma momentum transfer equations are the

accumulation of the momentum changes in the cell for all particles,

, C^->A(m,u,)

i,J^

The effect of the particles on the plasma tirbulence is not considered in the present work.

,M ^V^-fH"W^,y = L. —^7J^— ^-^

The PSI-Cell method, together with the turbulent dispersion model used here, make

it necessary to verify that the results so obtained are statistically stable. The number of

statistical representations for the particle trajectories that are needed for an accurate

description of the particle turbulent dispersion was minimal requiring 25 repeats per

injected particle. The particle injection tube is divided into 36 starting positions. The

particle size for all calculations is kept to a single size distribution. A total of 900 particle

trajectories were calculated, with 7?r == 36, nd = 1 and y^ =25.
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The influence of particle vapor on the plasma transport properties is neglected at

this stage of the investigation.

4.3 Boundary and initial conditions

The boundary conditions for the plasma flow are the same as those used in the

previous chapter, except for the following minor changes:

(a) The temperature boundary condition — the inner wall temperature of the whole

reactor is set at 300 K.

(b) The vector potential equations are solved only for the torch interior, the Lorentz

force and Joule heating rate are neglected in the reactor.

The initial conditions of particle velocity and temperature are set to be equal to that

offhe carrier gas, e.g., the particles have a uniform velocity profile at the starting point (the

tip of the probe) with an input temperature of 300 K. The wall is impermeable to particles,

they will be returned to the plasma when the wall is reached.

4.4 The calculation domain and solution method

The numerical modeling is based on a plasma reactor system, which consists of a

Tekna PL-35 model rf plasma torch and a water cooled stainless steel chamber, 120 mm in

diameter and 800 mm in length. The detailed geometry of the torch is described in Chapter

3. The plasma reactor system is schematically shown in Figure 4.1. The corresponding

dimensions and the operating conditions are given in the same figure. The orientation of the

plasma torch and the particle injection is assumed to be in the downward vertical direction.

The calculation domain is divided into a non-uniform grid containing 89 axial nodes and 77

radial nodes.

The plasma equations are solved using the SIMPLER algorithm. The equations of

motion and the energy balance equation for the particles are integrated using the fourfh-

order Runge-Kutta algorithm under currently existing plasma temperature and flow fields.

The procedures are repeated until the convergence criteria for the plasma flow are satisfied.
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4.5 Results and discussion

Equation 4-13 indicates that the Stokes number is expected to be an important factor

affecting the motion and trajectory of a particle in the plasma. From the definition of the

Stokes number, it is seen that it varies with both the plasma and the particle properties. In

an rf plasma, the plasma condition and particle materials vary according to the different

applications. In this section, the mathematical modeling results of particle turbulent

dispersion are presented with respect to the various combinations of plasma flow and

powder injection conditions employed. The Stokes number in each case is specifically

stressed to elucidate its unique role in characterizing the particle dispersion process within

the rf plasma reactor.

The modeling work undertaken was based on the rf plasma reactor system

schematically shown in Figure 4.1. The standard operating conditions employed are: Po=10

kW, p=10L3 kPa, Q=3 slpm (Ar), Q=25 slpm (Ar), Q3=60 slpm (90%Ar + lOVoHi,

voVvol).

The particle turbulent dispersions in different particle materials were studied using

alumina and tungsten as typical powder materials since they are widely used in the

applications and their physical properties are quite different. TABLE 4.1 shows the fhermo-

physical properties of these two materials [Proulx, et al., 1985; Chen, 1993].

4.5.1 The effect of Reynolds number

In order to study the effect of Reynolds number on the particle turbulent dispersion,

two gas flow rate conditions were taken into account, Q =40 slpm and Q? =90 slpm. The

thus obtained temperature fields and flow fields for both cases are shown respectively in

Figures 4.2(a), (b). It is to be noted that there is a cold region adjacent to the tip of the

inserted particle feeding tube. This cooling phenomenon is caused by the injection of the

carrier gas. Departing this region, the carrier gas is heated by the plasma gas originating

from the hottest plasma region, and the centerline temperature rises rapidly to its highest

value of about 10000 K. Over the point of z=400 mm, the plasma temperature decreases
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sharply to values below 2300K. This region between z=0 to 400 mm is an effective region

for particle heating because the plasma temperature is greater than the melting point of

alumina, Tm=2323 K. Beyond this region, particles will no longer be melted due to the low

plasma temperature. As is well known, particle heating is one of the most important issues

in thermal plasma applications. For this reason, the region of interest is limited to a smaller

zone between z=0 to 400 mm, and i=0 to 15 mm. The temperature profiles along the

centerline for the two flow conditions are found to be of interest. Upstream of z=200 mm,

the centerline temperature at Q3=40 slpm is always greater than that at Q3=90 slpm. But the

situation changes from z=300 mm, due to the shorter axial recirculation distance in the

former case, and the rate of temperature decrease m the later case slows. Both plasmas

display off-axis expansion phenomena because of recirculation in the reactor shoulders.

Figures 4.3(a) and (b) illustrate the predicted plasma velocity fields and the relative

turbulence intensity fields. The axial velocity profile at Q3=90 slpm is always greater than

that at Q3=40 slpm because of its higher gas flow rate. The turbulence intensities in both

cases do not show noticeable differences along the torch center region down to z= 150 mm;

but the turbulence in the Q?=90 slpm case gradually becomes stronger than that at Q=40

slpm in the downstream zone due to the steeper velocity gradients.

The mathematical modeling results obtained using the particle turbulent dispersion

model were compared with those obtained using the deterministic dispersion model to

demonstrate under what conditions the turbulent dispersion is significant in an rf plasma.

Thus in the latter model, the mean gas velocity is adopted instead of using the instantaneous

gas velocity. Strictly speaking, the term "dispersion" is related to the turbulence phenomena

present m the flow. In referring to the particle motion in a turbulent flow, the particles are

usually said to be carried by the bulk flow and are dispersed by the turbulence. Particle

deterministic dispersion is in fact the process that the particles are carried by the plasma

flow without turbulent dispersion.

Alumina powder is a common ceramic material and is widely used in certain plasma

processing applications. Therefore, it is meaningful to study the process of its dispersion in

the rf plasma. In the present study, AfcOs powders of a single particle diameter dp=45 (im
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and feed rate of20g/min are injected into the rf plasma. The Stokes numbers corresponding

to the given flow conditions and the particle properties are summarized in TABLE 4.2.

Figures 4.4(a) and (b) illustrate particle trajectories and mass flux profiles for the

deterministic dispersion and the turbulent dispersion conditions at Q3=40 slpm,

corresponding to Re=3168, St=0.74, respectively. In the deterministic dispersion condition,

the particles gradually spread along the radial direction. The maximum particle fluxes in the

downstream zone have off-axis profiles. For example, at z=250 mm, the maximum profile

is located at r=l .5 mm. This is due to the similar property of the flow field; see the left-

hand side of Figure 4.2(b). On the other hand, as seen in Figure 4.4(b), the particle profiles

in the turbulent dispersion condition become flattened with increasing axial distance, but

the maximum profiles are always aligned along the centerline, which is a different result

from the former case. This observation indicates that the turbulent dispersion takes effect.

Although the bulk plasma flow is carrying the particles moving off-axis, the random

motions of the particles in the turbulence field make some of the particles to accumulate in

the central region. Due to the small radial velocity component of the plasma at the center,

the particles are unlikely to be carded apart from the axis as long as they reach the axis. In

both cases, the powder dispersion regions become larger with increased axial distance, and

the smallest particle mass fluxes are found in the outer regions away from the center axis.

The centerline profiles for the plasma temperature and velocity in the absence of particles,

and the averaged particle temperature and velocity in the deterministic and turbulent

dispersions, are shown in Figures 4.5 (a), (b) respectively. Little difference is to be noticed

between the profiles for the two cases. The corresponding radial profiles at z=231 mm

shown in Figure 4.6 indicate that the turbulently dispersed particles have a wider

distribution than that seen for the deterministic dispersion condition, although the particle

mass fluxes at larger radial positions are relatively small.

