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RESUME
Ce travail presente une etude theorique de la synthese de nanoparticules dans des
reacteurs plasmas a induction haute frequence (RF-ICP). Le but est d'etudier l'infiuence
des parametres du procede sur la taille finale et la morphologie des particules produites.
Le modele propose se veut aussi complet que possible et implique le calcul des champs
de l'ecoulement et de la temperature du gaz plasma.

L'evaporation de particules mi-

crometriques (precurseurs) est representee par la trajectoires des particules et l'historique
de temperature calcules avec une approche Lagrangienne. La formation des nanoparticules
est consideree par la nucleation homogene et la croissance est due a la condensation et a
la coagulation Brownienne. La croissance des agregats de nanoparticules est modelisee par
l'utilisation de la geometrie fractale qui est une des contributions importantes de ce travail.
Le transport des nanoparticules sc produit par convection, thcrmophorese et diffusion
Brownienne. La methode des moments est utilisee pour resoudre l'equation de la dynamique
des particules, qu'elles soient dans le regime de croissance par coalescence ou par agregation
fractale. Le modele est compare aux resultats experimentaux disponibles dans une gamme
de conditions d'operation et de geometries de reacteurs. Les resultats issus de cette etude
sont presentes en deux parties.
La premiere partie de ce travail est basee sur l'utilisation du logiciel Fluent 6.1 combine a un module specialise sur les aerosols, developpe par la compagnie Chimera, appelle
Fine Particle Model (FPM). Cette approche de modelisation simplifiee est utilisee pour
etudier de facon globale la relation entre les parametres de fonctionnement et les proprietes
des nanoparticules produites lors d'essais a l'echelle du laboratoire.
La deuxieme partie presente un modele hybride couple de la synthese de nanoparticules spheriqucs et des agregats formes par ces nanoparticules dites primaires. Les resultats
obtenus a partir de cc modele permettront d'identifier le role de chacun des parametres
dans la definition de la morphologie fractale des nanoparticules.
Les resultats numeriques obtenus a partir de la solution du modele ont ete effectues
sur la base des geometries des reacteurs utilises au laboratoire. En outre, cette etude permet
de demontrer l'importance de l'ecoulement et des champs de temperature sur la croissance
des particules primaires et des agregats.

n

ABSTRACT

This work presents a mathematical modeling study of the synthesis of nanoparticles in
radio frequency (RF) inductively coupled plasma (ICP) reactors. The purpose is to further
investigate the influence of process parameters on the final size and morphology of produced
particles. The proposed model involves the calculation of flow and temperature fields of the
plasma gas. Evaporation of raw particles is also accounted with the particle trajectory and
temperature history calculated with a Lagrangian approach. The nanoparticle formation
is considered by homogeneous nucleation and the growth is caused by condensation and
Brownian coagulation. The growth of fractal aggregates is considered by introducing a power
law exponent Df.

Transport of nanoparticles occurs by convection, thermophoresis and

Brownian diffusion. The method of moments is used to solve the particle dynamics equation.
The model is validated using experimental results from plasma reactors at laboratory
scale. The results are presented in the following manner.
First, use is made of the computational fluid dynamics software (CFD), Fluent 6.1
with a commercial companion package specifically developped for aerosols named: Fine
Particle Model (FPM). This package is used to study the relationship between the operating
parameters effect and the properties of the end products at the laboratory scale.
Secondly, a coupled hybrid model for the synthesis of spherical particles and fractal
aggregates is developped in place of the FPM package. Results obtained from this model
will allow to identify the importance of each parameter in defining the morphology of
spherical primary particles and fractal aggregates of nanoparticles.
The solution of the model was made using the geometries and operating conditions
of existing reactors at the Centre de Recherche en Energie, Plasma et Electrochimie
(CREPE) of the Universite de Sherbrooke, for which experimental results were obtained
experimentally.

Additionally, this study demonstrates the importance of the flow and

temperature fields on the growth of fractal particles; namely the aggregates.
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Chapter 1

INTRODUCTION
1.1

Nanoparticles and Nanotechnology

The production of nanomaterials [1] offering new properties because of their size in a
length scale less than 100 nm clearly seems one of the nanotechnologies which, in short and
medium term, will produce a major impact in terms of industrial applications.

Nanomaterials are usually produced by compaction of a powder of nanoparticles.
They are characterized by a large number of grain boundary interfaces in which the local
atomic arrangements are different from those of the crystal lattice (Weissmuller, 1996 [2]).
The small size of the nanoparticles makes them suitable for new applications because of
their different properties compared to the bulk materials. Examples of these new properties
include lower melting temperature, increased solid-solid phase transition pressure, higher
self-diffusion coefficient, catalytic activity, etc. (Kruis et al 1998 [3]).

Nanoscalc materials engineering will therefore have an increasingly important impact
on a number of sectors. The examples cited below show how fields, including biotechnology,
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electronics, energy, and industrial products, will benefit from the nanotechnology progress:

- Advanced computing: Nanoelectronic devices based on quantum dots, nanowires and
molecular switches will enable the next-generation computer chips.
- Cancer treatment: Nanoparticles are being developed for the targeting and destruction of
breast cancer cells.
- Energy storage: Cathodes fabricated from nanomaterials promise rechargeable batteries
with longer lifetimes.
- Engineered textiles: Nanofibers improve the properties of lightweight protective clothing
for public safety and defense professionals.
- Environment: Nanomaterial-based photocatalysts clean the environment and yield surfaces
with self-cleaning properties.
- Packaging: Nanocomposite barrier plastics can increase the shelf life of various foods and
beverages.
- Pharmaceuticals: Antimicrobial nanocoatings on wound dressings kill bacteria, reduce
inflammation and promote healing.

In recent years, technical presentations on nanoparticles synthesis and the viable
methods of their production have been significantly increased (Kruis et al 1998 [3]).
Nanoparticles can be synthesized using gas-phase (Swihart 2003 [4], Hahn 1997 [5]) or
liquid-phase processes.

Both methods are routinely used in industry to manufacture a

large variety of nanoparticle powders. Other examples of synthesis methods are mechanical
attrition, laser ablation, sputtering, and chemical precipitation.

2

Synthesis methods in the gas phase

Gas-phase processes are considered a better route

for the synthesis of particles. Kruis et al. 1998 [3] presented a brief comparison between
gas-phase and liquid phase processes emphasizing the next aspects:

(a) Gas-phase processes are generally purer than liquid-based processes since even the most
ultra-pure water contains traces of minerals, detrimental for electronic grade semiconductors. These impurities seem to be avoidable only in vacuum and gas-phase systems.
(b) Aerosol processes have the potential to create complex chemical structures which are
useful in producing multicomponent materials, such as high-temperature superconductors.
(c) The process and product control are usually very good in aerosol processes. Particle size,
crystallinity, degree of agglomeration, porosity, chemical homogeneity, stoichiometry,
all these properties can be controlled with relative ease by either adjusting the process
parameters or adding an extra processing step.
(d) Gas-phase processes for particle synthesis are usually continuous processes, while liquidbased synthesis processes or milling processes are often performed in a batch form.

Most synthesis methods of nanoparticles in the gas phase are based on homogeneous
nucleation in the gas phase and subsequent condensation and coagulation.

Once the

homogeneous nucleation is initiated, many nanosized nuclei can result and upon cooling
nanoparticles will yield.

1.2

Nanoparticles production by thermal plasma

The vapor phase method using the thermal plasma technology is considered as a suitable
method to produce monodisperse nanoparticles (Girshick et al., 1993 [18]). This method
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can deliver the energy necessary to cause evaporation or initiate chemical reaction. The
plasma temperatures are in the order of 104 K, decomposing the reactants into ions and
dissociating atoms in radicals. A solid powder feed can be injected and it is decomposed
by the plasma. Nanoparticles are formed upon cooling while exiting the plasma region.
Main types of the thermal plasmas are dc plasma jet, dc arc plasma and rf induction
plasma (Boulos, 1997 [7]). Beside these techniques, a wide variety of metallic and ceramic
nanoparticles have been synthesized in plasma reactors (da Cruz et al, 2001 [8]; Girshick et
al, 1993 [18]; Soucy, 1992 [9]; Laflamme et al, 1992 [10]).

Radio-Frequency (RF) Inductively Coupled Plasma (ICP) process is an efficient technique by which metallic and ceramic materials are produced with sizes in the nanometer
range. The control and understanding of such process is still a challenge for the industrial technology and from a theoretical standpoint. The control of nanoparticles synthesis
is difficult because of the fast and complex phenomena involved in this process. In recent
years, several studies related to the understanding of this technology brought significant
progress. Nevertheless, one of the main problems remains the industrial scale-up of the
process. Modeling studies can play an important role in the understanding and control of
particle morphology, particle size, size distribution, and phase composition, which are important characteristics determining the quality of the produced nanoparticles. An adequate
understanding of the fluid mechanics through Computational Fluid Dynamics (CFD) provides an important tool with considerable predictive power in terms of scale-up and process
optimization.

1.3

Thermal Plasma

A plasma gas consists in a mixture of electrons, ions and neutral species. Although there are
negative and positive free charges, these particles compensate each other in such a way that
the plasma becomes electrically neutral. This plasma property is known as quasi-neutrality.
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In comparaison to a gas, the free charges of the plasma enhance the electrical conductivity.
The plasma conductivity may even overcome that of metals.

Plasmas can be generated by a process known as electrical breakdown. This process
consists in passing an electric current through a gas in order to produce a given percentage
of charge carriers and make the gas electrically conductive.

For instance, plasmas can

be produced by an electric-arc discharge, electrodeless radio frequency (RF) discharge,
shock waves, microwaves, laser or high-energy beams. Specifically, plasmas produced by
electric-arc discharges are divided in two categories.

The first plasma type is known as non-equilibrium or cold plasma. These plasmas are
characterized by their low-energy density and the large difference between the temperature
of electrons and heavy particles (T e > >T/j).

Cold plasmas are also characterized by

their low electron density (less than 1020 m - 3 ) and their high electron temperature, which
can reach several electron-volts (eV). Typical cold plasma examples are those produced in
low-pressure RF, and in glow and corona discharges.

The second category is called an equilibrium or thermal plasma. These plasmas are
characterized by their high-energy density and the equality between the temperature of
heavy species and electrons (T/j — T e ). In other words, the thermodynamic state of the
plasma approaches a local thermodynamic equilibrium (LTE). Thermal plasmas are also
characterized by having a relatively high electron density in the range of 1023 - 1028 m~ 3
and low electron energy in the range of 1 - 2 eV. Typical thermal plasma examples are
those produced in high-intensity arcs and in plasma torches, such as radio-frequency (RF)
inductively-coupled discharges or direct current (DC) discharges.

The following section will focus on physical characteristics of the generating devices for
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thermal plasma for which we are mostly concerned. Among the most commonly used plasmagenerating devices in material synthesis processes, there are the direct current (DC) plasma
torch and the RF inductively-coupled plasma torch. These torches operate simultaneously
as a source of activated species and thermal energy, which is used in material synthesis and
processing.

1.3.1

DC Plasma Torches

DC plasma torches comprise three main elements; the cathode, the plasma-forming gas
injection and the anode. A typical picture of a DC plasma torch is shown in Figure 1.1

Figure 1.1: DC plasma torch
Two different types of DC torches are commonly used: torches with hot cathode and
torches with cold cathode. The first type uses cold copper electrodes for both cathode and
anode in a co-axial tubular arrangement. The co-axial electrodes are separated by a small
gap in which the plasma-forming gas is introduced. A strong vortex motion is used to ensure
the continuous motion of the arc root and to reduce erosion. These DC torches allow the
use of oxidizing plasma-forming gases. The second type is called hot cathode torches. These
torches usually use a thoriated tungsten cathode and annular copper anode. They are used
at power level below 100 kW and cannot be used with oxidizing plasma-forming gases since
it can damage the tungsten cathode. Some typical performance parameters of DC plasma
torches are given in Table 1.1.

6

1.3.2

RF Inductively Coupled Plasma Torches

In RF induction plasma torches, the energy coupling to the plasma is accomplished by
the electromagnetic field produced by an induction coil ( [11], [12], [7]). Because in these
torches the plasma-forming gas does not come into contact with any kind of electrodes,
contamination sources from the electrode materials are eliminated. These type of torches
also allow the use of a wide range of plasma-forming gases, including corrosive atmospheres.
A typical RF plasma torch is usually implemented with a water-cooled quartz or a ceramic
plasma confinement tube. The tube is surrounded by a 3 to 7-turn induction coil. The
induction coil is connected to the RF power supply through the tank circuit. Figure 1.2
shows a quartz tube induction plasma torch developed at the CREPE of the Universite de
Sherbrooke.

Figure 1.2: RF plasma torch
The stability of the discharge in the center of the coil is ensured by the use of three
gaseous streams introduced upstream of the torch through a gas distributor head.

The

different gaseous streams are the sheath gas, the intermediate gas and the powder gas.
The sheath gas protects the plasma confinement tube by reducing the heat flux from the
plasma to the ceramic tube walls. The intermediate gas is introduced into the discharge
with both axial and tangential velocity components to stabilize the plasma. The powder
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gas is injected axially to the center of the discharge using a water-cooled probe, and carries
the material to be treated.

Several advantages of the RF plasma torch may be summarized as follow:

• The induction plasma presents a relatively large plasma volume. This favors high
throughputs of reactant.
• A better control of the processing conditions at high throughputs is achieved due to the
low velocity of the discharge and the easy access in the axial injection of raw materials
into the plasma.
• The absence of electrodes allows the use of a wide range of plasma-forming gases,
including inert, reducing, oxidizing, and corrosives.
• The long residence time of the particles into the discharge makes the induction plasma
an ideal system for in-flight melting and vaporization of relatively large metal and
ceramic powders.

Table 1.1 shows a performance comparison between typical DC and RF induction
plasma torches.
Table 1.1: Characteristic of DC Plasma and R 7 Plasma Torches
Maximum Temperature, K

12,000 ( [13])

10,000 ( [13])

Velocity, m/s

400 - 600 ( [13])

10 - 20 ( [13])

800 ( [13])

6xl0 4 - 3xl0 5 [12]

Residence Time, ms

0.5( [13])

10 - 20 ( [13])

Overall Energy Efficiency, %

60 - 80 ( [14])

40 - 60 ( [14])

Hot Core Volume, mm

3

1.4

Modeling of nanoparticle growth in thermal plasma reactors

Modeling studies can play an important role in the development and improvement of
nanoparticle synthesis processes. Furthermore, models can provide an insight into these
aerosol processes, and thus help to identify essential factors in various applications. In the
following, we report on the modeling studies of nanoparticle synthesis by plasma that have
been published over the last two decades.