In Figure 4.7, the particle trajectories and the radial profiles of the particle mass flux

at Qs=90 slpm, Re=5461, St=1.28, are presented. It can be noticed from Figure 4.7(a), from

the results for the deterministic dispersion, the particle profiles also display off-axis

distribution phenomena due to the same cause as was mentioned for the case of Q=40
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slpm. Again, the particle turbulent dispersion, as shown in Figure 4.7(b), transports the

particles to the center region, but the profile gradients diminish at a rate smaller than that

found for the deterministic dispersion case, particularly at the more distant downstream

region, z=350 mm. The centerline profiles for particle temperature and velocity, as set out

in Figure 4.8(a), suggest that the particle temperature and velocity in the particle-heating

region for the turbulent dispersion case are smaller than that found for the deterministic

dispersion case. This is due to the fact that the particle number density near the centerline in

the former case is larger. The greater number of particles takes up more heat energy and

momentum from the plasma, resulting in stronger decreases of the plasma temperature and

velocity, which in turn affects the same properties of the particles. The radial temperature

and velocity profiles in both dispersion cases are similar to those at Q3=40 slpm.

No substantial difference in the particle turbulent dispersion effect is observed

between the two flow conditions, namely, Re=3168, St=0.74 and Re=5461, St==1.28. In

comparing the results obtained using the deterministic dispersion and turbulent dispersion

models in various Reynolds number conditions, it is found that the particle turbulent

dispersions in the studied flow regimes have a noticeable effect on the particle flux profile.

Unlike the detenninistic dispersion case in which particles tend to move off-axis in the

downstream region, the turbulent dispersion effect is able to redirect particles and

eventually distribute more particles into the center region than into the outer fringes. The

particle distribution range obtained in the turbulent dispersion condition is obviously larger

than that yielded by the deterministic dispersion. However, the wider particle spreading

phenomenon may not be significant in practical applications because the particle mass

fluxes in the outer radial positions are obviously small.

4.5.2 The effect of powder properties

In this case, three different sizes of alumina and tungsten particles were chosen as

test particles, dp=10, 45, 100 |Lim. The operating conditions were the standard one. The

Stokes numbers in the present study for alumina and tungsten particles are summarized in

TABLE 4.3. Figures 4.10(a) and (b) show the predicted plasma temperatures and

streamlines, and the velocity and relative turbulent intensity fields in the rf plasma reactor
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system, respectively. The trajectories for fifp=10 [im alumina particles (St=0.05) under

deterministic and turbulent dispersion conditions are illustrated in Figures 4.11 (a) and (b),

respectively. The corresponding mass flux profiles for three axial positions, z= 150 mm, 250

mm and 350 mm, are also shown in these two figures. The profiles indicate that the particle

trajectories developed under these two types of dispersion conditions are different. In the

deterministic dispersion case, the drag force is pronounced because the particle mass is

small. The prevailing drag force compels the particles to flow along with the plasma flow

streamlines over almost the whole of their trajectories. The particle mass distribution is

narrow and the peaks of particle flux are off-axis. For the turbulent dispersion case, the

particles have more stochastic motions in the radial direction due to the quick response time

of the particles to the velocity fluctuations and the particle mass flux has a much wider

radial profile compared with that of the deterministic dispersion case. The largest particle

mass flux is located in the center. Figures 4.12 and 4.13 show the respective plasma and

particle axial and radial temperature and velocity profiles under the present particle loading

condition. In Figure 4.12, the particle temperatures along the centerline in the turbulent

dispersion case are higher than those computed for the deterministic dispersion case, due to

the longer residence time spent in the plasma by the small particles suspended in the

tirbulent dispersion conditions. However, the particle velocity in the former case is lower

than that of the later case. The phenomenon resulting in the decrease of the particle axial

velocity component in the turbulent dispersion condition is the superimposition of the

randomly oriented fluctuating velocity onto the bulk particle velocities. The radial profiles

shown in Figure 4.13 reveal that there is a much wider spread in the radial direction for

particles within the turbulent dispersion.

The corresponding results for moderate size alumina particles, ^,=45 (im (St=0.95),

are set out in Figure 4.14. Figure 4.14(a) shows that these particles have greater dispersion

than that those in the 10 (im size range. This difference is due to the greater effect of the

particle body forces (gravity and centrifugal force) that are in competition with the drag

force in this case, both forces playing important roles in determining the motion of the

particles. The particle mass fluxes in the deterministic dispersion and in the turbulent

dispersion have become similar. As seen in Figure 4.15, the differences in the centerline
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particle temperature and velocity profiles for the two dispersions can hardly be detected.

The radial distribution ranges in this particle loading case for the two dispersion conditions

become smaller, compared with the former case, see Figure 4.16. Figures 4.17(a) and (b)

illustrate the particle trajectories and mass flux profiles corresponding to the two dispersion

cases for alumina particles with dp==100 p,m (S1=4.68). The particle mass flux profiles in

this case are much more similar to each other in the two particle dispersion conditions. The

particle dispersion regions in both cases narrows towards the center region. This indicates

that for particles that fall within this Stokes number category, it is difficult to respond to the

velocity fluctuations due to their heavy mass and large size, and thus the particle dispersion

is dominated by the inertial force over this range of Stokes number. This phenomenon is

also observed in the center axis profiles and the radial profiles for the particle temperature

and velocity, as shown in Figures 4.18 and 4.19 respectively. Almost no difference between

the results obtained using the two particle dispersion models can be detected.

The density oftungsten (p=l 93 50 kg/no?) is around 5 times that ofalumina (p=3900

kg/m ). Consequently, for the same particle diameter and flow condition, the Stokes

number of the tungsten particles is about 5 times greater than that of similar size alumina

particles. The corresponding results for the tungsten particles of size ^=10 p.m, ^,=45 (im,

and dp= 100 (J-m, predicted under the deterministic and the turbulent dispersion conditions,

are illustrated in Figures 20-28, respectively. The tungsten particle dispersion phenomena

are seen to be similar to those of the alumina powders in the equivalent Stokes number

ranges. For example, the results are similar for alumina with the size of 100 p-m (St=4.68)

and tungsten with the size of 45 |Lim (St=4.71). It is thus demonstrated that the particle

turbulent dispersion rate is sensitive to the Stokes number. For Stokes numbers around 5 or

more, the particle turbulent dispersion becomes less important because particles of these

characteristics are heavy enough and sluggish in their response to the velocity fluctuations.

As the Stokes number is decreased, the particle turbulent dispersion becomes increasingly

significant. When the particles Stokes number falls to less than the 1, the turbulent

dispersion becomes a dominant factor governing the particle motion.
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4.6 Conclusions

In summary, a particle turbulent dispersion model has been employed in the study

of particle dispersion processes in an rf plasma reactor system. The particle turbulent

dispersion is characterized in terms of the Stokes number, which was found to be a unique

dimensionless number representing a particle's response to the turbulent plasma flow.

The effects of plasma flow conditions on the turbulent dispersion have been studied

under two different Reynolds number conditions. The study demonstrates that the particle

turbulent dispersion has a significant influence on the particle mass flux profiles in the

present flow regime. The plasma fluctuations redirect the particles in the bulk plasma

stream due to the randomly superimposed fluctuating velocity components. The particle

dispersion properties are similar in the flow regimes studied, with Reynolds number

changes from 3168 to 5461, con-esponding to Stokes numbers of 0.74 and 1.28.

The dependence of particle turbulent dispersion on the particle properties was

extensively studied using various particle materials and sizes. The corresponding Stokes

numbers change from 0.05 to 23.21. The dispersion phenomena are basically the same for

conditions with similar Stokes numbers, regardless of particle material or size. For

example, the dispersion properties of 100 [im alumina particles are similar to those of 45

(Am tungsten particles. This suggests that both the particle material physical properties and

particle sizes are import factors in determining the particle dispersion within turbulent rf

plasmas.