Modeling studies of the production of nanoparticles in radio-frequency ICP [15,17-19,
31] and direct-current plasmas [20,21] date back to less than 20 years. Most models are based
on homogeneous nucleation in the gas phase with subsequent condensation and coagulation.
[22] reported that the injection of solid particles into the plasma produce a local cooling effect
on the temperature field. By increasing the alumina feed rate from 1 to 50 gmin"1,

[22]

demonstrated the maximum particle temperature drops from 3800 K to less than 800 K. On
the other hand, the solid vapor concentration increases, and thus the growth of the particles
increases, by increasing the injection feed rate [18]. The model, of [18] considers the major
growth mechanisms in the formation of ultrafine iron powders in a thermal plasma reactor.
The contributions of thermophoresis and radial diffusion are included in the conservation
equations for the distribution moments. [23] clarified by numerical investigation how the
number density, diameter and specific surface of the produced metallic nanoparticles of Al,
Ti, Au, and Pt are influenced by the operating conditions, such as the quenching gas flow
rate and the powder feed rate of the RF-ICP reactor. [23] also reported that for all metals,
the increase of the quenching gas flow rate results in the increase of the particle number
density, the decrease of the mean diameter and the increase of the specific surface.
The effect of the initial concentration of yhe metal vapor and the quenching flow rate
were investigated by [24]. The results obtained by [24] show that the increased flow rate
of the quench gas causes a decrease in the particles mean diameter. This is due to both
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the cooling and dilution associated with the gas injection. The growth model proposed by
[24,25] focus on the particle growth along streamlines or trajectories. This approach accounts
for radial nonuniformities but does not allow vapors and particles diffusion downstream of
the nucleation line. Other two-dimensional growth models [26-30] in the aerosol literature
consider radial diffusion of vapors and particles. By neglecting the axial diffusion limits the
application of these models is limited to non-recirculating flows.
A more sophisticated two-dimensional model was developed by [31] for predicting the
growth and transport of ultrafine powders in the cooling zone of an induction plasma reactor.
Particle nucleation, growth by surface condensation and Brownian coagulation are considered
in the model of [31]. The contributions due of the Brownian diffusion and thermophoresis
in the axial and radial directions are also included. The effect of metallic precursor particles
feedrate and quench flow rate have been studied by [31]. In this study, the analysis of the
growth mechanisms shows the high sensitivity of the model in the estimation of the nucleation
rate and the high importance of growth by surface condensation. Thermophoresis is found
to be the most important mechanism responsible for particle deposition on the reactor walls.
Several recent studies have been directed to the design of improved plasma reactors,
with the size, morphology, chemical, and structural aspects of the powders as a function of
the reactors operating conditions [23,32-36].

1.5

Framework and objectives of this thesis

There is a clear technological interest in generating nanoparticles of well controlled sizes
and morphologies at high rates. Due to the difficulties in the scale-up of thermal plasma
technologies, the development of new modeling tools appears as a necessity in nanoparticle
synthesis.
The first objective of this work is to develop a modeling tool that can be used to
further explore and study the production of nanoparticle production not only at laboratory
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scale but that could also be used in a strategy to scale up the industrial process. The
development of this model involves the use of the aerosol module (FPM) incorporated in
Fluent 6.1.

The second objective is to study the formation of fractal particles formed by nucleation, condensation and fractal coagulation. For this purpose, a coupled complete model,
using Fluent 6.2 as a computational code, is proposed.

The models developed in the current study rely strongly on experimental results
previously obtained by [37] in our laboratory. The model's operating conditions, geometries,
and overall parameters are also based on these experiments.

1.6

Contributions

Significant contributions issued from this work may be summarized as follow:

- Implementation in Fluent of the aerosol package FPM to radio-frequency inductivelycoupled plasma reactors. The use of FPM to RF-ICP reactors enables one to obtain
fast and reasonably accurate predictions of the effect of operating parameters and
the properties of the nanoparticles. This model can be used very efficiently to better
analyze experimental results and to improve the design of reactors.
- The development of a fractal model taking into account the aggregation of primary
particles into aggregates. By implementing a fractal model, the present model can be
used to better determine the influence of parameters and their effect on the final size
and, very importantly, morphology of the particles.
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One of the very interesting aspects in the present thesis is its strong connection with
the thesis of [37], which was mostly oriented towards experiments and design.

Equally

important, the development of a fractal model with the method of moments makes this
thesis a more complete tool than the previously existing mathematical modeling tools. In
this instance, the present theoretical study provides a diagnostic tool with considerable
predictive power in terms of scale-up and process optimization, showing directions to obtain
the desired nanostructured material.

1.7

Contents

The thesis is presented in the following 6 chapters.
Chapter 1 describes the thermal plasma uses in the production of nanoparticles.

The

usefulness of modeling works is highlighted and the objectives, contributions and structure
of this thesis is outlined.

Chapter 2 summarizes the basic theoretical concepts to build up the plasma flow,
particle evaporation and aerosol models.

Chapter 3 and 4 present the results obtained from the model coupled to the FPM. A
validation of the model is made through a systematic comparison of available experimental
results. The influence of raw particle injection rates and quench injection design are studied.

Chapter 5 presents the results obtained with the fractal model. Primary particles
size and aggregates morphology are analyzed as a function of the different quench methods
used.
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Chapter 6 presents the conclusion and concluding remarks of this thesis.
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Chapter 2

THEORY
A numerical model is considered as a mathematical framework that permits the interaction of
complex physical processes to be simulated. In chemical reactors it is often difficult to measure aerosol size distributions because the gases may be either toxic, corrosive, or explosive,
or the systems may be operated at low pressures (most aerosol measurement systems operate
at near atmospheric pressure). In this case mathematical modeling of aerosol processes is
useful for extending the knowledge gained by an otherwise limited set of experimental data.
In this section we present the main structure to build a complete model of nanoparticle
growth in a RF-ICP reactor.

2.1

Plasma model

Most of the works related to the plasma modeling started in the seventies. The model
described by [1] assumed a one-dimensional electromagnetic field model. Lately, a new
model is expressed in terms of vector potential [2] in which the electromagnetic coupling
uses two conservation equations for the real and imaginary parts of the tangential component
of the vector potential. The use of an extended-field model was suggested recently by [3].
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Table 2.1: Fluid flow and temperature field assumptions
- Steady state
- Axi-symmetric flow at atmospheric pressure
- Turbulence modeled by the k-epsilon model
- The coil consists of parallel current carrying rings with a circle cross section of
6 mm in diameter. This implies neglecting the axial component of the coil current.
- Optically thin plasma under local thermodynamic equilibrium (LTE) conditions
- Viscous dissipation and pressure work are neglected in the energy equation
- Negligible displacement current
- Particles do not affect the fluid field or the turbulent quantities

In this model, the vector potential equations are solved in an extended domain comprising
the plasma region, the plasma confinement tubes, the induction coils themselves, and the
external domain. It allows taking the coil design into account more accurately.

Assumptions

The basic assumptions made in the development of the plasma model are summarized in
table 2.1:

Equations

In order to study the electromagnetic field generated by the induction coil currents, a two
dimensional approach similar to that described in [3] has been used, in which the vector
potential has been chosen as the main variable. Under the assumptions listed above, the
Maxwell's equations can be written in their general form as follows :

18

V-E

=0

(2.1.1)

V-H

=0

(2.1.2)

f)Ff

V x £ = -

W

^ -

Vxff = J

(2.1.3)

(2.1.4)

where E and if are the electric and magnetic fields, respectively, /L«O is the permeability of
free space and a is the electrical density.

The variable J is the total current density and can be written as:

J ~ Jind + J(coil)

(2.1.5)

where Jj n ^ = aE is the current density developed in the plasma and the coil by the
induced electric field. J(coil)

ls

the- current density induced by the voltage applied to the two

ends of the coil.

The potential vector A is related to the magnetic field by the following expression:

IH>H = VxA

(2.1.6)

Considering that in the absence of an electrostatic charge on the plasma, the scalar potential
is equal to zero, and by substituting Eq.2.1.6 into Eq.2.1.3, the electric field intensity as a
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function of the vector potential can be written as follows:

E = -°A

„L7)

Using the relation
Vx(VxA) = V(V-i)-V2J4

(2.1.8)

and the equation of Coulomb's gauge:

V-A = 0

(2.1.9)

and substituting Eq.2.1.7 into Eq.2.1.4 gives the following equation for the vector potential:
dA
V2A = fi0<r—

(2.1.10)

Using Eq.2.1.5, Eq.2.1.10 can be written as:
V 2 A = -no (Jind + J{coil))

(2.1.11)

If the current densities in Eq.2.1.11 are known, the analytical solution is as follow:
f J(coil) (r,t j + Jind (r,t)
V
A=^
, ' T. i J-dv
47T J
\r - r |
Un

(2.1.12)

where the integration is over all the current carrying regions and dv is the volume element.
Assuming that all the fields A, E and H arc sinusoidal with a frequency / in the RF plasma,
they can be written as:

A{r,t)=Ac{r)eiut

(2.1.13)

E (r, t) = Ec (r) eiu}t

(2.1.14)

H(r,t)

= Hc(r)eiuJt

(2.1.15)

J(r,t)

= Jc(r)eiwt

(2.1.16)
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In the equation 2.1.11, the time variation of A and J can be omitted and the equation
2.1.11 remains the same but A and J will not change with time.

The equations 2.1.11, 2.1.13, 2.1.14, and 2.1.15 give:

V2AC - inoaujAc = 0

(2.1.17)

(i0Hc = V x Ac

(2.1.18)

Ec = -iujAc

(2.1.19)

Assuming that the coil is made of parallel rings, the vector potential A and the
electric field E have only an azimuthal component Ac = ( 0 , ^ , 0 ) and Ec = (0,Eg,0).
Ag is a phasor quantity and can be written as:

Ae(r,t)

= Ad(r)ei"t

(2.1.20)

Therefore,
i vd (I un.g
dA6cc\ \
dd2A9c
(.
i\ ,
n
—
I
1
+rr^rrd~r
( ^ r J + " a i r " ( v * ™ + ^) 4* = 0
r

,„101,
(2-1.21)

and Eg can be written as:

Ee = -iuAec

(2.1.22)

HoHz = ^—{rAec)

(2.1.23)

Mo#r = ~§-z(Aec)

(2-1.24)

The phasor Agc has a real part and an imaginary part like:

Agc = A0R + iAoi
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(2.1.25)

The equation 2.1.21 has various forms according to each zone of the torch. By taking
into account equation 2.1.25, the equation 2.1.21 can be written as follows:
In the plasma zone:
1 d ( dAeR\
1 d ( dA„\
r_

d2A0R

1

SPAei

1 ,
Ae/

+

? a? l arj " a ^ " ^

,

-^ ^

_

=

°

.. .. . . .
(2 L27)

-

In the air outside of the plasma zone and in the coil zone, we have assumed that the electric
conductivity is zero. Moreover, there is no current source, so the real part and imaginary
part of the vector potentials have the same form and thus:
1 d ( 8AeR\
, d2Am
r
~W
~ a — +~^~2
r or \
or J
oz*
ld_ LdAei)
, d2A$I2
rr <9r
dr \\ dr J
dz

1
9^«
rz
1
r2

= 0

(2.1.28)

= -V°J(coii)

(2-1.30)

In the coil zone:
1 d ( dAeR\
r ^ V ^rj

+

cPAm
1
~ai2- - ^ R

1 d ( dAei\
82Aei
1
r
T - J + ^ Idz^2 - 3 A 0 i = O
r <9r \ - ldr

2.2

(2.1.31)

Turbulence model

Several studies have proven that turbulence play an important role in particle processes
using RF-ICP flow [4]. Recently, it was reported by [5] that turbulence effects must to be
accounted even though the Reynolds number is estimated to be small. It is well known
that plasma flame is actually wavering and unstable accompanied with drastic heat/species
transfer. The presence of strong turbulence in the particle formation zone is expected to
affect the transportation of the vapors and the trajectories of nanoparticles. On the other
hand, strong turbulence may present in the plasma reactor and its effect on the transport
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properties could not be neglected.

Turbulent flows are characterized by fluctuating velocity fields. These fluctuations
transport quantities such as momentum, energy, and species concentration, and cause the
transported quantities to fluctuate as well. Since these fluctuations can be present at small
scale and high frequency, they are too computationally expensive to simulate directly in
practical engineering calculations. Instead, the instantaneous (exact) governing equations
can be time-averaged, ensemble-averaged, or otherwise manipulated to remove the small
scale fluctuations, resulting in a modified set of equations that are computationally less
expensive to solve. However, the modified equations contain additional unknown variables,
and turbulence models are needed to determine these variables in terms of known quantities.

Modeling studies of turbulence in inductively coupled plasma torches are scarce
in the scientific literature, with some early contributions in [6] and [7]. More recently,
Xue [8] also presented a comparative study of different turbulent models in the prediction
of inductively coupled plasma torch flow and temperature fields. However, these studies
do not present convincing experimental evidence of the validity of the models. However,
the conclusions of these studies indicate that in thermal plasmas, the regions above 5000 K
shows no turbulence while the cooler regions may present significant turbulent fluctuations.
Bartosiewicz et al [9] use different variants of the k- e model on hot and cold supersonic
jets and show that with the exception of the computationally expensive Reynolds Stress
Model (RSM), the relatively simple RNG k-e model is the most adequate when compared
to experimental data. They further applied the RNG model to plasma jets, but since the
experimental data is rather limited, no attempt is made to adapt the universal constants
found in the model.

Turbulence modeling is a broad topic and has been the subject of extensive research

23

that has continued for over a century.

We will confine our consideration only to basic

notions t h a t are relevant to solve our model. In the present work, turbulence is treated
with the standard k-epsilon model since it provides accurate results for plasma reactors as
reported by [10], with moderate calculation expense.

2.2.1

k-epsilon M o d e l

The standard k- e model [11] is a semi-empirical model based on model transport equations
for the turbulence kinetic energy (k) and the dissipation rate (e). T h e model transport
equation for k is derived from the exact equation, while the model transport equation for e
was obtained using physical deductive reasoning and bears little resemblance to its mathematically exact counterpart. In the derivation of the k- e model, it is assumed t h a t the flow
is fully turbulent, and the effects of molecular viscosity are negligible. T h e standard k- e
model is therefore valid only for fully turbulent flows. Robustness, economy, and reasonable
accuracy are important features of this turbulent model.

T r a n s p o r t E q u a t i o n s for t h e S t a n d a r d k- e M o d e l

The turbulence kinetic energy, k,

and its rate of dissipation, e, are obtained from the following transport equations:

d

dxi

i v

\

d

dxj

m-, dk

(n + (Jk

dxJ J

Gk + Gb-pe-YM

+ Sk

(2.2.1)

2

(2.2.2)

and

JL{
dxi

eUi) = JL (M%
ov dx-j
dxj

+ Cuj(Gk

+ C3eGb) - C

In these equations, G/. represents the generation of turbulence kinetic energy due to
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the mean velocity gradients. Gf, is the generation of turbulence kinetic energy due to the
buoyancy force. YM represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate; Cu, C^

and Cit are constants, ak and ae are

the turbulent Prandtl numbers for k and e, respectively. Sk and Se are user-defined source
terms.

Modeling the Turbulent Viscosity

The turbulent viscosity, fit, is solved by combining

k and e as follows:

fc2
IH = pC^—

(2.2.3)

where CM is a constant.

Model Constants

The model constants C\t, C2e, CM, ak, and at have the following default

values [11]:

Cu = 1.44, C2t = 1.92, Cf, = 0.09, ak = 1.0, ac = 1.3

These default values have been determined from experiments with air and water for
fundamental turbulent shear flows, including homogeneous shear flows and decaying isotropic
grid turbulence. They have been found to work fairly well in a wide range of wall-bounded
and free shear flows.

2.3

Particle evaporation model

In the first stage of the synthesis of nanoparticles by thermal plasma, raw particles are
directed into the fireball (plasma hottest-region) in order to be evaporated before reaching

25

the condensation zone. In order to simulate the evaporation stage of particle, we introduce
a discrete second phase which consists of spherical particles dispersed in the continuous
phase. The trajectories of these discrete phase entities are computed as well as heat and
mass transfer to and from them. There is a coupling between the phases and an impact on
both the discrete phase trajectories and the continuous phase flow.

Assumptions

A summary of the main assumptions considered for the present model is summarized in table
2.2.
Table 2.2: Particle evaporation model assumptions
- Particle is a sphere and fluid is an ideal gas;
- Dispersion of particles due to turbulence by stochastic tracking model;
- Diluted system;
- Continuous phase with a well-defined entrance and exit conditions;
- Discrete phase solved in a Lagrangian frame of reference;
- Coupling between the phases;
- Particles considered as droplets;
- Thermophoretic force and Brownian motion for sub-micron particles included;
- Gravity and turbulence have no influence.
The discrete phase model considers the trajectory and heat-mass transfer calculations
of particles on the continuum with a coupling approach. Thus, the trajectory and heat-mass
transfer calculations are based on the force balance on the particle and on the convective
heat and mass transfer from the particle using the local continuous phase conditions as the
particle moves through the flow.

The thermophoresis effect is considered as an external force on the transport of
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particles. This effect is responsible that small particles in a temperature gradient are driven
from the high to low temperature regions.

Equations

In the discrete phase model, the particle phase is regarded as a source of mass, momentum,
and energy to the gaseous phase. The following equations are used to calculate the set of
heat and mass transfer laws involved.

Particle motion.

Firstly, concerning the particle motion, the trajectory of a discrete phase

particle is predicted by integrating the force balance on the particle. This force balance
equates the particle inertia with the forces acting on the particle and can be written as:

m

p~TT = CD2P

( I^P

) (u

- Up u

^

~ U PI

+ Fth

+ m 9 + m Fb

P

P ^)

(2.3.1)

where u is the fluid phase velocity, mp is the particle mass, up is the particle velocity,
p is the molecular viscosity of the fluid, p is the fluid density, pv is the density of the
particle, dp is the particle diameter, Fb(t) is a Brwonian force per unit mass, and Fth is the
thermophoretic force.

The drag coefficient Co depends on the particle form and the relative Reynolds number
Re, which is defined as:

Re s ^ l " " - " !
A*

(2.3.2)

For a spherical particle, the drag coefficient CD is determined from the following equa-
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tions:

CD = ( j | ) /(Re)

(2.3.3)

where /(Re) functions are given according to the tubulence regime by the Stokes and
Oseen laws and the empirical relations proposed by [12] for the cases of particles in plasma
flows.
The thermophoresis effect Fth is included in the particle force balance following the
formula by [13]. Besides, the Brownian motion Ft,(t) is considered since it becomes important
for sub-micron particles. In the present study, Fb(t) is calculated as a Gaussian white noise
random process [14] with spectral intensity Sn>ij given by [15]:

Sn,ij = SoSij

(2.3.4)

where Sij is the Kronecker delta function, and

S0 =

216vkBT
——J—

(2.3.5)

where T is the absolute temperature of the fluid, v is the kinematic viscosity, hs is the
Boltzmann constant and Cc is the Stockes-Cuningham slip correction that can be computed
from:

Cc = 1 + ^ ( 1 . 2 5 7 + QAe-^u^2X^)

(2.3.6)

dp

Amplitudes of the Brownian force components are of the form

** = w^r
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(2 3 7)

--

where Q arc zero-mean, unit-variance-independent Gaussian random numbers.

Heat and mass transfer calculations

The particle temperature is determined through

an energy balance as described in [16]. The total heat flux on a particle surface in the plasma
QT is given by:

QT = fnrd2p(T - Tp) - Trd2pase(T^ - T*)

(2.3.8)

where dp, h, T, Tp, as, e, Ta, pp, cp, x, Hm and H^ are the particle diameter (m),
convective heat transfer coefficient (W/m2K),

local temperature of the continuous phase

(K), particle temperature, Stephan-Boltzman constant, emissivity, ambient temperature,
particle density (kg/m 3 ), heat capacity of the particle (J/kg K), molar fraction of liquid
phase, latent heat at the melting point, and boiling point, respectively.

The heat transfer coefficient, h, is evaluated using the correlation of Ranz and Marshall

Nu = | ^ = 2.0 + O.QRe'fPr1/3

(2.3.9)

"'00

wherefcoois the thermal conductivity of the continuous phase (W/m — K), Re^ is the
Reynolds number based on the particle diameter and the relative velocity, and Pr is the
Prandtl number of the continuous phase (cp/i/fcoo)-

After heating particles, the vaporization stage is initiated when the temperature of the
droplet reaches the vaporization temperature, T vap . This stage continues until the droplets
reach the boiling point, Tbp, or until the droplet's volatile fraction is completely consumed.
The mass transfer during vaporization is predicted by a boiling rate. During droplet vaporization, the rate of vaporization is governed by gradient diffusion, with the flux of droplet
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vapor into the gas phase related to the gradient of the vapor concentration between the
droplet surface and the bulk gas:

Ni = kc(Ci,s - C il0o )
where Ni is the molar flux of vapor (kgmol/m2

(2.3.10)

s); kc is the mass transfer coefficient

(m/s); Ci>s is the vapor concentration at the droplet surface (kgmol/m 3 ) and Cj )00 represents
the vapor concentration in the bulk gas

(kgmol/m3).

The concentration of vapor at the droplet surface is evaluated by assuming that the
partial vapor pressure at the interface is equal to the saturated vapor pressure, p sa t, at the
particle droplet temperature, Tp:

Ct,s = ^

^

(2.3.11)

where R is the universal gas constant.

The concentration of vapor in the bulk gas is known from the solution of the transport
equation for species i. The mass transfer coefficient in equation 5.3.24 is calculated from a
Nusselt correlation [17]- [18]:

Nu A B = - ^

= 2.0 + O.ORe^Sc 1 / 3

(2.3.12)

where Ditin is the diffusion coefficient of vapor in the bulk (m2/s); Sc is the Schmidt
number and dp is the particle diameter (TO).
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The mass of the particle is reduced according to:
mp(t + At) = mp(t) - NiApMWtiAt
where MWti is the molecular weight of species i (kg/kgmol);

(2.3.13)
mp is the mass of the droplet

2

(kg) and Ap is the surface area of the particle (m ).

2.4

The Aerosol Model

Particles of small size either in solid state or in liquid state are suspended in a gaseous
medium. The suspension system is called the aerosol. Exactly speaking, aerosol means both
the dispersed phase and the gaseous medium. However, in ordinary life it usually means the
aerosol particles only, which have different terms in different disciplines, like "atmospheric
float dust" in atmospheric science, "atmospheric condensation nuclei" in cloud physics, etc.
In fact, cloud, fog and smoke, are themselves specific aerosols. We often encounter them in
some atmospheric physical processes, in ordinary life, in industry, in agriculture, in some
military activities, and in some scientific experiments.

The aerosol particles are very small and the disperse degree is very large. The smallest
particles are of molecular scale. Several neutral molecules adhere to a charged molecule,
and form a molecular aggregate. Obviously, aerosol systems are very complicated systems.
There is no general recognized classification of the dispersions. According to the formation
of the aerosol dispersions, they fall into two categories:

1. Dispersed aerosols: materials either in solid state or in liquid state are pulverized into
granular state due to mechanical pulverization or natural weathering, then suspended
in air due to the wind-force raising;
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2. Condensed aerosols: the formation of the particle or the droplet is due to the condensation of super-saturated gas on condensed nucleus, or the particle droplet is formed
in a mixture state of different gases through the photochemical reaction.

Aerosols are formed either by the conversion of gases into particulate matter or by the
disintegration of liquids or solids. They may also result from the resuspension of powdered
material or the break-up of agglomerates. Formation from the gas phase tends to produce
much finer particles than in the disintegration process (except when condensation takes place
directly on existing particles). Particles formed directly from the gas are usually smaller than
1 /iin in diameter.
In the famous book "The mechanics of aerosols" [19], Fuchs divided the aerosols into
four categories:

1. Fog: aerosol dispersion in liquid state (included both dispersed and condensed systems);
2. Smoke: condensed aerosol dispersion in solid state;
3. Dust: dispersed aerosol dispersion in solid state;
4. Smog: the mixture of aerosols both in solid state and in liquid state (smoke I- fog).

According to the situation, the aerosols can be divided into two categories:

1. Atmospheric aerosols: aerosols dispersed in the whole atmosphere. In fact, the whole
atmosphere is an aerosol system mainly formed by natural processes, but the part
formed by artificial processes has become an increasingly serious problem;
2. Industrial aerosols: aerosols formed in a factory or in a scientific laboratory. The scale
is smaller than that of atmospheric aerosols. The scales of aerosols in the narrow gap
of a fibre filter or an aerosol sampler are even smaller. The industrial aerosols are
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usually waste material produced in industrial production. However, sometimes people
manufacture particular aerosols to increase production efficiency, like various atomizer
techniques and fluidized-bed techniques.

It is proper to classify aerosol according to the particle size from the view-point of the
mechanics of aerosols. This is because the mechanical and other physical properties of the
aerosol particles depend on the particle size. Aerosols may have several effects, including
human health, climate and technological applications.

Particle size, concentration, and

chemical composition are usually the most important factors determining such effects.

The particle sizes of interest in aerosol behavior range from molecular clusters of
10 A to fog droplets and dust particles as large as 100 /itm. For spherical liquid droplets,
the diameter {dp) is an unequivocal measure of the particle size.

Spherical particles

are frequently encountered in polluted atmospheres because of the growth of nuclei by
condensation of liquid from the gas phase.

Particle behavior often depends on the ratio of particle size to some other characteristic
length. The mechanisms of heat, mass, and momentum transfer between particles and carrier
gas depend on the Knudsen number:

Kn=^

(2.4.1)
dp

where A is the mean free path of the gas. The mean free path or mean distance traveled
by a molecule between successive collisions can be calculated from the kinetic theory of gases.
As a good approximation for a gas composed of molecules that act like rigid elastic spheres:
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The first step in developing a numerical aerosol model is to assemble expressions for the
relevant physical processes, such as chemical reactions, nucleation, condensation, coagulation, etc. The next step is to approximate the particle size distribution with a mathematical
size distribution function. A simple scheme of this concept is shown in figure 2.1

Aerosol Model
Physical process
expressions
(chemical reaction,
nucleation,
condensation,
coagulation, etc.)

Representation of the
particle size distribution

Monodisperse

Spline

Figure 2.1: Scheme of aerosol modeling

2.4.1

Review of current aerosol modeling techniques

Spline model

The spline representation is so called because particle size-space is subdi-

vided into a series of contiguous sections, and the section functions are splined smoothly
together at the section boundaries (Gelbard, 1978 [20]). Cubic functions are commonly used,
implying that four differential equations (one for each coefficient of the cubic equation) must
be solved for each section. Some examples of spline models are on the works of Middleton
(1976) [21] and Gelbard and Seinfeld (1978) [22]. Although a good accuracy is observed
in these models, they are computationally intensive. Moreover, solution techniques must
be carefully formulated to prevent unrealistic representations of the particle size distribution.

34

Sectional model

For the sectional technique, the size axis is divided into intervals and

the number of particles in each interval is calculated from the model. These models assume
an internal mixing state of the aerosol, i.e. identical composition of particles of equal size.
Because this is one of the most used models, some works related to this technique are
presented below.

Kruis et al (1993) [23] presented a sectional model assuming a monodisperse aggregate
and primary particle size distribution.

The model was applied to an aerosol reactor

describing the evolution of both primary particle and aggregate size in nonisothermal
processes. In 1994, Vemury et al (1994) [24], developed a discrete sectional model using
an integral lognormal distribution for calculating the self-preserving size distribution of
spherical particles in the free-molecular regime. One year later, Vemury and Pratsinis [25],
extended the last model to compute the evolution of nonspherical (agglomerate) particle
size distributions in both the free-molecular and continuum regimes.

Jokiniemi and Pyykonen (2000) [26] presented two simplified approaches for aerosol
dynamics. In the first one the shape of the size distribution is assumed and solved by the
method of moments in an Eulerian reference frame. The second approach uses a sectional
size distribution and does not assume an initial distribution. The results show that the final
aerosol, properties of the particles exiting the reactor are well predicted by both of these
models. However, as the aerosol is evolving the deposition characteristics, the sectional
method becomes more accurate.

Jeong and Choi (2001) [27] presented a sectional method for the analysis of polydisperse non-spherical particles growth subjected to coagulation and coalescence phenomena.
Two sets of sectional equations that describe the evolution of particle volume and surface
area, based on one-dimensional aerosol dynamics, are simultaneously solved in considering
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the effect of morphological change of aggregate particles. The evolution of the aggregate
particles morphology is determined from the correlation between volume and surface area
concentrations of particles at each volume section.

Kim et al (2003) [28], developed a discrete-monodispersed model yielding good
results and proposed the plasma reactor as a good candidate to produce monodisperse
nanoparticles. In another study during the same year, Kim et al (2003) [29] simulated the
generation and growth of polydisperse non-spherical silica nanoparticles in an oxy-hydrogen
co-diffusion flame. They used the aggregate sectional model of Jeong and Choi (2001) [27]
to solve the dynamics of particles. Non-uniform spatial distribution of flame temperatures
and non-spherical particle sizes were successfully simulated.

The potential of this technique is quite large, but there are some limitations to
consider.

It is expensive computationally and the accuracy depends on the number of

sections used to discretize the size distribution.

Modal model

The modal technique has been introduced by Whitby (1990) [30] and

applied in several atmospheric models as well as reactor models; e.g. Megaridis and Dobbins
(1990) [31], Whitby and Hoshino (1996) [32], Wilck and Stratman (1997) [33], etc. This
technique has a flexible model structure and it is computationally fast, but the accuracy
depends on the form of the mode distribution function.

Compared with the sectional

technique, it has the advantage that the size distribution can be characterized well with
only a few number of prognostic variables.

The original modal technique was developed by Whitby (1990) [30] under the name
of Modal Aerosol Dynamics Modelling (MAD). The MAD model neglects chemical particle
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composition. This gap was filled later with the work of Wilck (1999) [45]. In this work an
extension of the modal technique is presented as a family of models called "MADMAcS"
(Multicomponent Aerosol Dynamics Modeling-Modal Approach System).

Moment model

The method of moments (MOM) offers significant advantages for

incorporating aerosol processes in large-scale models. This technique is computationally
very fast and accurate in tracking of integral moments, but it is only available for a
limited set of processes for which a closed set of moment equations can be derived.
This method emphasizes the time evolution of some moments of the size distribution
rather than the size distribution itself.

This is reasonable because moments (of the

size distribution) are related to significant characteristic properties of the aerosol (i.e.,
total number, surface, and volume of particles). The self-preserving, lognormal and multimodal lognormal forms are the most common assumptions for the shape of the distribution.

Whitby and McMurry (1997) [35] suggest the method of moments as a suitable
technique for cases in which the characteristic shape of the size distribution remains
unaltered during the whole simulated process. In such cases, it is sufficient for solving the
changes in the moments of the size distribution. By means of the moment methods, several
models have been developed by Friedlander (1983) [37], McGraw (1984) [38], Pratsinis
(1988) [39], Girshick et al. (1993) [40], Frenklach (1987) [41], Bilodeau (1996) [42] and others.

Monodisperse model

Similar to the discrete representation, the monodisperse fractions

form represents the number of particles at a finite number of discrete sizes. This technique
has a flexible model structure but it is useful only for rough estimate of aerosol dynamics. It
does not provide information about the size distribution. More details about this technique
are provided by Whitby (1990) [30].

37

This representation has been used by Warren and Seinfeld (1984) [43] for modeling
coupled nucleation and growth phenomena. Another example about the use of this model
is provided by Kim et al. (2003) [28]. They applied this model because of the large sized
particles produced in a plasma reactor that are found to be quite monodispersed. Residence
times, mass generation rates of monomers, monomer diameters, and initial electron concentration were studied and analyzed. Following these results, they proposed that the plasma
reactor can be a good candidate to produce monodisperse nanoparticles.

Aerosol models coupled to CFD

Recently, Computational Fluid Dynamics (CFD)

approaches for the simulation of aerosol dynamics have gained much attention. Especially
since computational power has increased dramatically (Whitby and Hoshino (1996) [32],
Wilck and Stratmann (1997) [35]).

Pyykonen and Jokiniemi 2000 [36] presented two CFD models of aerosol dynamics
and transport. The first one is based on a boundary layer type solution of sectional aerosol
equations that uses flow fields provided by CFD code. This one dimensional model yields
accurate grid-independent solutions in reasonable computation times. The second one is
based on a full sectional Eulerian simulation, which predicted the qualitative features of
the two-dimensional case correctly and failed to predict the final particle number concentration. They conclude that the Eulerian scheme is more suitable for cases that do not
include sharp front-like dynamic phenomena. The simulation results are compared with real
experiments and with the multi-modal lognormal model of Wilck and Stratmann (1977) [35].