The mathematical modeling results indicate that the range of particle turbulent

dispersion depends strongly on the Stokes number of particles in turbulent plasmas. The

particle turbulent dispersion becomes significant when the Stokes number is less than 1

because of the relatively high drag force; and it becomes insignificant when the Stokes

number is greater than 5 as in the present study case due to the competitively large particle

inertia.
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TABLE 4.1 THERMOPHYSICAL PROPERTIES OF ALUMDSTA AND TUNGSTEN

AW3

w

Tn,

(K)

2323

3680

Tb

(K)

3800

5933

Hm

(kJ/kg)

1000

190

Hv

(kJ/kg)

25000

2260

Cp

(kJ/kg.K)

1.500

0.17

cpv

(kJ/kg.K)

0.960

0.17

pp

(kg/m?)

3900

19350

Properties in the table are:

Tm- melting temperature

Tb - boiling temperature

Hm - latent heat of melting

Hy - latent heat ofevaporation

Cp - specific heat at constant pressure

Cpv - specific heat of vapor

ft, - density

TABLE 4.2 REYNOLDS NUMBER AND STOKES NUMBER FOR DIFFERENT GAS FLOW

RATES

Qi (slpm)

3

3

TABLE 4.3

dp (Hrn)
St

Qi (slpm)

25

25

Qs (slpm)

40

90

Reynolds number (Re)

3168

5461

Stokes

STOKES NUMBERS FOR ALUMINA AND TUNGSTEN POWERS

10

0.05

AkOs

Powder material

45 100 10
0.95 4.68 0.23

w
45

4.71

number (St)

0.74

1.28

100
23.21
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1
ZEX

Ri=1.35mm
R2=4.80 mm
R3=13.0mm

Ro=17.5 mm
Rc=22.0 mm

R^60 mm
REx==17.5 mm
Zi=35.15 mm
Z2=75.15mm
Z3=113.0mm
Z =60.0 mm
Z =35.15 mm
Z-f=800 mm
ZEX=SO mm
Qi=3 slpmt (Ar)
Q2=25 slprn^ (Ar)
Q3=40, 60, 90 slpmt

(90%Ar+10%H2, voVvol)
Po=10kW
p=101.3kPa
f=3MHz

fslpm- standard liter per minute

Figure 4.1 Schematic of the r.f. plasma reactor and the corresponding dimensions, as well as the operating conditions.
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Figure 4.2 (a) Predicted plasma temperature fields, and (b) flow fields for Q3=40 slpm (the left-hand side of each chart) and Q3=90 slpm (the
right-hand side of each chart), P(=IO kW, p=101.3 kPa.
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Figure 4.3 (a) Predicted plasma velocity fields, and (b) the relative turbulent intensity fields for Q3=40 slpm (the left-hand side of each chart)
and Q3=90 slpm (the right-hand side of each chart), P(=IO kW, p=101.3 kPa.
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Figure 4.4 Particle trajectories (dots) and mass flux profiles (full curves) at (a) determmistic dispersion and (b) turbulent dispersion for Al^
particle diameter = 45 |Lim, Q3=40 slpm, St=0.74.
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Figure 4.6 Radial profiles of (a) plasma and particle temperature,
and (b) velocity for Aip^ particle diameter = 45 pm, z=231 mm,
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at deterministic dispersion, dot line —particle at turbulent
dispersion.
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Figure 4.7 Particle trajectories (dots) and mass flux profiles (fall curves) at (a) deterministic dispersion and (b) turbulent dispersion for Al^
particle diameter ==45 pm, Q3=90 slpm, St=1.28.
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Figure 4.9 Radial profdes of (a) plasma and particle temperature,
and (b) velocity for Aifi^ particle diameter = 45 pm, z=231 mm,
Q3=90 slpm, St=1.28. Solid line — plasma, dash line — particle at
deterministic dispersion, dot line —particle at turbulent
dispersion.
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Figure 4.10 (a) Predicted plasma temperature field and flow field, and (b) velocity field and the relative turbulence intensity field, PQ==IO
kW,p=101.3kPa.
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Figure 4.11 Particle trajectories (dots) and mass flux profiles (fall curves) under (a) the determimstic dispersion condition and (b) the
turbulent dispersion condition for Al^Oy particle diameter =10 (im, St=0.05.
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Figure 4.14 Particle trajectories (dots) and mass flux profiles (fall curves) under (a) the deterministic dispersion condition and (b) the
turbulent dispersion condition for Al fly particle diameter =45 (im, St=0.95.
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Figure 4.17 Particle trajectories (dots) and mass flux profiles (full curves) under (a) the deterministic dispersion condition and (b) the
turbulent dispersion condition for M^Oy particle diameter =100 pm, St==4.68.
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5. PARTICLE EVAPORATION IN RF PLASMAS

5.1 Introduction

RF plasmas have been applied to material processing such as the spheroidization of

ceramic powders and deposition of ceramic coatings [Boulos, 1996, 1997]. In-flight

particles are heated in the high temperature region of the plasma and eventually melted

during the treatment. In the particle spheroidization process, the molten particles are

spheroidized by rapid cooling from the liquid phase. The crystal phase of a particle is

determined by its temperatire history. The heating efficiency depends strongly on the

particle properties and powder feeding conditions, as well as the operating conditions of the

plasma generator [Prasad, etal., 1999].

A preliminarily study of alumina powder spheroidization in rf plasma has been

carried out by Ishigaki et al. [1991]. In a subsequent study, Ishigaki et al. investigated the

deposition of spheroidized alumina particles from both the vapor and the molten particle

phases in rf plasmas [Ishigaki, et al., 1993 a]. It was demonstrated that the growth form of

the deposits produced from the vapor phase varied with the plasma-generating and powder-

feeding conditions. Two mixtures of plasma gases, Ar-Hz and Ar-Ni, were used in the

experiments to study their respective effects on the evaporation and spheroidization of

alumina powders. It was found that the heat transfer rate between the plasma and the

particles in Ar-Hz plasma was higher than that in Ar-Ni plasma.

Numerous mathematical modeling studies have also been conducted on the particle

heating process within thermal plasmas. In order to predict the plasma-particle heat

transfer, a properly formalized heat transfer model is essential. Therefore, the Nusselt

number, representing the heat transfer coefficient between the plasma and the particle,

should be carefully chosen, either theoretically or empirically. A number of formulae for

the Nusselt number have been proposed with quite different expressions. Lee et al. [1985]

have compared the Nusselt numbers obtained using five different plasma-particle heat

transfer models in plasma flows with various Reynolds numbers. Young and Pfender

[1987] presented a prediction of the heat transfer rates for small particles in argon and
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nitrogen thermal plasmas over a temperature range of 300 K to 21000 K, using seven

different equations for the Nusselt number. In the reviews made by Chen [1988, 1993], as

many as eight Nusselt numbers with different correlations have been compared under given

plasma temperature, velocity and particle size conditions. These studies provided

considerable information on the advantages and limitations for each of the heat transfer

model. However, all of these studies were carried out under given plasma temperature and

velocity profiles. Further investigations into the effectiveness of the expressions ofplasma-

particle heat transfer coefficient under unknown plasma properties, i.e., in the presence of

plasma-particle two-way interactions, need to be conducted.

The heat transfer between plasma and particles in the presence of particle

evaporation and vaporization will be greatly affected due to the existence of particle vapor.

An analytical study of the heat transfer rate to the particle surface, with and without the

effects of evaporation, was performed by Chen and Pfender [1982]. In their study, the heat

transfer rates were calculated in given particle material and plasma temperatures, and

significant effects due to the particle evaporation on the heat flux at the plasma-particle

interface were found.