This increased capacity of CFD approaches inspired the recent incorporation of an
aerosol model based on the Modal Aerosol Model techniques (Whitby 1990 [30] and Wilck
1999 [45]) to the CFD software FLUENT. The result is called Fine Particle Model (FPM).
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The aerosol model expands the use of FLUENT as a modeling tool for groundbreaking
scientific research.

2.5

The Aerosol Model by F P M

The objective of this section is to provide an overview about the theoretical basis of the proposed FPM. Using the concept of finite control volumes, we classify these processes (i.e.,fluid
flow, heat transfer, chemical reactions, gas transport, and particle formation, transport
and deposition) as either transport across a control-volume face (boundary transport) or
processes internal to each control volume, such as: BOUNDARY TRANSPORT: fluid flow,
heat transfer, mass transfer, particle transfer, convection, diffusion and external forces
(e.g., sedimentation and thermophoresis) or INTERNAL PROCESS: chemical reactions
and particle formation and growth. These processes requires a program that can solve heat
transfer and fluid flow, and also has the flexibility to solve for other processes like particle
formation, transport and deposition. Therefore, we used the commercially available program
FLUENT-FPM, where Fluent solves for the heat /momentum/mass transfer problems and
FPM the processes affecting the particle dynamics.

An aerosol model that can treat the nucleation of vapor to form particles must
represent the size distribution of clusters (monomer, dimers, trimers, etc.)

as well as

particles. The size distribution of clusters is represented as the number concentration of
each discrete cluster size, whereas the size distribution of particles, is represented by a
continuous distribution function.

Aerosol simulation techniques are categorized by the

mathematical representation of the particle size distribution, such as discrete, spline,
sectional, modal, or monodisperse models, as shown in figure 2.2.
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Figure 2.2: Aerosol simulation techniques
The population of particles is referred as a mode in this model. The mode particle
size distributions are represented by using lognormal particle size distributions. Lognormal
distributions can be represented by an integral moment (total number, surface area, and
mass concentrations are typical integral moments of the distribution) and two measures of
central tendency: mean size and standard deviation. In figure 2.2 of the previous section
shows clearly this modal conception.

For fine-particle dynamics, the geometric mean size typically varies from 1 nm (the
size of a large cluster) to 100 micrometres (the size of a large particle). The standard
deviation has a minimum value of 1 (monodisperse distribution), and typically has an upper
bound of about 2.5. Even in more complex processes, such as the low pressure combustion
flame synthesis where a number of chemical reactions are involved, the size distributions are
determined to be lognormal (Hann H. (1997) [44]).
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2.5.1

T h e particle dynamics

A particle dynamics model is used to express the effect of processes on particles within a
homogeneous control volume, and a C F D model is used to express the effect on particles
of transport processes across the boundaries of control volumes, such as the effects of
diffusion, convection, and phoresis processes.

By linking a particle dynamics to a C F D

model, the complete set of particle dynamics processes can be accounted for. T h e particle dynamics model must also account for the evolution of the particle chemical composition.

Particles interact with gas-phase species by exchanging mass through processes such
as condensation, adsorption and evaporation of condensable vapor.

The effect of these

interphase transfer processes must be accounted for in a particle dynamics model.

2.5.2

Particle dynamics processes
Exttmii Fore«

AcfeofjAon

EM*—

Oytflofi'

*lucle3tror>

I

Diftoton

Gcifitptmn
Oiffusia*

\

A

P Q~©
/

Cosgulaftowf factor*

ExtwrtaS f totem

inflow

Figure 2.3: Particle processes occurring within and at the boundaries of a single control
volume
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Typical particle dynamic processes are represented in figure 2.3 and can be classified
as either internal or external processes. Internal processes affect the aerosol within a single
cell and include nucleation, particle growth, and particle-particle interactions.

External

processes cause particle transport across cell faces and include fluid convection, particle
diffusion, and external forces such as thermophoresis.

2.5.3

Particle distribution representation

The particle size distribution n, can be represented by a number concentration density function:

n = 7V(x,0/(x,*,7i,72,...,7n)

(2-5.1)

Where N{x, t) is the particle number concentration at location x and time t, and /
represents the probability density function describing the chance of finding particles with a
certain combination of parameters ji at location x and time t.

If n is "discretized" by using 10 discretization intervals for each parameter 7J, a set
of 10" equations results, i.e. only three parameters would require 1000 equations. For
flow simulations such approach leads to intractable simulations. The parameter n must
therefore be discretized by using a method that requires the minimum number of differential
equations to be solved, yet maintaining acceptable simulation accuracy.

Because particle size strongly influences the dynamical behavior of particles, the particle size distribution must be accurately represented. According to Whitby (1990) [30] and
Wilck (1999) [45], the modal technique represents the particle size distribution as split into
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a number of independent and overlapping populations called "modes":

modes

n(mp) = n\(mv) + ri2(mp) + ... = 2 J

n m

j( p)

(2.5.2)

k

where mp represents the particle mass.

The particle dynamic equations are solved by using the "method of moments". This
is a method based on the description of the aerosol evolution by moments of the particle
size distribution (e.g. total number, total surface area, total mass, etc.). In this model, the
moment of order k is represented by the following equation:

roo

Mjtk = /
Jo

mprij(mp)dmp

(2.5.3)

The parameters of the size distribution (i.e., mean size and standard deviation) can be
calculated from Mj^ by assuming a mathematical function to represent the size distribution
of each mode. The mathematical function used in this model is the lognormal distribution
and can be represented as:

n m

A p)

=

fK1
V2TTmpinagmj

exp

(

9/Ju.
Mn crgmj

)

<2'5-4)

where <Jgmj is the geometric standard deviation of the mass distribution.

A special form of the lognormal distribution is to specify a value of crgmj that does
not change during the simulation. This reduces the number of Mj^ that must be solved in
the model.
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For each mode, the mode-average chemical composition of the particles is accounted for
by splitting the mass moment Mjti into the mass concentrations of the chemical components:

species

Mjtl= Y, Mm

(2-5-5)

i

2.5.4

The moment dynamics equation

The evolution of the particle distribution in space and time is governed by an equation
known as the "general dynamics equation" (GDE) for aerosols (Friedlander (1977) [46]).
This equation is sometimes referred to as a population balance equation. By solving the
equation for different initial and boundary conditions, the size distribution function can
be calculated for geometries and flow conditions of practical interest. Since the GDE is a
nonlinear approach from partial integro-differential equation, the solution is difficult.

By applying the definitions of the particle size distribution to the GDE, we obtain the
"moment dynamics equation" (MDE):

„3'

= conVjtk + extjtk + diffj^

+ coag^k + condjtk + nucj^ + srCjtk

(2.5.6)

This equation accounts for the changes of the size distribution moments Mj^ due to
the following internal and external processes:

conv external processes of convective transport;
ext transport by "external forces";
diff diffusion;
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coag internal processes of coagulation;
cond condensation and evaporation;
nuc homogeneous nucleation;
sre general source terms.

2.5.5

Transport by convection

This formulation is based on the assumption that particle inertia is negligible and is typically
valid for particles below 1/im.

convj)k = - V • [uMj>fc]

2.5.6

(2.5.7)

Transport by external forces

External forces cause a particle movement relative to the fluid flow direction. Examples of
external forces are processes like thermophoresis, sedimentation, and electrical and magnetic
forces. In the present model it is assumed that particle inertia is negligible, and particles
instantaneously accelerate due to external forces with a velocity that represents a balance
between the external forces and fluid drag. The effect of external forces is assumed to be
additive, so that uext(mp)

often represents the sum of multiple and independent external

velocities. It is considered as an integrand and it is a mierophysical representation of the
effects of external forces on a particle of size mp. Under these conditions, the external force
can be used to calculate an additional particle velocity:
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ea%fc = - V • [u ex( (ra p ) ext)j)fc Mj )fe ]

(2.5.8)

where

POO

uext(mp)extd}k

mkuext{mp)n{mp)d(mp)

= M'l \

(2.5.9)

•" Jo

is the moment-averaged external velocity, and \iext(mp) is the size-dependent external
velocity of the particle.

Thermophoresis

Friedlander (1977) [46] cited the particle transport by a temperature

gradient called thermophoresis, literally, being carried by heat. Small particles in a temperature gradient are driven from the high to low temperature regions. According to Talbot
(1981) [47], the thermophoretic velocity of a particle in a gaseous fluid can be expressed as:

.
U

^

,

^

2CI(K*+C3KTI)
=
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C

il^c2Kn)[lJ,42c,Kn) ^

Kn)

79'T-

,„,-,„v

^

where

cx = 1.147;
c2 = 1.146;
c3 = 2.2;
K* = Kg/Kpj, is the ratio of fluid to particle;
rjg = gas dynamic viscosity;
pg = gas density;
Kn — 2Xg/dp, is the Knudsen number with Xg as the mean free path of the gas molecules;
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Cs = 1 + Kn(1.257 + 0.4e~1-1/Kn),

2.5.7

is the "Cunningham Slip correction".

Transport by diffusion

Particle diffusion is the transport of particles through random motion caused by thermal
collisions with gas molecules, also known as "Brownian motion". It is represented as a
diffusion term in the equation 2.5.6, which is represented in this model as:

diffj,k = V • [pgDjikV^-]
Pg

(2.5.11)

where Dj^ is the "moment diffusivity".

2.5.8

C o a g u l a t i o n a n d coalescence

Coagulation is the process by which two particles collide to form a single new particle. It
is the only physical process by which the equations for the moment of different modes are
directly coupled.

When two particles collide, they are removed from the modes to which they belonged,
and the resulting new particle is added to a mode determined by the convention selected.
The coagulation terms are divided into "gain" and "loss" terms as:

coagj^ = lossj^ + gairij^

modes

IOSSJ^

= —yj
i

^

(2.5.12)

.^

/

/

JO

JO

mpP(rnp,m' )nj(mp)ni(m')dm'

47

dmp

(2.5.13)

gainj:k=

^

Civj——^

I

\

(mp + m')kf3(mp,m')nl(mp)nv(m')dm'drnp

(2.5.14)

where p is the coagulation coefficient. Note that C[Vj is equal to one if a particle
formed by coagulation of particles from mode I and v is assigned to mode j , and 0 otherwise.

2.5.9

B r o w n i a n coagulation

Similar to Brownian motion, Brownian coagulation is caused by a random particle movement. The Brownian coagulation is the most important coagulation mechanism for small
particles. The mathematical expression for the Brownian coagulation depends on the regime
applied: continuum, transition, and free-molecular. Generalized expressions for calculating
coagulation coefficients are usually expressed by multiplying the expression for the continuum
regime (particle diameter 3> mean free path of gas molecules) with a "transition function"
J trans '•

P(mP, m'p) = ftrans • 2n{dpdp){Dp(mp)

2.5.10

+ Dp(mp))

(2.5.15)

C o n d e n s a t i o n and evaporation

The condensation process is considered to refer a phase transition during which material
is transferred from the surrounding fluid to the particle phase (gas-particle m.ass transfer);
the evaporation is a phase transition in the opposite direction.

Microphysical expressions gi{mp) are assumed in this model, expressing the mass transfer rate of a chemical species i from the surrounding fluid to a particle of mass mp.
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If

gi(mp) > = 0, it is condensation, otherwise it is evaporation. The "net growth rate" of
particles is the balance between them:

species

9i(mp) = ^2

gi{mp)

(2.5.16)

i

The terms for gas-particle mass transfer processes in the MDE are

/•oo

mp~lgp(mp)nj(mp)dmp

condjtk = k

(2.5.17)

Jo
/•oo

amdjtiti = I
Jo

gi{mp)nj{mp)dmp

(2.5.18)

Mass material transfer is coupled to heat transfer due to latent heat release. This term
must be accounted for in the fluid heat transport equation. The total heat source can be
calculated as:

modes

species

heat release = %J

Y J i j • cond^ij

i

(2.5.19)

i

where Li is the latent heat of evaporation of species i. The calculation of the individual
growth rates gi(mp) is given by Barret (1988) [48], which is accurate over a large range of
vapor concentrations:

9i

= 2TrdPZiP^

t

.

Jmass.i

^ - ^
\

P>

where

Pi — equilibrium vapor pressure;
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l

' \KBT'

.
fheat(mp)Tkg

(2 .5.20)

Wi = molecular weight;
£i = mass fraction in the gas phase;
Di — gas-phase diffusion coefficient of species i;
Si — gas-phase saturation ratio;
S* = diexp(d V^PT),

saturation ratio at the gas-particle equilibrium directly above the par-

ticle surface.

S* is often the most difficult to obtain because it has a complex dependence on particle
size and composition. For a liquid particle (or a particle with a liquid surface layer), where
a, is the activity of the particle species i in the particle, u» is the partial molar volume of i
in the particle, ap is the particle surface tension, and RQ is the universal gas constant. The
exponential term expresses the Kelvin effect vapor pressure increases over curved surfaces.
fmass,i and fheat a r e transition functions to reflect the behavior in the continuum and
free-molecular particle size regimes for mass and heat transport, respectively.

2.5.11

Homogeneous nucleation

Nucleation is the process by which vapor condenses to form new particles. Homogeneous
nucleation occurs when collision of vapor molecules alone causes the formation of new
particles, and heterogeneous nucleation occurs when vapor condenses onto small particles
called nuclei, in order to form particles that are a mixture of the nuclei and the condensed
vapor. The fast cooling rate in the region downstream of a the thermal plasma reactor
causes a rapid increase of the supersaturation ratio of the raw particle vapor. This favors
the mechanism of homogeneous nucleation over that of heterogenous nucleation.

The critical cluster size and the number of monomers contained in a particle of critical
size f are expressed as follows:
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where 9 is the dimensionless surface tension:

(2

-"2)

• = Sf

S is the supersaturation ratio (vapor concentration/vapor concentration at saturation);
a is the surface tension of the condensed phase;
s\ is the surface of a monomer;
kg is Boltzmann's constant;
T is the gas temperature.

The kinetic nucleation rate expression reported by Girshick and Chiu (1990) [49] is
obtained by a development similar to that of the classical expression of Becker and Doring
(1935). It differs by the use of saturated vapor in equilibrium as reference for the calculation
of the formation energy of clusters. Girshick et al (1990) [49] compared the results of the
discrete model of Rao and McMurry (1989) [50], which is solved directly for cluster growth
and evaporation from monomers, to those of a moment model using alternatively the classical
and the kinetic expression. Their results demonstrate better agreement when using the
kinetic theory than when the classical expression is used. The nucleation rate J derived from
this theory is as follows:

torts FT
J

~
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V2KeXp[°
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27(/n52)J

Where [3\\ is the Brownian coagulation coefficient between two monomers.
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(2523)
(2

-°M)

The mathematical form of the homogeneous nucleation in the FPM model is as follows:

nuc^k = {m*pj)kJj

(2.5.24)

nuc^i = rripj^jJj

(2.5.25)

These equations assume that nucleation produces stable particles ("clusters") of mass
m^ and compositions specified by mass fraction £^ • at rate J) per unit of time and volume.

The expressions corresponding to internal and external processes, acting in the
particle size distribution in terms of the moments, have been presented.

Next section

presents an example of using this particle model linked to a CFD to solve the particle
dynamics process in a plasma reactor.

2.6

Fractal agglomeration model

The rich variety of complex patterns in nature can be successfully modeled by simple
fractal growth models which capture the essential physics behind the associated phenomena.
Computer simulations of such aggregation models have been playing an important role in
our understanding of far-from-equilibrium growth processes that are in close relation to
many processes of practical importance (eg solidification of alloys, secondary oil recovery
etc). During the last 20 years, it has been widely recognized by natural scientists working
in diverse areas that many of the structures common in their experiments possess a rather
special kind of geometrical complexity.