Following the study of particle dynamics, i.e., particle turbulent dispersion in the rf

plasma reactor, as set out in the previous chapter, the main issue of this chapter will be

focused on the understanding of particle heat transfer phenomena in rf plasmas. The first

objective of this study is to investigate the particle heating and evaporation in Ar-Hi and

Ar-Ni plasmas with the emphasis on the effects of gas components on the plasma-particle

heat transfer taking place in an rf plasma reactor [Ye, et al., 2002]. The second objective is

to study the effectiveness of heat transfer models applied to plasma-particle heat transfer

and particle evaporation phenomena. Different heat transfer models are applied in real rf

plasma operating conditions, and the modeling task takes into account the plasma-particle

interactions. Finally, the effects of particle evaporation on the plasma-particle heat transfer

are studied in the cases of particle heating and evaporation occurring in Ar-Hz and Ar-Ni rf

plasmas. The predicted results are then compared with the corresponding experimental

results.
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5.2 The mathematical models

The plasma equations are described by the k-E turbulence model that was presented

in Chapters 3 and 4. In the model, plasma-particle interaction effects, including heat, mass

and momentum transfer between the plasma and particles, are included in the calculations

for plasma temperature and velocity fields. The governing equations for particle dynamics

and heat transfer were also given in the previous chapters. In particle modeling, the

particles are assumed to be spherical in shape and possess infinite internal thermal

conductivity, and interactions between particles are neglected. The effects of particle vapor

on plasma transport properties are also ignored. Particle trajectories are obtained by

integrating the equations of motion for the particles, and the particle thermal states are

determined by energy balance on the particle surface that includes the convective and

radiative heat transfers. Mass, heat and momentum transfer rates between the particles and

the plasma are calculated simultaneously in the integration process. To obtain statistically

stable solutions, a sufficiently large numbers of particle are considered, corresponding to

the probability density functions for particle size distribution, injection position and

turbulent dispersion history.

5.3 Heating and evaporation of alumina powders in Ar-H2 and Ar-Ni rf plasmas

5.3.1 The rf plasma reactor system

Mathematical modeling in the present chapter was carried out on the base of the rf

plasma reactor system used by Ishigaki et al. [1993b] for alumina deposition and

spheroidization. The whole system is schematically shown in Figure 5.1. It includes an rf

plasma torch, a reaction chamber, and powder collection units. The torch is 170 mm in

length and 50 mm in ID, and has a water-cooled quartz wall surrounded by 5 turns of

induction coil. The rf frequency is 3 MHz. Premixed powders are injected into the plasma

reactor with carrier gas through the central probe inserted into the high temperature region

of the plasma torch. Detailed stmcture and dimensions of this rf plasma torch were

described by Chen [1993]. The operating conditions in the present study are shown in

Figure 5.1. In order to investigate the heating and evaporation of alumina powders in

various plasmas, two kinds of working gases: Ar-Hi and Ar-N2, were used. These two

working gases have the same total gas flow rates, but they have different concentrations of
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H2 and N2 in each of the probe gas and sheath gas. The water-cooled reaction chamber is

made of stainless steel with a diameter of 254 mm. The exhaust gas from the chamber is

treated through a cyclone and filters to separate the fine particles from the gases.

In the modeling study, the alumina particles to be treated are assumed to have 41

different sizes with an average diameter of 24.5 (im and standard deviation of 6 (im. Each

particle is injected into the plasma at 12 evenly spaced radial positions in the central tube,

and repeated for 4 times, which correspond to 4 different turbulent dispersion histories. The

combination of each injection probability for particle size, injection position and turbulent

dispersion history gives a total number of 1968 trajectories. Unless otherwise mentioned,

the powder feed rate of 12 g/min is taken as the standard particle feeding condition.

5.3.2 Heatine and evaporation of alumina in the Ar-Hh plasma

The predicted plasma temperature and flow fields, and the velocity and relative

turbulent intensity fields for the Ar-Hz plasma, are shown in Figures 5.2(a) and (b),

respectively. The plate power was 40 kW and the chamber pressure was 53.5 kPa (400

Ton"). Figures 5.3 (a) and (b) are the calculated spatial evolutions for particle temperature

and velocity of the 24.5 |j-m diameter particles starting from various positions. The

projections on the z-r plane for both figures indicate the particle trajectories. The irregular

changes in the direction of trajectories are caused by the particle turbulent dispersion.

Figures 5.4(a) and (b) show the variations of particle temperature and velocity with

initial particle size. In Figure 5.4(a), the particle temperature increase rate varies with

particle size. The smaller sized particles are heated more rapidly than are the larger sized

particles. This is due to the fact that, according to Equations 4-17 and 4-18,

^(^) (5-1)

the temperature increase rate is in obverse proportionality to the square of the particle

diameter. As a result, the smaller sized particles have greater rates of temperature increase

and longer time to stay at the evaporation temperatire, while the larger sized particles have

relatively short evaporation times, or do not even reach the boiling point. For example, for
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the 42.5 p-m sized particles, their maximum temperature is 60° C less than the boiling

temperature and so evaporation does not occur from these particles. In Figure 5.4(b), the

smaller particles are found to be more rapidly accelerated in the plasma due to their smaller

mass. These smaller particles also have a greater velocity fluctuation intensity than that for

the larger particles because smaller particles are able to respond more rapidly to plasma

velocity fluctuations, due to their lesser inertia. Figures 5.5(a) and (b) present the respective

particle melting histories and the size histories for particles of various sizes. We can thus

see from Figure 5.5(a) that all particles are melted irrespective of size under the particle

feeding conditions considered, although smaller particles are melted more rapidly. Particles

appear to remain melted until they reach the torch axial position of ~700 mm. Beyond this

point, particles quickly cool. The larger particles condense earlier because they have lower

temperatures. In Figure 5.5 (b), the particle size histories depend greatly on particle size. A

small particle, dp=6.5 [im, is seen to be fully evaporated after it travels around 200 mm in

the plasma. While a larger particle, with the size of dp=42.5 (im does not experience

evaporation at all. All of the particle evaporation is seen to occur in a range from z= 160

mm to 380 mm.

Figure 5.6 illustrates the effects of particle feed rate on particle heating and

evaporation. In Figure 5.6(a), the left-hand side gives the evaporated mass fraction in the

total particle feed rate, while the other side displays the evaporation rate. It reveals that, the

evaporated mass fraction decreases rapidly at the onset, and then the evaporation rate slows

as the feed rate increases. The evaporation rate (g/min) increases quickly at the beginning

then decreases gradually with increasing particle feed rate. This phenomenon is attributed

to the change in the particle loading ratio. When the particle loading ratio is small, it has

little effect on the plasma temperature and velocity fields, the local plasma temperature is

still great enough to sustain increasing evaporation rates. However, as the particle feed rate

increases, the local plasma temperature is more substantially lowered due to the plasma-

particle heat transfer, and which in turn leads to decreasing particle evaporation rates.

Figure 5.6(b) indicates that the total of the plasma energy used for particle heating increases

with increased particle feed rate. This is due to the total particle number, i.e. the total

particle surface area for heat transfer, increases with feed rate. The energy used for heating
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the particle vapor also shows a similar trend in its variation with the feed rate to that of the

evaporation rate. The particle vapor concentration fields at the particle feed rates of 2

g/min, 12 g/min and 32 g/min, as illustrated in Figure 5.7, confinn the results as set out in

Figure 5.6(a). The particle vapor concentration at the feed rate of 12 g/min is obviously

greater than that for the other feed rate values.