The particular geometrical properties of these

structures have been shown to be related to and described by fractals - objects with
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non-integer (fractal) dimensions.

The physics of far-from-equilibrium growth phenomena represents one of the main
fields in which fractal geometry is widely applied.

Computer models based on growing

clusters made of identical subunits (particles) provide a particularly useful tool in the
investigation of fractal growth and in determination of the most relevant factors affecting
the geometrical properties of a growing object.

The formation of large clusters by ag-

gregation of identical subunits (particles) is the characteristic feature of many important
processes in physics, chemistry, biology and engineering. A wide variety of materials, like
colloids, polymers, aerosols ceramics, glasses and thin films are formed by aggregation.
Aggregation takes place when identical particles are joined into clusters according to some
rule. Generally, the simulations are carried out on regular lattices and the diameter of the
particles is assumed to be the same as the lattice spacing, but many variations of this basic
idea can be simulated. Two main geometries are mostly considered: the aggregation may
take place along an interface (in a strip) or start from a single seed particle.

Aggregation almost always leads to ramified structures with fractal geometry.

It

should be pointed out that in the simulations the relevant details of the models are dictated
by the physics of the aggregation process being simulated. In particular, the trajectory of
the particles along which they are brought together plays a decisive role. If the particles
move along straight lines the process is called ballistic aggregation. In the other limit the
particles undergo a diffusive motion (random walk) and the resulting structures are quite
different from the ballistic case. Particles (nodules) are the primary structure element. They
are roughly spherical elements that are joined in the aggregate structures. The particles
in an aggregate are connected and have grown together.

Agglomerates are undispersed

clusters of aggregates held together by van der Waals forces or by binders.
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The coagulation of nonspherical particles is one of the most interesting but complex
processes in industrial and environmental systems. One such example is high-temperature
synthesis of materials where agglomerates of individual spherical (primary) particles are
formed. The dynamic behavior of these agglomerates is considerably different form their
spherical counterparts [51].

After an initial period of coalescent growth, particles begin to agglomerate. Agglomerates take usually the form of chain-like structures composed of nearly spherical equal-sized
primary particles and are described by the well-know fractal relationship [52]:

where n is the number of primary particles in an aggregate; dp is the diameter of
primary particle; Rg is the radius of gyration of an aggregate; Df is the fractal dimension
and kf is the fractal prefactor.

In the present model, particle agglomeration is considered at a fully developed regime
of particle aggregation obeying eq. 2.6.1 with constants values of Df and kf.

^-2-2\JWi^^{d^+d^2

(262)

--

where /3ij is the aggregate collision frequency in the free molecular regime; dc means
the collision diameter of a particle aggregate, and dCii represents the mobility diameters.

The equation 5.3.42 is valid for Df > 2 or for aggregates of similar sizes [53]. The collision diameter of an aggregate, dc, is suggested to be proportional to the radius of gyration;
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the latter is given as:

^^(Sf™"3""0'-"3

<2">

which is obtained from equation 2.6.1 expressing the primary particle diameter through
the total aggregate mass m and the number of primary particles in the aggregate n:

The model for the aggregation is developed with the collision frequencies reflecting the
fractal character of colliding particles [53]:

2 2

+

fe+ )2

^= - V^(i 4) ^

(265)

--

where /3fj is the aggregate collision frequencies in the free molecular regime and dc is
the collision diameter of a particle aggregate.

The Df values for silica particles are around 2.2, which is reported by experimental
works [54]. [55] published Df results around 2.0 coming from experimental and numerical
tests of silica particles growth influenced by high temperatures.

In addition, numerical

studies from [56] report values around 2.4. For practical reasons, in this work we use a
constant value Df = 2.0. The influence of this parameter will be studied in future works.

Assuming that in the limit of a single spherical particle, dc becomes equal to the
particle diameter:
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1/3

dc = dpnl'Df = f ^ )

m^n1^-1/3

(2.6.6)

The following grid functions are obtained after substitution of equation 2.6.6 into
equation 2.6.5 according to [57] that determine the fractal coagulation term for the freemolecular coagulation of fractal particles,

^>>zJ«5l (*£*=)>„)

(,e„

where

1/D,_1/8
fiv) = ^^iEr=i(^+^)'KS
)V- 1 / 2 »»r 1 / a ^i
J
o

J

=0 ( i ) ( ( ^ + f e + 1 / 6 n 2 / ^ - 2 / 3 ) ^ _ f e _ 1 / 2

k=0

+2{m^-1/6n1/D/-1/3)(m^-fc-1/6ni/D/-i/3)
+^+fe-i/2<m^-fc+1/6n2/^-2/3»
Terms < mrnr

(2.6.8)

> appearing in equation 2.6.8 are aproximated by the following relation

[57]:

{mrnr ) « {mr)(nr ) = Hr*r>

(2.6.9)

where {mrnr ) are binary moments of the two-dimensional particle size distribution, a
function of both the aggregate mass m and the aggregate number of primary particles n.

mr = Mk =

V jkrij
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(2.6.10)

Moreover, the moments for the number of primary particles 7iy are determined by:

7Tr = -£

(2.6.11)

•M3

oo

Pr = Y,KNi

(2.6.12)

1

where, Ni is the concentration of aggregate size class i; rn the number of primary
particles in ith aggregate; and PQ is equivalent to Mo, which means the total aggregate
number density. The physical meaning of the 7rr moments is as follows: ir$ = 1, where
7i"i is the average number of primary particles in aggregates.

Moments Pr are solving

simultaneously with moments M^.

For moments Pr, the aggregate coagulation in the free molecular regime is calculated
with:

Hr = \{i>r)

(2.6.13)

where (ipr) is evaluated by interpolation between grid functions:

(4) = 2.2y^

i^f)1/6

where
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M)

(2.6.14)

(K) = EUO (D s;zj Q ({m fc + 1 /6 n9+2 /p / -2/ 3)(TO /- fc - 1/ 2 n ,- (7)
+2{mfc-1/6n"+1/I,/-1/3) • (TO;-fc-l/6nr-g+l/D/-l/3)

(+mk-1/2ni(ml-k+1/6nr-«+2/Df-2/3))

(2.6.15)

The binary moments appearing in these equations are resolved via approximation
and the fractional order moments are obtained by interpolation between the whole order
moments using the approach described by Frenklach (1987) [58].

The dynamics of particle coagulation is described for the following set of equations:

^ ( c o a , ) = -^%,oM*

(2.6.16)

d(pM:
— (coag) = 0
dt

(2.6.17)

d

(PM2)^^^_

dt

2

^

,.2

(coag) = p2n0$o,oM1i

(2.6.18)

and

d(pP_
il(/rac)=0
dt

^l(frac)

= Hr
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(2.6.19)

(2.6.20)
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3.1

Abstract

A two-dimensional axi-symmetric turbulent model of an Inductively Coupled Plasma (ICP)
reactor is presented to observe the effect of quenching position and initial feed rate injection
on the final particle size. The model is developed with the Computational Fluid Dynamics
(CFD) software Fluent-FPM, coupling three different models in order to describe the plasma
generation, particle evaporation and aerosol growth phenomena. Three different quenching
designs, with variation of the initial particle feed rate, are analyzed. Results show how the
final size of particles is affected by the variation of these parameters. This study is validated
with the experimental results reported by [1], and good agreement is observed specially for
quench injection cases.

3.2

Introduction

A great scientific interest has been devoted to the synthesis of nanoparticles in recent
years. These microscopic particles, whose size is measured in nanometers (nm), are viewed
by many as the fundamental building blocks of the nanotechnology.

The possession of

very interesting properties, including lower melting temperature, increased solid-solid
phase transition pressure, higher self-diffusion coefficient, catalytic activity, etc. [2], makes
nanoparticles the starting point for preparing various nanostructured materials and devices.
The thermal plasma technology is considered as a suitable gas phase method to produce
monodisporsc nanoparticles [3].

A wide variety of metallic and ceramic nanoparticles

have been synthesized in thermal plasma processes [3], [4], [5], [6].

Since these pro-

cesses involve very fast and complex phenomena, modeling studies are an important tool
to provide both, a better understanding of and to investigate the optimum process operation.

This work presents a CFD model describing the synthesis of nanoparticles in an
(ICP) reactor.

The solution of magnetic fields for the plasma generation, the solution
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of a discrete phase model for the particle evaporation and the solution of the General
Dynamics Equation, for particle formation and growth, are coupled in a two axysimetric
K-e model, using FLUENT-FPM as the CFD software.

The non-reactional system,

formed by silica-oxygen-argon is selected here in order to validate these results with
those from [1], but the model can be extended to other systems. Results show the effects
of quench type, and of the initial particle injection rate, on the final particle size distribution.

3.3

Numerical model

The 2-D axy-symmetric turbulent model is applied to the employed reactor, shown in figure
3.1. The induction torch has a rated power of 40 kW. Silica particles initially of micrometric
size, are injected in the induction zone of the plasma reactor, where they evaporate and
form a vapor cloud. The induction tube is 0.28 m in length and 0.025 m in radius, which
subsequently expands into a wider condensation tube. Plasma gases employed are argon and
oxygen. For experimental runs using quench gas, oxygen at room temperature is also injected. This produces a rapid temperature decrease that induces the vapor to condensate into
fine aerosol particles. The underlying computational grid consists of a total of 80 000 cells,
thereby assuring that a high computational grid density and sufficient accuracy are attained.

3.3.1

Fluid mechanics

The fluid mechanics model involves the solution of the plasma model and the evaporation
model. The plasma flow model applied in this work, is based on the Extended Field Model
from [7]. In this model, far field boundary conditions are used as the boundary conditions
of the vector potential. Vector potential equations are solved, along with the corresponding
continuity, momentum, and energy transfer equations. Lorentz forces are added as source
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Figure 3.1: Schematic illustration of the ICP synthesis reactor
terms for each of the momentum equations, and the ohmic heating power is added to the
energy equation.

Since the reactor size is relatively large and induces high recirculation patterns in the
gas flow, the flow is considered to be fully turbulent. The K-e model is selected for modeling
the turbulence effect for its simplicity and low computational expense. A correction on
the source term of the kinetic energy equation [8] was applied to this turbulent model that
was not originally adapted for high temperature situations in Fluent 6.1 [9]. The turbulent
viscosity, [it is computed, using K and e as follows:

Mt = P < V

(3.3.1)

where K is the turbulence kinetic energy, e is the dissipation rate and C^ is a constant.
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The present model considers the system as an ideal gas in local thermodynamic equilibrium,
the fluid being in a continuous medium and radiation losses are included.

Boundary

conditions were imposed according to the experimental set-up of [1]. The injection gas rate
is argon (15 slpm), plasma gas is also argon (22.5 slpm), sheath gases are; oxygen (75 slpm)
and argon (22.5 slpm). Oxygen is utilised for the cases where quench injection is performed
(300 slpm for axial quench and 270 slpm for radial quench). Reactor walls are fixed at 300
K in this model. Concerning the thermodynamic and transport properties of the plasma
gas, these are taken from [10].

For modeling of the evaporation of particles, the discrete phase model in a Lagrangian
framework is applied. Once the micron sized particles are injected in the plasma reactor,
the discrete phase model tracks the particle trajectories and calculates the heat/mass
transfer between the particle phase and the continuum phase. The high temperature present
in the plasma zone generates rapid particle evaporation. The Initial conditions, such as
position, velocity, size, and temperature of individual particles, are defined in this model
according to [lj. Phenomena affecting the particle behavior, including thermophoresis and
the effects of Brownian motion for the sub-micron particles, are included as an additional
force term. Considering that flow is turbulent, the instantaneous value of the fluctuating
gas flow velocity is included. The dispersion of particles, due to turbulence in the fluid
phase, is predicted using the stochastic tracking model. The stochastic tracking ("random
walk") model includes the effects of instantaneous turbulent velocity fluctuations on particle
trajectories through the use of stochastic methods.

3.3.2

Nanoparticle model

The simulation of nanoparticle formation and growth is performed with the Fine Particle
Model (FPM) [11] module incorporated in Fluent, which is also coupled with the fluid
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mechanics. This modal-moment method is based on the models described in [12] and [13],
which considers the effect of internal (nucleation, particle growth) and external processes,
affecting particles within a homogeneous control volume. The particle size distribution is
thereby represented using a modal approach. The evolution of particle distribution in space
and time is governed by the General Dynamics Equation [14], which is transformed by
applying the definitions for the integral moments of the modes into the Moment Dynamic
Equation:

——— = convjk + extjtk + diffj^

+ coag^k + condj^ + nucj^ + srcjtk

(3.3.2)

This equation accounts for the changes of the size distribution moments Mjtk, due to
external processes of the convective transport (conv), transport by external forces (ext) and
diffusion (diff),

as well as the internal processes of coagulation (coag), condensation and

evaporation (cond), homogeneous nucleation (nuc) and general source terms (src). For this
present work, no source terms were involved, the coagulation coefficient is calculated with
the transition regime provided by [15]. The calculation of the individual growth rates for
evaporation-condensation is given by [16]. The nucleation rate is calculated by [17]. The
physical properties of silica are taken from [18].

3.3.3

Results and discussion

Three different quenching designs are studied in this section. The nanoparticle reactor,
showing the different quench positions, is presented in figure 3.1. The first case has no
quench involvement, only the cooled walls (300 K). The second design involves an axial
quench injection in the counter current flow at the bottom of the reactor. The third design
uses a radial quench injection, applied at the entry of the nanoparticle reactor. For each
case, the temperature and pathlines of the silica mass fraction are presented to illustrate
the fluid mechanics. Concerning the particle dynamics, an analysis of particle density and
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the mean diameter of particles, is provided. Finally, the effect of feed rate on the produced
particles is also presented, including the comparison to published findings from [1].

Figure 3.2, shows the temperatures and pathlines of the silica mass fraction isocontours for the three cases examined respectively. In these figures the highest temperature is
around 11000 K in the hot zone of the plasma. The plasma temperature decreases rapidly
once it reaches the condensation zone. From the temperature countours figures, a small
temperature decrease is observed when the injection of particles into the plasma zone takes
place, but this decrease is not sufficent to reduce evaporation rates significantly. Additional
heat losses by radiation causes further temperature reduction. The temperature isocontours
are markably different for the three cases. Without the quench, the temperature decreases
gradually, from the axis to the wall regions. Pathlines are visible over the entire reactor
indicating the presence of important mass fraction quantities. The axial quench shows a
strong temperature decline, falling rapidly from 4053 to 2800 K when the fluid reaches the
condensation zone. This is due to the axial counter current quench. It is also observed
that pathlines reach only the first part of the condensation zone, due to the axial quench
injection. For the case of the radial quench, the temperature decreases rapidly near of the
quench zone, and important mass fraction values being present only on the reactor axis zone.

Silica particles having a size distribution of 2 to 5 /mi are injected. When these particles
enter the plasma reactor, a vapor cloud of silica is formed, with its maximum mass fraction
value located in the zone of hot plasma. The silica vapor diffuses radially into the induction
zone and there condenses near the wall, due to the lower temperatures encountered, the gas
becomes depleted of silica vapor and enters the condensation zone.
Once the mass fraction of silica particles reaches the nanoparticle reactor, the temperature of the gas falls significantly and the saturation ratio increases, giving rise to a burst of
nucleation, forming the first particle nuclei (clusters). This nucleation phenomena is illus-
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Figure 3.2: a) Temperature contours (K), b) Pathlines of silica mass fraction
trated in figure 3.3, where high density particle numbers are located mainly at the entrance
of the nanoparticle reactor and near the walls. If these new particles are large enough, they
continue to grow by condensation and coagulation processes. The final diameters of such
particles is also observed in figure 3.3, where the figure case "NO QUENCH" presents the
largest values of around 90 nm located at the beginning of the condensation zone. For the
three cases illustrated, it is observed that the larger particles are located near the walls and
close to the reactor exit, because of the influence of lower temperatures and recirculation
patterns.

3.3.4

Effect of feed rate injection on final particle size

An analysis comparing different feed rate injections for the three quenching cases examined,
is presented in this section. Silica particles are injected at the top of the ICP reactor, to
be evaporated. For all three cases there is a linear behavior between the final particle size
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Figure 3.3: a) Particle density (number of particles/TO3), b) Particle mean diameter (nm)
and the feed rate injection, as shown in figure 3.4. Without the quench, the relationship
between mass flow rate of the silica and product particle sizes may be distorted at high flow
rates due to the fact that the model is based on a dilute system assumption. The numerical
particle diameter values presented in this plot, correspond to the area-weighted average on
the reactor ("Computing surface integrals" from the Fluent 6.1 tutorial [9]).
The results of a comparison with the experimental case taken from [1] are also
presented in figure 3.4. Several points from the no quench experimental study are reported,
showing an important deviation when compared with the numerical results. This difference
can be due to important recirculations formed in the reactor that takes importance on
important nucleation sites. Another factor concerns the use of this model for dilute systems.
For the axial and radial quench, only one point in each case is provided (at 6 and 6.5 gpm,
respectively), arising from the experimental study. It is however observed to be in perfect
agreement with the numerical results.
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Effect of the particle feed rate injection on the final particle size
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Figure 3.4: Effect of the particle injection feed rate on final particle sizes

3.3.5

Conclusion

In the present study, a 2D turbulent model is used for the computation of flows, temperature fields, discrete phase and particle growth taking place in an ICP reactor, using the
FLUENT-FPM code. Three different quenching designs are presented while varying the
rates of particle feed injection. To validate the present model, the numerical results were
compared to published experimental findings from [1]. An excellent fit is obtained for the
axial and radial quench cases. Nevertheless, the "NO QUENCH" case presents an important
deviation for the larger feed rate injections. It is generally observed that, with increase of
the particle feed rate, the final particle size increases, due to the existence of more vapor.
The use of quench injection is suggested to obtain better control of the particle size. The
significance of the present model lies in its ability to predict the effect of the quench design
and variations in parametric operation on the final particle size, with low computer time
and good visualization of the results.
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4.1

Abstract

This present work summarises our results concerning the modelling of silica nanoparticles
formation, in a radio frequency (RF) plasma reactor. It is shown that the use of quench
injection plays an important role in the final size and structure of the produced particles.
The present model has been developed with the use of the computational fluid dynamics
software (CFD), Fluent-FPM. Simulation results are found to be in agreement with the
experimental findings for this process. This simplified modelling approach is used here to
study the relationship between the operating parameters effect and the properties of the end
products at the laboratory scale.

keyword

Silica nanoparticles; Plasma Reactors; CFD; FPM model.

4.2

Introduction

In today technologies, fine particles, with sizes ranging between 10 to a few hundred
nanometers (nm), play an important role in many engineering applications. Silica nanoparticles are an example of these innovative materials, since they can be used variously
as; fillers, lubricants, silica based catalysts, etc. [1]. The structure of these powders is
required, depending on the application goals. For example: for use as reinforcing agents,
powders containing aggregates are generally suitable; for catalytic activity applications,
non aggregated powders are preferable. Thermal plasma technology is considered to be
generally a suitable gas phase method for the production of good quality nanoparticles [2j.
On the other hand, the use of quenching methods has been shown to be an important tool
to control the structure of nanoparticles produced by this process [3], [4], [5]. By modelling
of these processes, it is possible to gain a better understanding of the phenomena involved
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and the right process operations to employ.

This work introduces a CFD model describing the synthesis of silica nanoparticles
in an RF plasma reactor.

Two cases are studied and compared, in order to verify the

effects of quench injection.

The solution of magnetic fields for the plasma generation,

the solution of a discrete phase model for particle evaporation and the solution of the
General Dynamics Equation (GDE) for particle formation and growth, are coupled
with a two axysimetric K-e model, using FLUENT-FPM as the CFD software. In order to
simplify the solution, the system silica-oxygen-argon is assumed to be a non reacting system.

4.3

Numerical model

The 2-D axy-symmetric turbulent model is applied to the employed reactor, shown in figure
4.1. The induction torch has a rated operating power of 40 kW. Silica particles, initially
of micrometric size, are injected in the induction zone of the plasma reactor, where they
evaporate and form a vapor cloud. The induction tube is initially of 0.28 m in length
and 0.025 m in radius, the radius is subsequently expanded to form a wider condensation
tube. The plasma gases employed are argon and oxygen. For the experimental run using
a quench gas, oxygen, at room temperature, is injected for this purpose. This produces
a rapid temperature decrease that induces the vapor to condense to produce fine aerosol
particles. The underlying computational grid consists of a total of 80 000 cells, thereby assuring that a high computational grid density and sufficient numerical accuracy are attained.
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Figure 4.1: Schematic illustration of the RF synthesis reactor
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4.3.1

Particle evaporation

The solution of plasma model and particle evaporation is discussed in this section. The
plasma flow model applied in this work, is based on the Extended Field Model from [6].
In this model, far field boundary conditions are used, as the boundary conditions for the
vector potential. Vector potential equations are then solved, along with the corresponding
continuity, momentum, and energy transfer equations. Lorentz forces are then added in as
source terms for each of the momentum equations, while the ohmic heating power applied
is added to the energy equation.

Since the reactor size is relatively large and high velocity recirculation patterns in
the gas flow are induced, the flow is therefore considered to be fully turbulent. The K-e
model [7] is selected for modelling of the turbulence effect because of its simplicity and low
computational expense. A correction in the source term of the kinetic energy equation [8],
was applied to this turbulent model because it was not originally adapted for these high
temperature situations modelled in Fluent 6.1 [9]. The present model considers the system
as an ideal gas in local thermodynamic equilibrium, the fluid being present as a continuous
medium and radiation losses are also included. Boundary conditions were imposed according
to the experimental set-up: the injection gas and plasma gas is argon (15 slpm and 22.5
slpm respectively), sheath gases are; oxygen (75 slpm) and argon (22.5 slpm). Oxygen is
utilized for the case where the quench injection is performed (300 slpm). Silica particles,
having a size distribution between 2 to 5 /um, are injected with a feed rate of 4.5 gpm.
Reactor walls are at a fixed temperature (300 K). In respect of the thermodynamic and
transport properties of the plasma gas, these are taken from [10].

For the modelling of the particles evaporation, the discrete phase model in a Lagrangian
framework is applied. Once the micron sized particles are injected into the plasma reactor,
the discrete phase model tracks the particle trajectories and calculates the heat/mass transfer
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between the particle phase and the continuum phase. The initial conditions, such as position,
velocity, size, and temperature of individual particles, are denned in this model according
to the experimental set up realised in a parallel study to this one. The phenomena affecting
the particle behavior, including thermophoresis, and the effects of Brownian motion, for the
sub-micron particles, are also included as an additional force term.

4.3.2

Nanoparticle growth

The simulation of nanoparticle formation and growth is performed with the Fine Particle
Model (FPM) [11] module incorporated in Fluent. This modal-moment method is based on
models described in [12] and [13], where the particle size distribution is represented using a
modal approach. The evolution of particle distribution in space and time is governed by the
GDE [14], which is transformed by applying the definitions for the integral moments of the
modes into the Moment Dynamic Equation:

»?' = conVjtk + extj<k + diffj)k + coagjtk + condj^ + nucjtk + srcjjk

(4.3.1)

This equation accounts for the changes of the size distribution moments Mjtk, due to
external processes, of the convective transport (conv), transport by external forces (ext) and
diffusion (diff),

as well as the internal processes, of coagulation (coag), condensation and

evaporation (cond), homogeneous nucleation (nuc) and general source terms (src). For this
present work, no source terms were involved and the coagulation coefficient was calculated
with the transition regime provided by [15]. The calculation of the individual growth rates
for the evaporation-condensation is given by [16]. The nucleation rate is calculated from [20].
The physical properties of silica are taken from [18].
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4.4

Results and discussion

Two cases are presented in this section, that without quench gas and that with axial quench
injection, as shown in figure 4.2. For each case, the contours of temperature, turbulent
viscosity ratio and silica mass fraction, are presented to illustrate the plasma generation,
the effects of turbulence on flow patterns and micro-particle evaporation respectively. An
analysis of particle number density and mean diameter of particles, is provided in order
to better understanding the nanoparticle production process. Finally, a comparison of the
numerical results, with the corresponding experimental cases is provided.

VISCOSITY RATIO

MASS FRACTION

Figure 4.2: Temperature, turbulent viscosity ratio and mass fraction contours: a) Case
without quench, b) Case with axial quench
Figure 4.2, shows the temperature, viscosity ratio and silica mass fraction isocontours
for the two cases examined. Concerning the temperature isocontours in this figure, the
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plasma temperature decreases rapidly once the gases reach the "Condensation Zone". A
small temperature decrease is observed because of the injection of particles into the "Plasma
Zone" [19], but this decrease is not sufficient to reduce silica evaporation rates significantly.
Additional heat losses by radiation causes further temperature reduction. It is observed
that without quench, the gas temperature decreases gradually, from the reactor axis to
the wall regions. For the case of quench injection, temperature enters to the nanoparticle
reactor zone where it suddenly decreases, because of the effect of counter current quench
injection. The use of quench produces a rapid cooling of the system. Decreasing drastically
temperature, we can better control the whole particle growth mechanisms (nucleation
rate, thermophoresis and coagulation).

This is because there is a straigth dependence

on the temperature parameter; the momentum equations are coupled to temperature by
viscosity and the continuity equation by density.

Species distribution depends on the

temperature variation of diffusivity. The particle generation location is determined by the
supersaturation ratio of silica vapour (ratio of vapor pressure to equilibrium vapor pressure)
which is an exponential fonction of the temperature. Finally the size distribution is affected
by the local supersaturation and rates of condensation and coagulation are temperature
dependent.

The turbulent intensity is presented through the turbulence viscosity ratio contours,
also shown in figure 4.2. The turbulent viscosity ratio is simply the ratio of turbulent to
laminar (molecular) viscosity and is commonly used to show turbulent intensities. From
figure 4.2, it is observed for both cases that the highest ratio value is around 20, which
is typical for Reynolds numbers in the ranges of 5000 to 10,000. The turbulent zones are
adequate for the formation of nanoparticles.

The silica mass fraction contours for both cases are presented in figure 4.2. When the
silica particles enter the plasma reactor, a vapor cloud is formed, with its maximum mass
fraction value located in the zone of the hot plasma. The silica vapor diffuses radially into
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Figure 4.3: Particle number density distribution (/m ) and particle diameter (nm) contours:
a) Case without quench, b) Case with axial quench
the induction zone and once there, it condenses near the wall, due to the existing lower
temperatures. The gas thus becomes depleted in silica vapor and enters to the nanoparticle
zone of the reactor.

When the mass fraction of silica enters the nanoparticle zone reactor, the temperature
of the gas falls significantly and the saturation ratio increases, giving rise to a nucleation
burst and forming the first particle nuclei (clusters). This nucleation phenomena is identified
by high particle number density values, which can be observed in figure 4.3. If the clusters
are large enough, they continue to grow by condensation and coagulation processes. The
diameter contours of such particles are also observed in figure 4.3, where the case without
quench presents highest values around 90 nm, located at the beginning of the nanoparticle
reactor zone, while sizes of around 75 nm are the highest values for the quench injection
case. Since particles are directly affected by the flow, turbulence will enhance heat and
mass transfer between gas and particles, favoring a fast particles condensation by avoiding
nucleation and agglomeration. It is generally observed that the larger particles are generated
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near the walls and/or close to the reactor exit (quench injection case), because of the
influence of lower temperatures and recirculation patterns.

fpm/default-mode/dgn
W

fpm/default-mode/dgn

lm)

d)

(m)

Figure 4.4: a)SEM picture of final particle size (nm) for the case without quench; b) Numerical histogram plot of particle diameter for the case without quench; c) SEM picture of
final particle size (nm) for the axial quench case; d) Numerical histogram plot of particle
diameter for the axial quench case.

4.4.1

Comparison of numerical results to experimental cases

The morphology of nanoparticles produced at laboratory with and without quenching can
be seen on pictures from figure 4.4. Without quench, the product powders were found to
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be made up of large particles with a bigger size of 37 nm, while, with the quench injection,
finer particles highly agglomerated of the order of 25 nm, are presented. The corresponding
numerical findings are represented by the histograms also in figure 4.4. The case without
quench shows the larger product particles to be around 100 nm while in the case with
axial quench, particles presenting 70 nm are those of larger size. It should be stressed that
at present stage of investigations, comparison of experimental and simulation data is of
informing nature only. Further investigations are required to interpret the relationships and
differences between calculated and measured data.

4.5

Conclusion

In the present study, two reactor designs were presented in order to demonstrate nanoparticle
product differences, due to the quench injection effect. According to the presented results,
the use of quench injection is suggested to obtain a smaller particle size and homogeneous
size particles. The significance of the presented model here, lies in its ability to predict
the effect of the quench design on the final particle size with low computer time and good
visualization of results.
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5.1

Abstract

In this work a coupled model for the production of nanoparticles in an inductively coupled
plasma (ICP) reactor is proposed. A Lagrangian approach is used to describe the evaporation
of precursor particles and an Eulerian model accounting for particle nucleation, condensation
and fractal aggregation. The models of the precursor and nanoparticles are coupled with
the magneto-hydrodynamic equations describing the plasma. The purpose of this study is
to develop a model for the synthesis of particles in a thermal plasma reactor, which can be
used to optimize industrial reactors. The growth of aggregates is considered by introducing a
power law exponent Df. Results are compared qualitatively and quantitatively with existing
experimental data from plasma reactors at a relatively large laboratory scale. The results
obtained from the model confirm the previously observed importance of the quench strategy
in defining the morphology of the nanoparticles.

keyword

CFD modeling, ICP Plasmas, nanoparticle synthesis, method of moments, fractal particles.

5.2

Introduction

Nanoparticles are a very important building block of the new nanotechnologies because of
their often unusual optical, mechanical, catalytic and electrical properties, and remarkably
high specific surface areas [1]. The processes used for generating nanoparticles play an
important role on the product purity, size distribution, particle size and particle morphology. Among the existing processes, high-frequency inductively coupled plasma (ICP) is an
attractive method for synthesizing nanoparticles [2], [3]. Good quality of particles including
narrow size distribution, spherical shape, pure powder and high production rates are the
main features of the powders produced using this technology.

89

Much improved control

over temperature and gaseous mixtures over conventional flame technologies is also a very
important feature of ICPs.

Detailed modeling of nanoparticle formation in plasma reactor has advanced in
recent years to a degree that comparison with experimental results has become quantitative,
as reported in the works of [4] and [5], [6], [7], [8]. The combined modeling and experimental
studies of [9] showed that the presence of agglomerates was largely controlled by the quench
position and geometry of the reactor. In fact, in most cases of particle synthesis processes,
there is the formation of agglomerates of individual spherical primary particles [10]. The
formation of particles consists of an initial phase of coalescent growth, where coagulation
with small particles caused by high particle formation and rapid surface growth makes
the particles to grow into near spherical "primary" particles.

The coalescent regime is

followed by particle aggregation, when the particles take the form of fractal aggregates [11].
The volume of the agglomerates can be related to their radius of gyration (Rg) by a
power law, which can be used to explain the relationship between the mass and size. The
exponent of this power law is called the mass fractal dimension (MFD), Df [12]. The MFD
Df determines the collision diameter of the agglomerates and subsequently their growth
rate [13], [14]. In addition, the dynamic behavior of these agglomerates is considerably
different from their spherical counterparts. Several investigations of non-spherical particles
in high temperature synthesis of materials where agglomerates of individual spherical
(primary) particles are formed have been reported ( [15], [16], [17], [18]).