5.3.3 Heatine and evaporation of alumina in the Ar-N? plasma

For the Ar-Ni plasma, the computed plasma temperature and flow fields, and

velocity and relative turbulent intensity fields, are illustrated in Figures 5.8(a) and (b),

respectively. The corresponding operating conditions are listed in TABLE 5.1. Figure 5.9

gives particle temperature and velocity histories for the different particle sizes at the feed

rate of 12 g/min. In similar fashion to the case for the Ar-Hz rf plasma, the smaller particles

are found to be heated more rapidly than the larger particles, the latter were still unable to

reach their boiling temperature under the prevailing plasma conditions. The main feature of

the particle velocity histories in the present case is that no obvious differences from the

case of the Ar-Hz plasma are revealed. In Figure 5.10, the particle melted mass fraction and

size histories for the different particle sizes are displayed. In Figure 5.10(a), all particles are

found to be fully melted, and they keep their melted state up to an axial position of greater

than 800 mm. Figure 5.10(b) indicates that the smaller particles are evaporated more

readily in the Ar-Ni plasma. Even a particle of 15.5 p-m could become folly evaporated in

this case, revealing that a significant evaporation rate is developed in the Ar-Ni plasma.

5.3.4 Particle size distributions - compared with measurements

The predicted particle size distributions are compared with the corresponding

measured values. In the experiments, most of the powders were collected on the chamber

walls. The particle size distributions were obtained by sedigraphy and results were reported

by Ishigaki et al. [1993b]. Figures 5.11 (a) and (b) show the predicted and measured particle

size distributions in different particle feeding conditions for the Ar-Hh and Ar-Ni plasma

treated powders, respectively. In Figure 5.11 (a), it is found that the particle size

distributions shift to the left-hand side of the figure when the particle feed rate is decreased.

This shift clearly indicates that particle evaporation occurs during the particle
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spheroidization process. Generally, the predicted results are found to be in fairly good

agreement with the experiments, even at feed rates as low as 6 g/min. A greater deviation

from the original particle size at the lower feed rates is due to the larger particle evaporation

fraction in the prediction. It is also noticed that the predicted particle sizes are always

smaller than those achieved in the experiments. This trend may be attributed to the presence

of some spongy mass surrounding the larger particles. Such powder agglomeration, if

present, interfered with the correct size measurement. Therefore, the apparent shift in the

experimental data is not as great as might be expected. In addition to this reason, the heat

transfer model and that for evaporation may also play important roles in this phenomenon,

this will be further addressed later in this chapter.

Figure 5.11(b) illustrates the particle size distributions corresponding to the Ar-Ni

plasma treatment of alumina powders. Similarly, the particle size distributions shift to the

smaller size direction when the powder feed rates are decreased. It was also found that the

predicted particle sizes were much smaller than those found by experiment, except as

occurs in the high feed rate conditions (32g/min - prediction, 38g/min - measurement).

These observations reveal that the predicted heat transfer rates between the Ar-Ni plasma

and the particles is much higher than that of real values.

The variations in the values of <^o, the diameter of the 50% cumulative particle

masses, with the feed rate, are shown in Figures 5.12 (a) and (b) for the Ar-Hi and Ar-N2

plasmas, respectively. These results also demonstrate that the predicted and experimental

data match very well under high feed rate conditions, but the differences become larger as

the applied feed rates decrease. The predicted d5o sizes are always smaller than the

experimental ones.

In the experiments, the collected alumina powders were characterized by SEM

inspection. Figure 5.13 shows SEM photographs of the initial powders and the

corresponding Ar-N2 plasma treated powders. The initial powder seen in Figure 5.13(a) is

an ordinary one for spray coating applications and shows irregularity in particle shape. In

Figure 5.13(b) we see spheroidization was accomplished in the feed rate of 11 g/min,
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indicating sufficiently melting of the particles. The powder surfaces are relatively clean,

even at the feed rate of 2 g/min, means less agglomeration of particle vapors, see Figure

5.13(c). In Figures 5.14(a) - (c), measurement results for the Ar-Hi plasma treated particles

are shown. At the higher particle feed rate (47 g/min), shown in Figure 5.14(a), some

particles were not sufficiently melted to become spheroidized and remain in irregular

shape. When the feed rate is decreased, the fraction of melted particle increases and

eventually almost all plasma treated particles are found to be spherical, as illustrated in

Figure 5.14(b). At the feed rate of 11 g/min, particle evaporation occurs, spongy mass is

found in the picture. When the feed rate is further decreased (to 6 g/min), a large amount of

the spongy mass is generated, as seen in Figure 5.14(c). These experimental observations

suggest that the plasma-particle heat transfer in the circumstances of the Ar-Hi plasma is

greater than that in the Ar-Ni plasma.

In the two working gas conditions, the predictions made for Ar-Hi plasma case

provide a better fit to the experimental observations than those for the Ar-Ni plasma case.

The measured particle sizes for the Ar-Hs plasma treated powders are smaller than those of

the Ar-N2 plasma treatment, interpreted to mean that the heat transfer rate in the Ar-Hi

plasma is greater. However, the predicted results are contrary in the case of the low feed

rate conditions. Since the experimental methodology is believed to be reasonable, and the

experimental results can be trusted, we have to check our mathematical model. The good

agreement found between the experimental findings and the model predictions under the

high feed rate conditions shows that the model has good effectiveness applied to the case of

little or no particle evaporation during plasma heating. The disagreement observed in the

low particle feed rates cases suggests that particle evaporation may play an important role

in the heat transfer rate between the plasma and immersed particles, and this effect has not

been satisfactorily taken into account in the modeling studies. The general overestimation

of the heat transfer rates in all relevant cases suggests that the proper correlation of the heat

transfer model used in modeling the plasma-particle heat transfer needs to be taken into

account. This phenomenon may also be due to the treatment of the thermophysical and

transport properties of the mixed-gas plasma. These properties were calculated according to

the concentration of each gas component in the plasma. The diffusion coefficient in the
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mixed-gas plasmas depends on the combination of different effects on the diffusion, such as

ambipolar ordinary diffusion, pressure diffusion, temperature difiusion, as well as the

electrical field diffusion [Murphy, 2001]. The diffusion coefficient was simplified in the

present model, and it may therefore have resulted in errors arising in the prediction of

concentration fields.

5.4 Effect of plasma-particle heat transfer models

The efficiency of particle heating in thermal plasma depends on the rate of heat

transfer from the plasma to the particle. A proper formulation of plasma-particle heat

transfer model is one of the most important steps in predicting the course of particle heating

in thermal plasmas. There are many empirical and semi-empirical formulations for the heat

transfer coefficient used in plasma-particle heat transfer modeling. Most of those models

were based on the correlation from the well-known semi-empirical Ranz-Marshall formula

for the cold flow heat transfer to spheres. Since the computation times for using different

models is quite variable, some models need a great amount CPU time. Most of previous

modeling works either used one model for modeling plasma-particle interactions, or

compared different heat transfer models in known plasma temperature and velocity

distribution conditions. In this section, four representative formulas are chosen to be the

plasma-particle transfer models. Based on these models, mathematical modeling was

carried out for the purpose of predicting the particle heating and evaporation in an rf

plasma, and the influences of different heat transfer models on the particle evaporation

were examined.

5.4.1 The plasma-particle heat transfer models

(a) Model 1

The basic plasma-particle heat transfer model, as used in the previous chapter and

again in the present chapter, was first developed by Boulos [1978], and later used Proulx,

Mostaghimi and Boulos [1985] and Chen [1993] in their modeling work. The expression

has been previously presented as Equation 4-21,

Nu = '-^- = 2.0 + 0.515Re°-5 (5-2)
k
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This model is based on an assumption of constant Prandtl number.

(b) Model 2
This model is the well know Ranz-Marshall formula [1952], which is used in the

conditions where the plasma and particle surface temperature differences are small:

Nu,=hd-=2+0.6Re/2 Pr?'f kf -—f-f

where subscript"/'" denotes the property at film temperature Tf, which is defined as

T^+T^

(5-3)

S ' ~P

•/ ~~ (5-4)

in which subscripts "g" and "p" represent properties at the plasma gas temperature and the

particle surface temperature, respectively. A definition of the Prandtl number is

Pr =
c^ (5-5)

This model has been used by Harvey and Meyer [1978] in their modeling work on metal

particle evaporation in arc plasma.