Up to now, different models have been used to explain the nature of the
nanopowders produced in thermal plasma technology, where the nanoparticles are regarded
as ideal spheres [6], [19], [20]. In the present work, based on the ideas of [21], a moment
model is used to describe the initial evolution of the population of aerosol in the coalescent
regime. In order to describe the aggregation regime, two other moments equations are
introduced, as suggested by [11]. The power law exponent Df which defines the type of
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irregular, fractal shape aggregates, is used.

In order to describe as completely as possible the process used to produce nanoparticles in actual industrial environment, the present model describes the evaporation of micron
sized particles used as precursor in the plasma (using a Particle-In-Cell Lagrangian modeling
framework) and the formation of nanosized particles (using a moment transport Eulerian
model). Both micron-sized and nano-sized particle models are coupled with the fluid mechanical equations of continuity, momentum and energy, and the vector potential formulation of
the Maxwell's equations, that are used to describe the generation of the plasma. The mathematical model is solved using the commercial CFD software Fluent 6.2, with the addition of
numerous extensions to the commercial code through 'User Denned Functions' that had to
be developped to take into account the specific physical and chemical aspects of the model.
In the following sections, the model is described and applied to conditions similar to the
measurements reported in [9] and [22]. The results showing the influence that the plasma
and precursor loading parameters have on the formation of fractal particles is shown for the
three different quench types used by [9] and [22].

5.3

Model

The model developed in this study is applied to the reactor presented in figure 5.1. This
ICP reactor is in use at the Plasma laboratory of the CREPE (Centre de Recherche en
Energie, Plasma et Electrochimie) at the Universite de Sherbrooke. The induction tube is
initially of 0.28 m in length and 0.025 m in radius. The radius is subsequently expanded to
form a wider condensation tube (r = 0.1 m). often called the "reactor" zone. The induction
torch has a rated operating power of 40 kW and is confined by water-cooled ceramic walls
(r = 0.025 m). The plasma gases are argon and oxygen. Silica micron-sized particles
are injected in the plasma zone where they evaporate and condense further downstream,
in the reactor.

Pure oxygen is used as quench gas since it prevents silica from losing
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Figure 5.1: ICP nanopowder synthesis reactor at the CRTP of the Universite de Sherbrooke
oxygen to SiO and also as a molecular gas, it represents a higher thermal load than other
gases e.g. argon [22]. This produces a rapid temperature decrease that induces the vapor
to condense and to produce fine aerosol particles.

Silica-oxygen-argon is treated as an

inert system but the model developed in this study can easily accommodate reacting systems.
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5.3.1

Plasma Model

The inductively coupled thermal plasma torch has become a familiar tool in chemical analysis laboratories and is becoming an important tool in the production and treatment of
advanced materials. In the last three decades great progress has been made in mathematical
modeling the induction thermal plasma. Boulos [23] was the first to demonstrate, using
Computational Fluid Dynamics (CFD) methods, the presence of the magnetic eddy in the
heart of the discharge. The early model of Boulos used a one-dimensional formulation of
the electromagnetic fields inside the coil, and a stream function, vorticity formulation of
the Navier-Stokes equations with a general purpose code. The original mathematical model
of the ICP evolved significantly in the following decade. Two-dimensional electromagnetic
models were introduced, as well as non-equilibrium models using two-temperature formulation, and plasma-particle interaction. More recently, another modification to the original
model of Boulos (2001) [24] was introduced; the present work is based on this new approach.
In the present model, no attempt to introduce swirling gas, as is used in most experimental
setups, is made. This modification is made in order to simplify the model but should not,
to the authors knowledge, have a major impact on the results.

Assumptions

Fig. 5.2 depicts the schematic of the ICP reactor used in this study. The geometry is
considered as axi-symmetric 2-D with the axial coordinate z and the radial coordinate r.
The present system is assumed at steady state, in the turbulent regime, mainly in the reactor
section where cooling and considerable recirculations occur. The main assumptions used are
given in table 5.1.
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Figure 5.2: Schematic illustration of the ICP synthesis reactor
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Table 5.1: Fluid flow and temperature field assumptions
- Steady state;
- Axi-symmetric flow at atmospheric pressure;
- Turbulence modeled by the k-epsilon model modification proposed by [27];
- The axial component of the coil current is neglected;
- Radiative losses calculated from net emission coefficient,
under local thermodynamic equilibrium (LTE) conditions;
- Viscous dissipation and pressure work in the energy equation are neglected;
- Negligible displacement current;
- Nano-particles do not affect the flow field or the turbulent quantities;

Equations

The governing equations of continuity, momentum, energy and plasma species are presented
below :

Continuity:

d ( H , 1 d(prv)
~5
az

!

Z
or

r

= brn

(5.3.1)

In Eq. 5.3.1, Sm is the source term representing the mass added to the continuous
phase from the dispersed phase (due to vaporization of the precursor micron-sized particles).

Momentum:
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(5.3.4)
•P* + R + S,

where u and v are the axial and radial velocity components, p, pi, A, and Cp are the
density, viscosity, thermal conductivity, and specific heat at constant pressure, respectively.
h is the enthalpy, p is the pressure, and P* and R are the Ohmic heating power and the
volumetric radiation heat loss, respectively. The fluxes Jj are the individual species mass
fluxes. FZb is an artificial source term used to freeze the flow outside the plasma torch,
a method not very elegant but efficient to fix flow conditions where it is not of interest,
while solving some of the equations (electromagnetic) in the same region. peff

= &• is the

effective viscosity, which is the combination of molecular and turbulent viscosities.

The Lorentz forces and Ohmic heating power are expressed as:
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Fr = ^o<rRe(EeH*z)

(5.3.5)

Fz = -i/ioffReCSeflr*)

(5-3-6)

P = ^0aRe(EgE*e)

(5.3.7)

where /io is the magnetic permeability of free space, a is the electric conductivity and
Re denotes the real part of a complex number. The superscript * denotes the conjugate.

The electromagnetic fields can be obtained by the following relations after solution of
the vector potential equations:

Ee = -iwAe

(5.3.8)

Mo#z = -^-{rAg)
r or

(5.3.9)

Mo#r = - ^

(5.3.10)

cu is the angle frequency.

Ag is the tangential component of vector potential, which can be calculated as:

V2Ag - Ag/r2

= -MO (Jcoil + Jind)

where
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(5.3.11)

r dr\

drj

dz2

Jcoil is the current density induced by the oscillating voltage applied to the two ends of
the coil and Jind is the current density developed in the plasma and the coil by the induced
electric field.

5.3.2

Turbulence model

Turbulent mixing may play an important role in particle processes in ICP torches but
mostly in the reactor section [25]. Recently, it was reported by [26] that turbulence must be
accounted for even though the overall Reynolds number is relatively small. It is well known
that plasma flame is often wavering and unstable accompanied with drastic heat/species
transfer. The presence of strong turbulence in the particle formation zone, the reactor,
is expected to affect the transport of the vapors and thus the trajectories of nanoparticles. Strong turbulent eddies may be present in the plasma reactor (mostly limited to the
edges of the plasma) and their effect on the effective transport properties cannot be neglected.

In the present study the k-epsilon model is selected. The choice of a more sophisticated
model is difficult to justify since the amount of precise results turbulent thermal plasmas that
would be sufficient to distinguish the models are still today very scarce. The correction on
the source term of the kinetic energy equation, proposed by [27], is applied to this turbulent
model, it was not originally adapted for high temperature situations in Fluent 6.2. The
turbulent viscosity, jit is computed using K and e as follows:

IH = PC»—

(5.3.13)

where K is the turbulent kinetic energy, e is the dissipation rate and C^ is a constant.
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The source term implemented for the correction in Fluent is:

S(e) = C 3 —

(5.3.14)

This sink term has no effect on most flows at low temperature, but it has a significant
effect for turbulent plasma flows. It contributes to decrease the production of turbulent
kinetic energy in the core of the jet, hence providing a longer core.

5.3.3

Particle Evaporation Model

In the synthesis of nanoparticles by thermal plasma, the precursor micron-sized particles
are injected into the fireball to be evaporated. The particles are introduced in the model
as a discrete second phase which consists of 'spherical particles dispersed in the continuous
phase, the volume fraction occupied by the secondary phase is considered negligible. The
trajectories of the discrete phase entities are computed using the equations describing the
movement of a rigid particle in a fluid.

Assumptions

Table 5.2 summarizes the assumptions considered on the discrete phase model.
The discrete phase model considers the trajectory and heat-mass transfer coupling of
particles with the continuum phase, this the so-called PSI-Cell approach [28]. Thus, the
trajectory and heat-mass transfer calculations are based on the force balance on the particle
and on the convcctive heat and mass transfer from the particle, using the local continuous
phase conditions as the particle moves through the flow.

The thermophoresis effect is considered as an external force on the transport of
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Table 5,2: Particle evaporation model assumptions
- Particles are spheres and the fluid is an ideal gas;
- Dispersion of particle due to turbulence by stochastic tracking model;
- Dilute gas-particle system;
- Continuous phase with a well defined entrance and exit conditions;
- Discrete phase solved in a Lagrangian frame of reference;
- Coupling for momentum, heat and mass between the plasma and the precursor microparticles;
- Thermophoretic force and Brownian motion for sub-micron particles;
- Gravity and turbulence have no influence.

particles. This effect is responsible for small particles in a temperature gradient driven from
high to low temperature regions.

Equations

In the discrete phase model, the particle phase is regarded as a source of mass, momentum,
and energy to the gaseous phase. The following equations are used to calculate the set of
heat and mass transfer laws involved.

Particle motion.

Firstly, the trajectory of a discrete phase particle is calculated by in-

tegrating the force balance on the particle. This force balance equates the particle inertia
with the forces acting on the particle and can be written as:

mp—y

= CD-p

( -Kd2p ) (u - up)\u - up\ + Fth + mpg + mpFb{t)

(5.3.15)

Where u is the fluid phase velocity, mp is the particle mass, up is the particle velocity,
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H is the molecular viscosity of the fluid, p is the fluid density, pp is the density of the
particle, dp is the particle diameter, Ft,(t) is the Brownian force per unit mass and Fth is
the thermophoretic force.

The drag coefficient CJJ depends on the particle form and the relative Reynolds number
Re, which is defined as :

Re ^

Pdp

'"" ~
M

Ul

(5.3.16)

For a spherical particle, the drag coefficient Co is determined from:

CD = ( j | ) /(Re)

(5.3.17)

where the /(Re) functions are given according to the particle's boundary layer regime.
As the Reynolds number increases, the Stokes and Oseen laws, and the empirical relations
proposed by [29].
The thermophoresis effect Fth is included in the particle force balance following [30].
Besides, the Brownian motion Ff,(t) is considered since it becomes important for sub-micron
particles. For the present study Ft>(t) is calculated as a Gaussian white noise random process
[31] with spectral intensity S„tij given by [32]:

Sn,ij = SoSij

(5.3.18)

where <Sy is the Kronecker delta function, and
So

216vkBT
;—~2—

7rV|(f) Cc
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(5.3.19)

where T is the absolute temperature of the fluid, v is the kinematic viscosity, ks is the
Boltzmann constant and Cc is the Stokes-Cuningham slip correction which can be computed
from :

Cc = 1 + -H1.257 + o.4e-( L W ^ 2 A ) )

(5.3.20)

dp

Amplitudes of the Brownian force components are of the form

Fb =Ci

> ^§

(53 21)

'-

where Q are zero-mean, unit-variance-independent Gaussian random numbers.

Heat and mass transfer calculations

The particle temperature is determined through

an energy balance as described in [28]. The total heat flux on a particle surface in the plasma
QT is given by:

QT = hcwd2p(T - Tp) - 7Td2pass(T^ - T*)

(5.3.22)

where dp, hc, T, Tp, crs, s, Ta, pp, Cp, x, Hm and Hi, are the particle diameter (m),
convective heat transfer coefficient (W/m2K),

local temperature of the continuous phase

(K), particle temperature, Stephan-Boltzman constant, emissivity, ambient temperature,
particle density (kg/in 3 ), specific heat of the particle (J/kg K), molten fraction, latent heat
at the melting point and boiling point, respectively.

The heat transfer coefficient, h, is evaluated using the correlation of Ranz and Marshall
[33], [34]:
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Nu = ^ E = 2.0 + O.GRey'Pr 1 / 3

(5.3.23)

where, fc^ is the thermal conductivity of the continuous phase (W/m — K), Re^ is the
Reynolds number based on the particle diameter and the relative velocity, and Pr is the
Prandtl number of the continuous phase

(cpn/k^).

The mass transfer during vaporization is predicted by a boiling rate. During droplet
vaporization, the rate of vaporization is governed by gradient diffusion, with the flux of
droplet vapor into the gas phase related to the gradient of the vapor concentration between
the droplet surface and the bulk gas:

Ni = kc(Ci,, - C ii00 )
where Ni is the molar flux of vapor (kgmol/m2

(5.3.24)

s); kc is the mass transfer coefficient

(m/s); Cj)S is the vapor concentration at the droplet surface (kgmol/m
represents the vapor concentration in the bulk gas

3

) and Cj)CO

3

(kgmol/m ).

The concentration of vapor at the droplet surface is evaluated by assuming that the
partial pressure of vapor at the interface is equal to the saturated vapor pressure, pSat, at
the particle droplet temperature, Tp:

Cit8 = ?2$&

(5.3.25)

Kip

where R is the universal gas constant.

The concentration of vapor in the bulk gas is known from solution of the transport

103

equation for species i. The mass transfer coefficient in equation 5.3.24 is calculated from a
Nusselt correlation [33] and [34]:

Nu^ B = ^

2.0 + 0.6Rey 2 Sc x /3

=

where jDj>m is the diffusion coefficient of vapor in the bulk (m2/s);

(5.3.26)

Sc is the Schmidt

number and dp is the particle diameter (m).

The mass of the particle is reduced according to:
mp(t + At) = mp(t) - NiApMWtiAt
where Mw<i is the molecular weight of species i (kg/kgmol);

(5.3.27)
mp is the mass of the droplet

(kg) and Ap is the surface area of the particle (m 2 ).

5.3.4

Nanoparticle model

The growth of particles is considered from nucleation to coalescent to aggregation (fractal)
regimes, with simultaneously occurring nucleation and condensation of primary particles,
coagulation of both primary and fractal particles. The different mechanisms of transport
and growth are also considered.

Equations

Nucleation

Nucleation is caused by the fast cooling of the gas when it enters the conden-

sation zone of the reactor. This phenomenon is strongly dependent of the vapor pressure
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of species in function of temperature. For the present model, the nucleation rate is formulated using the expression developed by Girshick [35]. This expression is derived from a
self-consistent equilibrium cluster distribution which results in a correction to the classical
nucleation theory by a factor of e e / 5 . Where © is a dimensionless surface energy denned
by:

O= ^

(5.3.28)

where a is the surface tension (under the capillarity approximation), Si is the surface
area of a monomer (in this case a silica atom), k is Botzmann's constant, T is absolute
temperature, and S is the vapor saturation ratio S = ^ .
-3

(TO ),

ni is the vapor concentration

3

ns is the vapor concentration at saturation (m~ ). The resulting expression for the

nucleation rate is:

i _

12

V27T ^ °

27ln*Sj

(5 3 29)

- '

where (i\\ is the Brownian coagulation coefficient between two monomers.

The

equation describing the evolution of the concentration rij of stable particle of size j by
nucleation is as follows:

drij

-£

T^

= * W )

.

,

(5-3-30)

The Kronecker delta Sj-j* is defined as 1 for the critical size f and zero otherwise.