(c) Model 3
According to an analytical solution from a simplified boundary theory in large

Reynolds number condition, considering numerical results for variety of parameters such

temperature, particle diameter, surface temperature, and relative velocity, Chen proposed

the following expression of heat transfer model[1987a, 1993, 1999]:

10.5

Nu.=
Id.

s.-s,
=2 1+0.63^ Pr;8|^

\0.42

.0.8| P.M
,0.52

gf~g

pp^p
c1 (5-6)

where coefficient

c=
i-(W'14

i-(W (5-7)

In thermal plasma conditions, C "I. The definition of the thermal conduction potential, S, is

given by
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S=jkdT (5-8)

(d) Model 4

Lee et al. proposed the following expression for the plasma-particle heat transfer

[Lee, Hsu and Pfender, 1981; Lee, Chyou and Pfender, 1985]:

Nu, = (2 + 0.6Re/l Pr^)| p^18-
\ PA

\0.6

(c.)P/ S

(^)p /p

0.38

(5-9)

5.4.2 Predicted results in the Ai-H.7 and Ar-N^ rf plasmas

Figure 5.15 shows the predicted Nusselt numbers for alumina powders heated in the

Ar-H2 rf plasma using the above mentioned four different models of heat transfer. The plate

power was 40 kW and the chamber pressure was 53.3 kPa. Particle feeding conditions were

kept the same as those of the standard conditions. Figures 5.15(a), (b) and (c) correspond to

the predicted results for particle diameters of 15.5 |nm, 24.5 [im and 42.5 p-m, respectively.

The Nusselt numbers obtained for each model are small, in most cases around 2. The larger

values displayed at the starting point are the result of the large relative speed between the

particles and plasma at the initial particle acceleration stage. The predicted Nusselt numbers

for Models 1, 2 and 3 have similar trends in their axial variations, they are always greater

than the value of 2, which is thought to be the minimum Nusselt number at pure conductive

heat transfer condition (Re=0). However, the Nusselt number obtained using Model 4 is

significantly less than 2 between the axial positions z= 120 mm to 350 mm. This low

Nusselt number is due to the expression in the Model 4, which can not guarantee that a

Nusselt number is always greater than 2. Figure 5.16 shows the heating powers obtained for

the different sizes of particles obtained from the plasma during the heating process. In this

figure it can be seen that the predicted values using Models 2 and 4 in most of the axial

distance range are greater than those predicted by Models 1 and 3. As the particle diameter

increases, the particles are apparently heated at a faster rate in the cases of Models 1 and 3

than in the other Model cases during the early heating stage. The heating power obtained

using all models is almost the same as the particles approach the downstream of the plasma

where the plasma temperature and velocity diminishes.
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The calculated Nusselt numbers for alumina powder heated in Ar-Ni plasma using

the four heat transfer models are illustrated in Figure 5.17. The operating parameters and

particle feeding conditions are identical to those used in the Ar-Hi plasma. In Figures

5.17(a) - (c), we can see that the Nusselt number increases with particle size. The predicted

Nusselt numbers using Models 1, 2 and 3 have a similar tendency of variation with

changing axial positions as that in Ar-Hi plasma. The Nusselt number predicted by Model 3

has the largest value at the beginning, then falls to the lowest value as distance z increases.

An exception is found in the result obtained using Model 4. In contrast with that in the Ar-

Hi case, the Nusselt number for Model 4 decreases sharply at the beginning, then increases

and reaches a peak value in the region between z=130 to 450 mm. Figure 5.18 shows the

heating power for various sizes of particles derived from the different heat transfer models.

Generally, noticeable differences can be found in the heating power predicted by these

models. The models could be assigned to two groups. The heating powers predicted for

Models 1 and 3 are usually greater than those for Models 2 and 4.

5.4.3 Comparison between predictions and measurements

Since the predicted Nusselt numbers and heating powers yielded by the various heat

transfer models are different, the influence of the plasma-particle heat transfer model on the

particle evaporation predictions is thought worthy of examination. Figures 5.19(a) and (b)

present the comparison of the particle size distributions for the Ar-Hi and Ar-Ni plasmas,

when calculated by the four different plasma-particle heat transfer models. In Figure

5.19(a), it can be seen that there is little difference between the particle size distributions

predicted by the four models. The predicted particle sizes are always smaller than those of

the measurements. In Figure 5.19(b), however, differences in the particle size distributions

for the different models studied are clearly evident. Particle sizes predicted by Models 1

and 3 are similar and are the smallest. Model 4 produces the result closest to the actual

measured values. However, it appears that all of the four models overestimate the heat

transfer rates from the plasma to the particles. In that they predicted higher levels of particle

evaporation, leading to smaller particle sizes than those revealed by the measurements,

especially in the case for Ar-Ni plasma particle processing.
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Based on comparisons with the experimental results, an overall evaluation of the

performance of the different plasma-particle heat transfer models was made. Generally, all

of the four models examined tended to overestimate the plasma-particle heat transfer rate.

Similar conclusions were also reached by Vardelle ei al. [1983], where a plasma-particle

heat transfer model, in essence the same as Equation 4-21, was employed. From the heat

transfer viewpoint. Model 4 provides the predicted results closest to those of the

measurements. The advantage of Model 4 over the other models possibly owns to

introducing specific heat in the expression for the Nusselt number, although this sometimes

causes a calculated Nusselt number of less than 2. Consequently, it is concluded that it is

not critical to maintain a Nusselt number always greater than 2, as long as the proper

correlation on the heat transfer model is made according to the thermal plasma conditions,

where steep temperature gradients exist between the particles and the surrounding plasma.

5.5 Effect of particle evaporation

5.5.1 Plasma-particle heat transfer model in the presence of particle evaporation

When particles are treated in thermal plasmas, particle mass loss occurs due to

vaporization and evaporation. Evaporation accounts for a large amount of particle mass

transfer to the plasma when the particle surface temperature reaches the boiling

temperature. The presence of particle mass transfer in the plasma-particle interface reduces

the heat flux to the particle, due to that particle vapor mass is in counter flow to the heat

transfer from plasma to the particle. The measured vapor thickness surrounding a particle

extends from the particle surface to 3 to 5 times of its radii. The vapor cloud absorbs

thermal energy, and its diffusion in the plasma flow is slow. It also modifies the transport

properties of the medium around the particle [Vardelle, et al., 1991]. An analytical study,

with emphasis on the effects of evaporation on the heat transfer from plasma to the particle,

was accomplished by Chen and Pfender [1982]. In pure conductive heat transfer condition

(Re=0), the ratio of heat flux from plasma to a particle in evaporation is given by [Chen and

Fender, 1982; Chen 1987b]:

fir) =^_rf_^_ (5.10)
l<?»J*..o S,-S,ih-h^H,

113



where q\ and qo correspond to the plasma-particle heat flux, with and without evaporation

and Hy is the latent heat of the particle material. The subscript "b" denotes a property at the

particle boiling temperature. In a practical situation, it is a rather time consuming process to

calculate Equation 5-10 because the calculation needs to be performed at each step in the

particle movement. Therefore, it is more useful to either tabulate Equation 5-10 or to

simplify the expression. By assuming

k 1
—=const (5-11)

cph

one gets:

fiL] ^JL\^-H^^hlZ^\\ (5.12)
^0 lRe=0 H.

Equation 5-12 is valid in the situation of plasma-particle heat transfer in pure

conduction By comparing the modeling results of the ratio of heat flux calculated with and

without convection, Chen was able to propose an analogous expression for the heat flux

ratio in the presence ofconvection heat transfer on the particle [Chen, 1993]:

(5-13)

Another significant effect induced by the presence of particle evaporation is the

modification of plasma transport properties due to the existence of particle vapor in the

plasma. As demonstrated by Proulx and co-workers proulx et al., 1991 a, b; Essoltani, et

al., 1994], the presence of traces of metallic particles in the thermal plasma results in local

cooling, due to the substantial increase in the radiative energy loss. This effect is neglected

in the present stage of study.

5.5.2 The effect ofevaporation in the Ar-Hz plasma

The ratios of heat flux on particle surface, with and without evaporation, for

alumina particles treated in an Ar-H2 plasma, using Model 1, are illustrated in Fig 5.20. The

plate power was 40 kW and the chamber pressure was 53.3 kPa. The results were obtained

for particles with mean diameter of 24.5 p-m at feed rates of 2 g/min and 12 g/min. In
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Figure 5.20(a), which corresponds to the low feed rate, we can see that all particles,

regardless of diameter, attain the boiling point. The heat flux ratio at the beginning is 1,

then it falls to less than 1 when evaporation occurs, and returns to 1 when the particle

temperature drops below the boiling point. During the particle evaporation process, a

significant reduction in heat flux from the plasma to the particle, as great as 70%, is

observed. For the higher particle feed rate, 12 g/min. Figure 5.20(b) shows a similar heat

flux decrease in the presence of particle evaporation and the heat flux reduction goes up to

85%. For the 42.5 [im size particle, the heat flux ratio remains at 1, indicating that no

evaporation occurs at this size of particle.

Figure 5.21 shows the predicted particle size distributions, calculated for the case

with and without the evaporation effects, along with the corresponding measurement result

derived from Model 1. In Figure 5.12(a), at the feed rate of 2 g/min, a noticeable effect of

particle evaporation on the particle size distribution is observed. In comparison with that of

the no evaporation effect case, the plot, for the predicted particle size distribution with

evaporation, shifts to the right-hand side of the figure, and closer to that of the

measurements data plot. In Figure 5.21(b), the differences resulting from the effect of

evaporation at the pardcle feed rate of 12 g/min is much harder to see, revealing that the

effect of evaporation on the plasma-particle heat transfer becomes less important in this

circumstance. Figure 5.21 also shows an overestimation by the model of the heat transfer

rate to the particle, even considering the effect of evaporation. The particle size

distributions predicted by Model 4, with and without evaporation effects, are shown in

Figures 5.22(a) and (b), respectively. Similarly to Figure 5.21, the corresponding

measurement results are also shown. In Figure 5.22, it is obvious that the predicted particle

sizes, with account being taken for the effect of evaporation, are always greater than the

size data predicted without evaporation. The differences are, however, less than the

corresponding differences estimated using Model 1. The predicted particle size

distributions using Model 4 are in good agreement with the measured distributions, and in

particular the results obtained in considering the evaporation effect fit the measurement

data very well in this case.
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5.5.3 The effect of evaporation in the Ar-Nz plasma

In a fashion similar to the Ar-Hs case, a comparison study of the particle

evaporation in Ar-Ni plasma, with and without evaporation effects, has been conducted.

Figures 5.23 (a) and (b) present the predicted particle heat flux ratios using Model 1, for

particle feed rates of 2 g/min and 12 g/min. Li Figure 5.23(a), the decrease in the heat flux

to the particles occurs over a wide range in the z direction, from z= 150mm to 650mm. The

magnitude of the reduction in the heat flux ratio varies from about 0.4 - 0.8. In Figure

5.23(b), the range is rather narrower, indicating less particle evaporation is taking place.

Figures 5.24(a) and (b) illustrate the respective predicted particle size distributions

using Model 1, with and without evaporation effects, as well as the measurements made for

particle feed rates of 2 g/min and 12 g/min. Although the predicted particle size

distributions incorporating the evaporation effect still deviate from the measurement values,

noticeable shifts in the distribution plot towards the right-hand side, i.e., closer to the

measurements, are observed. Significant prediction improvements have been achieved

using Model 4. Thus in Figure 5.25(b), satisfactory prediction of the particle size

distribution using Model 4, incorporating the effect of evaporation, and at the particle feed

rate of 12 g/min, is found. The predicted particle size distribution is now very close to that

of the measurement results, with a maximum difference of less than 5%. This difference

becomes greater as the particle feed rate is decreased to 2 g/min, see Figure 5.25(a).

5.6 Conclusions

In this chapter, comprehensive investigations into the particle heating and

evaporation occurring in an rf plasma reactor have been carried out. Mathematical

modeling results are compared with experimental data obtained in the same operating

conditions. Heating and evaporation of alumina particles in two different plasmas, Ar-H2

and Ar-Ni, are studied to highlight the effects of plasma working gases. The mathematical

modeling results reveal that the plasma-particle heat transfer rate in the Ar-Hi plasma is

smaller than that in the Ar-Ni plasma, a result that is contrary to the experimental findings.

It is also found that the evaporation fraction varies with the particle feed rate in both

plasmas. The agreement between the predictions and measurements made at high particle
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feed rates is more satisfactory. Nevertheless, the model predictions usually overestimate the

heat transfer between plasma and the particles. The predicted particle size distributions

from the Ar-H2 plasma fit the measurement results well, except at low feed rates. However,

the predicted particle evaporation occurring in the A-N2 plasma is very poor, the

discrepancy becoming worse with decreasing particle feed rates.

The influences of plasma-particle heat transfer model were studied to elucidate the

dependence of particle evaporation on the expression for the heat transfer coefficient. Four

different models, based on some semi-empirical correlation of the Ranz-Marshall formula,

were employed in this modeling study involving plasma-particle interactions. It is found

that, among the four models, Model 4 was the best able to predict the particle size

distributions closest to the actual measurements, previously obtained for both Ar-Hi and

Ar-Ni plasma treated powders. This reveals that it is not a necessary condition to ensure

that a calculated Nusselt number always be greater than 2 in the thermal plasma conditions,

as long as the proper correlation is made in the plasma-particle heat transfer model.

Compared with that found in the Ar-H2 plasma case, the dependence of the particle

evaporation on plasma-particle heat transfer models in the Ar-Ni plasma is more

remarkable.

A further study on the particle evaporation in rf plasmas has been conducted to

examine the effects of particle evaporation on the plasma-particle heat transfer rate.

Obvious decreases in the heat flux from the plasma to the particles were observed in the

presence of particle evaporation. The reduced heat flux leads to a decrease in particle

evaporation mass fraction, and an increase in the particle size, resulting in the closing of the

difference between the predicted particle size distributions and those derived from

experiment. The influence of evaporation on the plasma-particle heat transfer becomes less

significant as the particle feed rate increases. The predicted particle size distributions

derived from the Model 4 simulations are in excellent agreement with the data from the

experiments in Ar-H2 plasma, even down to a feed rate of 2 g/min. But for the Ar-Ni

plasma, there are still differences between the predicted and measurement results in lower

particle feed rates.
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Consequently, it is concluded that the particle evaporation behaviour in rf plasma is

predictable, depending on the plasma components and on the applied plasma-particle heat

transfer model. Careful selection of the plasma-particle heat transfer model is essential in

order to produce reasonable predictions, since considerable differences exist between the

models. It is necessary to include the effects of evaporation on the plasma-particle heat

transfer in plasma-particle interaction modeling. The predicted results for particle

evaporation in the Ar-Hz plasma provide a better fit to the measurement data than for the

case of the Ar-N2 plasma.
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Powder feeding

PL-50RF PLASMA
TORCH

Off gases

PLASMA REACTOR

Wall product

FILTER

Filter product

CYCLONE

Bottom product
Cyclone product

Ri=2.0 mm
R2=4.5 mm
R3=21.0mm
Ro=25.0 mm
Rc=33.0 mm
R-r=l27.0 mm
REX==25.0 mm
Zi =60.0 mm
Z2=120.0mm
Z3=170.0mm
Zp=90.0 mm
Zs=50.0 mm
ZT=I 020.0 mm
ZEX=IOIO mm
Q 1=6.9 slpmt (Ar/N2)
Q2=28.0 slpm (Ar)
Q3=82.0 slpm (Ar) + 9.6 slpm

?,N2)
Po=40 kW
p=53.5 kPa
f=3 MHz

fslpm - standard liter per minute
See Figures 3.1 and 4. 1 for detailed
descriptions of notations.

Figure 5.1 Schematic of an rf plasma powder spheroidization reactor system.
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Figure 5.2 (a) Temperature field and flow field, and (b) velocity field and the relative turbulent intensity field in an Ar-Hz plasma. Plate
poweF=40 kW, pressure=53.3 kPa.
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Figure 5.4 (a) Particle temperature histories, and (b) particle velocity histories for different initial
particle sizes in the Ar-Hz plasma. Plate poweF=40 kW, pressure=53.3 kPa, A^Oa particle feed
rate=12 g/min.
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Figure 5.13 SEM photographs of the Ar-N2 plasma treated AlzOs powders. (a) Initial powder; (b)
particle feed rate=l 1 g/min; (c) particle feed rate=2 g/min. Plate power is 40 kW, and the reactor
pressure is 53.3 kPa.
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Figure 5.14 SEM photographs of the Ar-Hz plasma treated A^Os powders, (a) Particle feed
rate=47 g/min; (b) particle feed rate=l 1 g/min; (c) particle feed rate=6 g/min. Plate power is 40
kW, and the reactor pressure is 53.3 kPa.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A mathematical modeling research was conducted with the aim of better

understanding some of the basic phenomena observed in the rf plasma discharge and in

plasma material processing. Plasma turbulence, a common phenomenon encountered in rf

plasmas, was investigated in detail using a mathematical modeling method. Based on this,

particle turbulent dispersion and particle heating and evaporation in rf plasma reactors were

studied numerically and the predicted results were validated against available experimental

measurement data. The major conclusions are as follows.

(a) Study of turbulence phenomena in rf discharge plasma

Turbulence phenomena occurring in an rf discharge plasma have been studied in

respect of the plasma density and temperature fluctuation conditions, using a three-equation

turbulence model. The mathematical modeling results show that the density fluctuations

have negligible effect on the plasma temperature and velocity fields in the rf plasma torch,

compared with the results obtained using the standard k-e turbulence model. Laminar flow

and turbulent flow regions were found to coexist in the plasma torch, with regions

distinguished by different temperature and velocity distributions. The turbulent flows are

mainly located near the torch wall, where a shear force dominates the flow, and in the

upstream region, where a shear layer is formed between the plasma forming gas and a

recirculation of the high temperature plasma flow. Laminar flow predominates in the

regions where the plasma temperatures are generally greater than 5000 K.

The operating conditions for the rf plasma torch were also found to be affecting the

plasma turbulence with varying degrees of significance. Inlet turbulence conditions are

demonstrated as only having effect on the upstream region over a short axial distance. The

turbulence near the torch wall depends strongly on the sheath gas flow rate. It becomes

weaker with either increasing the plasma power or reducing the torch operating pressure,

indicating that turbulence is suppressed by increasing the plasma temperature. The role of

the swirling velocity is to increase the amplitude of plasma turbulence, this influence is
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especially pronounced in the near wall region. The turbulence phenomena encountered in

the high temperature regions have little change in each case, showing insensitivity of

turbulence variation with the operating conditions of the high plasma temperature region in

an rf discharge plasma.

(b) Particle turbulent dispersion in rf plasma flows

Particle turbulent dispersion in an rf plasma reactor system has been investigated by

considering the effect of plasma velocity fluctuations on the particle dynamics. In order to

demonstrate the effects of particle turbulent dispersion, comparisons have been made

between the predicted results using turbulent dispersion and deterministic dispersion. The

comparison indicates that the particle turbulent dispersion has significant influence on the

particle mass flux profiles in the present flow regimes. The plasma velocity fluctuations

redirect the particles in the bulk plasma stream by superimposing the fluctuating velocity

components on the mean velocities.

A dimensionless number, the Stokes number, was employed to characterize the

particle turbulent dispersion in the rf plasma flows. It has been demonstrated that the Stokes

number is a unique parameter determining in which condition the particle dispersion

becomes significant. The particles have similar dispersion properties when their Stokes

numbers are similar, regardless of the material physical properties and particle sizes. The

predicted results showed that the range of particle turbulent dispersion depends strongly on

the Stokes number. The particle turbulent dispersion becomes significant when the Stokes

number is less than 1 because of the relatively high viscous drag force; but it is negligible

when the Stokes number is greater than 5 in the present study due to the comparatively

large particle inertia.

(c) Particle heating and evaporation in rf plasma

Particle heating and evaporation in Ar-Hz and Ar-Ni rf plasmas were investigated

using plasma-particle heat transfer models at different levels of sophistication. The

predicted results were validated against measurement results obtained from particle

spheroidization experiments performed under identical operating conditions.
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It was found that particle heating and evaporation are greatly affected by the type of

working gas. The predicted plasma-particle heat transfer rate in Ar-Hi plasma is greater

than that in Ar-Ni plasma. Particles from Ar-Hi plasma have smaller evaporation mass

fractions than those from Ar-Ni plasma, whereas experiments yield different results. The

predicted particle size distributions found for high particle feed rate conditions fit the

experiment data well, the fit becomes worse when particle feed rates are decreased in both

plasmas.

The influence of plasma-particle heat transfer model has been studied to elucidate

the dependence of the particle evaporation on the expression for the heat transfer

coefficient. Four different expressions for the Nusselt number were tested, and they can be

distinguished into two groups, according to their particle size distribution predictions. Each

model group yields similar final particle size distributions, although the plasma-particle

heat transfer rates may differ in the intermediate heating process. Significant improvements

in predicting particle evaporation were realized using the proper plasma-particle heat

transfer model. Among the various models. Model 4 (Lee et al.) provides the best

agreement between predicted results and the experimental findings, although the Nusselt

numbers are found to vary greatly (from values less than to greater than 2) and to have

different trends of variation in the Ar-Hz and Ar-Ni plasmas. This observation suggests that

it is not necessary to keep the Nusselt number always at values greater than 2 under rf

plasma conditions, as long as the proper correlation is made in the plasma-particle heat

transfer model.

It has also been demonstrated that there is an obvious reduction of the heat flux

from the plasma to the particles when particle evaporation is present. This leads to a general

decrease in the particle evaporation mass fraction and a shift of the model particle size

distribution towards those of the measurements. It was also found that the predicted particle

size distributions fit the experimental results even at small feed rates when the combination

of Model 4 and the particle evaporation effect in Ar-Hz plasma is used, but there is still

disagreement for the results of the Ar-N2 plasma. This observation reveals that careful
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choice of the plasma-particle heat transfer model is essential in order to make reasonable

predictions since great differences exist between the various possible models. The

prediction accuracy for particle evaporation in the rf plasma depends to a large extent on

the suitability of the plasma-particle heat transfer model selected.

6.2 Recommendations for further studies

Based on the findings and experiences of the present work, future studies on rf

plasma-particle interactions for optimizing plasma material processing are recommended as

follows.

(a) In mathematical modeling, it is suggested to include as many as possible of the

important factors that can significantly affect the transport phenomena in both

plasma and particle phases. Since computing time, with the rapidly increasing

CPU speed available nowadays, is no longer a major limitation. The important

model factors include: particle-particle interactions; thermophysical and

transport properties of mixed-gas plasmas, effects of particle vapor on the

transport properties on the gas phase; particle vapor diffusion processes;

chemical kinetics of the particle vapor; effects of particle loading on the plasma

and particle turbulence, etc.

(b) Experiments can be conducted on in-situ monitoring of the changes of plasma

temperature and velocity fields before and after particle injection, and those of

the particles in-flight, as well as the local change of gas components and

concentrations in particle-loading conditions.
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