Condensation

Surface condensation is the deposition of monomers on a stable particle

of size equal to or larger than the critical size. Assuming that the size of a monomer is
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negligible compared to that of the particle, the growth law of a spherical particle in the free
molecular regime is given by:

^=iW

/ 3

(S-l)

(5.3.31)

with

Bx = (367r) 1/3 n s ^ /3 (A;r/27rm 1 ) 1/2

(5.3.32)

where Vj is the particle volume (m 3 ), v\ and m\ are the volume (m 3 ) and the mass
(kg) of one monomer.

Fractal coagulation

The dynamics of coagulation is fundamentally described by the

Smoluchowski master equations, an enormous number of differential equations describing
the population of different size particles. The evolution of the concentration (rij) of stable
particles of size j is described by the following balance equation:

-gf = o Yl

a

Phinini -nk^afaknj

i+j=k

(5.3.33)

j=l

a is the sticking coefficient which means the fraction of inter-particle collisions that
result in coalescence. Pij is the coagulation coefficient classified on the basis of the Knudsen
number: Kn = ^ , where A is the gas mean free path and d the particle diameter [36].
Because most of the particles are in the ultra-fine range (i.e. 20 < Kn < 2000 for the cases
studied), and are smaller than the mean free path of flow gas, the collision frequency function
due to Brownian motion is assumed in the free molecular regime. It is characterized by
Kn »

1, in this situation, the following expression provided by [11] expresses the collision

frequency of particles:
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a

oo

6 k B T

(^msiUca\l/6

M

fly =2.2 J — ( ^ _ - j

.

1 /

1/3 .

J - + -W

1/3x2

+m/ )

/r o Q ^

(5.3.34)

where /c^ is the Boltzman constant; T is the temperature; p is the density of particle
material, m is the particle mass (atomic mass units), msmca is the mass of a silica atom;
and the multiplier 2.2 is the van der Waals enhancement factor.

Thermophoresis

The advection of particles is the result of the aerodynamic drag and the

thermophoresis deviation. According to [37], the thermophoretical velocity is independent of
the particle size in the free molecular regime and the vectorial form is represented as follows:

uth = - ^ g ^ r

Brownian diffusion

(5.3.35)

The diffusion coefficient depends rather strongly on the particle size.

Therefore, an average coefficient cannot be applied over the distribution of moments. In the
case of small particles flowing in the high temperature zones downstream of an ICP reactor,
the Brownian motion becomes important. The evolution of the concentration rij of stable
particle of size j by Brownian diffusion is given by :

- ^ =V-(^Vni)

(5.3.36)

in which Dj is the diffusion coefficient of particles of size dj and the expression proposed
by [37] is used:

*>-^(i+T)
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Assumptions

Several assumptions have to be made to make the model's equation tractable. Among these,
the dilute system assumption where bulk vapor concentrations are smaller than 10~ 3 (kg/kg).
Free molecular regime is considered because of the small sizes of the particles. Among the
most important simplifications of the model is the assumption of a lognormal particle size
distribution function. Using this hypothesis, it is possible to calculate the different moments
of the particle size distribution in a closed form using only the first three moments of the
distribution. The main outcome is the simplification of the equations to be solved, from a
partial integro-differential equation to a set of three partial differential equations. Equally
important, the agglomeration of particles is described by a power law. These assumptions are
largely justified under the conditions used to generate nanoparticles in thermal plasmas [21].
The assumptions are summarized in the following table 5.3:
The contribution of the different mechanisms (nucleation, condensation, fractal coagulation, thermophoresis) are integrated in the the general dynamic equation (GDE) for
aerosol growth:

V • (Itrij) = - V • (uthnj)

+ V • (DjVnj)

-, j ~ l

+Gj-1rij-i

- GjUj + 2^2

+ Ij*S(j-j*)

(5.3.38)

oo

Pi,j-ininj-i

- nJ ^2

^

U i

This equation must be solved to obtain the particle size distribution function (PSDF)
of nanoparticles.

5.3.5

T h e m e t h o d of m o m e n t s

The population of different size particles is described by a finite but extremely large number
of differential equations of the type of equation 5.3.38 [36]. Analytical solutions are possible
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Table 5.3: Silica vapor concentration and nanoparticle model assumptions

- Particles are smaller that the mean free-path of the gas: free-molecular regime;
- Coagulation of particles in the free-molecular regime;
- The condensible vapor is chemically inert;
- The kinetic nucleation rate developed by Girshick [35] is used;
- The particle size distribution is approximated by a lognormal distribution;
- The Kelvin effect is neglected;
- Thermophoresis is accounted for as an external force in the transport of particles;
- Particles follow the fluid flow (and thermophoretic deviation) and diffuse stochastically
because of Brownian diffusion;
- Turbulence effect on particles is neglected;
- Particle aggregation obeys a power law with constant fractal dimension Df,
- Five moments of the distribution are used to solve the fractal particle growth:
three moments (Mfc) solve for the primary particles and two moments (Pr);
for the particle aggregation;
- No surface growth terms is included in the aggregation regime.

for idealized, simple cases (as in Smoluchowski' solution) but the numerical integration of
the equations as written up to this point is computationally untractable. The method of
moments reformulates the problem into a small set of differential equations describing evolution of the moments of the PSDF. The method of moments is presented briefly in this section.

The first step in deriving the moment equations is to define the moments. The moment
of the size distribution of order k is defined as:

..

oo

Mk = — J2 J ' S
3=3
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(5-3-39)

no is a constant of normalization. In the present model, the moments of the size
distribution are normalized with respect to the density p and the reference concentration of
monomers no at the entrance of the reactor. The number concentration, surface and mass
of particles in a given volume are obtained, respectively, from the moments M of order 0,
2/3, and 1. The moments of order 0, 1, and 2 are solved simultaneously with moments P
described below.

For the moment of an arbitrary order k, the contribution of nucleation and surface
condensation can be obtained directly by integrating equations 5.3.30 and 5.3.31:

d k

= — (j*)fc + pkBx{S - l)Affc_1/3

^ \nucl,cond)
at

(5.3.40)

TIQ

After the initial period of nucleation followed by coalescent growth, particles begin to
agglomerate. Agglomerates are assumed in the present work to take the form of chain-like
structures composed of nearly spherical equal-sized primary particles and are described by
the well-know fractal relationship [38]:

« = *,(^y

(5-3.4.)

Where n is the number of primary particles in an aggregate; dp is the diameter of
primary particle; Rg is the radius of gyration of an aggregate; Df is the fractal dimension
and kf is the fractal prefactor.

In the present model, particle agglomeration is considered at a fully developed regime
of particle aggregation obeying eq. 5.3.41 with constants values of Df and kf.
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where /?jj is the aggregate collision frequency in the free molecular regime; dc means
the collision diameter of a particle aggregate and dCi . represent the mobility diameters.

Equation 5.3.42 is valid for Df > 2 or for aggregates of similar sizes [39]. The collision
diameter of an aggregate, dc, is proportional to the radius of gyration; the latter is given as:

*»=^(^F"

,/v/D ,/3

'-

<«**>

which is obtained from equation 5.3.41 expressing the primary particle diameter
through the total aggregate mass m and the number of primary particle in the aggregate n:

\ irpn J
The model for the aggregation is developed with the collision frequencies reflecting the
fractal character of colliding particles [39]:

# , = 2.2 J — £ -

— +—

(dci + <i?

(5-3-45)

Pfj is the aggregate collision frequencies in the free molecular regime and dc is the
collision diameter of a particle aggregate.

Ill

Df values for silica particles around 2.2, are reported by experimental works [40]. [41]
published Df results around 2.0 coming from experimental and numerical tests of growth
of silica particles influenced by high temperature. In addition, numerical studies from [42]
report values around 2.4. In this work a constant value Dj = 2.0 is used. The influence
of this parameter should be elucidated further but is not within the scope of the present study.

Assuming that in the limit of a single spherical particle dc becomes equal to the particle
diameter:

dc = dpn^Df = (^\

V3

mVWf-V3

(5.3.46)

The following grid functions are obtained after substitution of equation 5.3.46 into
equation 5.3.45 according to [11] who determines the fractal coagulation term for the freemolecular coagulation of fractal particles,

<«>-V™( 5! Sf)">i»>

<«*">

where:

= Ei=0 (i)

((m*«+l'W>f-V*)^k-1/2

+»x+k-i/2(my+l-h+1/(inVDf-^))
Terms < mrnr

(5.3.48)

> appearing in equation 5.3.48 are approximated by the following

relation [11]:
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(mrnr ) « (mr){nr ) = /ir7rr/

(5.3.49)

where (mrnr ) are binary moments of the two-dimensional particle size distribution, a
function of both the aggregate mass m and the aggregate number of primary particles n.

-,

mr = Mk =

pn0

OO

Y jknj
frt

(5.3.50)

3=3

Moreover, the moments for the number of primary particles irr are determined by:

7rr = §

(5.3.51)

•n)

where:

J^nlNi

(5.3.52)

here, Ni is the concentration of aggregate size class i; n» the number of primary
particles in ith aggregate; and Po is equivalent to Mo, the total aggregate number density.
The physical meaning of the 7i> moments is as follows: TTQ = 1, ni is the average number of
primary particles in aggregates. Moments Pr, describing the fractal geometry of aggregates,
are solved simultaneously with the moments Mk, describing the coalescent regime.

For moments Pr, the aggregate coagulation in the free molecular regime is calculated
with:
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Hr = i(Vr)

(5.3.53)

with (Vv) evaluated by interpolation between grid functions:

m = 2.2jQ-^f-(^^y6

(hi)

(5.3.54)

where

(h'r) = E U (D E£$ Q

((m^WV^^m^-^nr-o)

+2(mk"1/6n'1+1/Df~1^) • (ml~k-l/(inr-<i+1/Df-l/:i)
(+mk~1/2n"(ml-k+1/6nr-^2/Df-2/3))

(5.3.55)

The binary moments appearing in these equations are obtained via approximation
5.3.50 and the fractional order moments by interpolation between the whole order moments
using the approach described by [43]

The dynamics of particle coagulation is described for the following set of equations:

d

-^(coa9) = 4

$

„X

d(pM_
^-(coag)=0
dt

^^(coag)

= p2n0^0fiM2
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(5-3.56)

(5.3.57)

(5.3.58)

and

^ % r a c ) = 0

^l(frac)

(5.3.59)

= Hr

(5.3.60)

The contribution of the different mechanisms (nucleation, condensation, coagulation,
thermophoresis) described above, are transformed in terms of moments of the distribution,
therefore transport equations for the moments of the particle's size distribution are obtained:

d(pMk)
dt

+

^ _^

+ -(j*)k

t h M k )

+ kBlP(S

=

_ ^ . (pltthMk)

+ V • (PDVMk)

- l)M f c _ 1 / 3 + ^{k2

+ k-

(5.3.61)

2]$ 0l oM t 2 /2

By a mass balance over the aerosol and the vapor, the conservation of the monomer
in vapor phase is as follows.

^ ^ - + V • (pltthwi) = V • (pDi^LJi) - Ifrm

5.4

- BipnormiS

- l)M f c _ 1 / 3

(5.3.62)

Solution method

The geometry of the reactor is axisymetric; therefore, the ICP reactor is represented by a
2D computational domain. Silica-oxygen-argon is assumed to be a chemically inert system.
The final scalar equations set is summarized in table 5.4. The computational simulation is
performed for a grid system (see figure 5.3) of 80 000 cells, numerical accuracy tests were
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Table 5,4: Source terms for the moments of the PSDF
Equation

Sc

Mo
Mi
M2
Pi

S,p
i

-V( / ol?t/ l Mo) + ^ + ^ $ o , o M 0
-V(pltthM1)
-V(pHthM2)

2

-p n0$o,oM0

- ±j* + BlP{S - l ) M 2 / 3

+ ±(j*)2

2

+ ^no*o,oMf + 2 S l P ( 5 - l ) M 5 / 3

-V(p^Pi) + £

0
0
0

performed in order to ensure results grid independence.

5.4.1

Transport properties a n d b o u n d a r y c o n d i t i o n s

In order to calculate the mixture properties, mass weighted mixing law is used to calculate
density, thermal conductivity and viscosity. The mass diffusion coefficient is calculated from
kinetic theory and specific heat is calculated with a mixing law.

The precursor particles are assumed to follow the Rosin-Ramler distribution function.
This is based on the assumption that an exponential relationship exists between the raw
particle diameter, d, and the mass fraction of raw particles with diameter greater than d, Y^:

Yd = e -(*M n

(5.4.1)

where d is the size constant and n is the size distribution parameter. The injected
Si02 raw particles have a logarithmic distribution with diameters summarized in table 5.5.
Equally important, conditions like, position, velocity, size, and temperature of individual
raw particles must to be defined to calculate the discrete phase (see table 5.5).
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Figure 5.3: Grid reactor

Table 5.5: Injection properties for the silica raw particles
Inlet velocity (m/s)

25

Temperature (K)

300

Mass flow rate (gpm)

1.5

Maximum diameter (m)

5xl0~ 6

Mean diameter (m)

2.6xl0- 6

Minimum diameter (m)

2xl0- 8
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Table 5.6: Physical properties for silica
Aeu/RT

Viscosity (Pa • s)
Specific heat capacity

1427.51

The density, the viscosity, the thermal conductivity, the specific heat at constant
pressure and the radiation losses for plasma gas are obtained from [44]. Physical properties
for silica are summarized in table 5.6 according to [20].

The boundary conditions are obtained from the following operating conditions: pure
argon is injected at the entrance of the reactor in a stream called the plasma gas (q2), the
precursor particles are injected through the central carrier flow (ql). A mixture of oxygen
and argon is injected through the so-called sheath gas flow (q3). The other flow rates q4 and
q5 are quench flows used for radial and axial quench respectively. The quench gas is oxygen.
The walls of the reactor are set to 300 K. At the end of the nanoparticle reactor, radial
gradients are assumed to be zero for all variables. The centerline condition is naturally zero
gradients and zero radial velocity.

5.4.2

Numerical procedure

The mathematical model including the governing equations for momentum, energy, mass
concentration and electromagnetic fields, along with the boundary conditions, is solved
using Fluent. Since Fluent is a general-purpose code, many of the equations of the model
have to be supplied through so-called user defined functions. In these, the specific physical
aspects of the model can be included.

In order to obtain satisfactory convergence and stability, since there is a very strong
coupling between all the physical phenomena involved in the model (electromagnetic, heat,
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momentum and heat transfer, nucleation), the following model solution procedure was used:

1. Solve the continuous-phase: electromagnetic, fluid flow, heat and mass transfer equations.
2. Create the discrete-phase injections.
3. Solve the plasma-particle coupled flow.
4. Track the discrete-phase injections.
5. Solve the 5 moments with species equation without any nanoparticle source terms.
6. Include the source terms for nucleation.
7. Include the condensation term.
8. Include the fractal coagulation term.

For the nanoparticle model solution, starting at step 5, the moments are activated only
once the fluid flow is converged. Convergence is assumed when the relative residues for the
vector potential equations, the continuity, velocities, energy and moments are respectively,
under 10~8, 10"4, 10~5, /CP6 and 10~ 7 . Typical solution time is of the order of 5 hours in a
single pentium IV.

5.5

Results and Discussion

The model is applied to the ICP reactor presented in figure 5.1. Three different designs are
studied based on the experimental studies of [9] and [22]. The first reactor ("No quench")
does not have any quench, only cold walls in the condensation zone. In the second reactor,
quench gas is injected radially (since the geometry is axisymetrical, it corresponds to an
annular quench) from the top of the reactor, zone (q4), ("Radial quench"). The third design
uses an axial counter-current quench from zone (q5), ("Axial quench").
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5.5.1

P l a s m a g e n e r a t i o n and particle evaporation

Temperature and flow fields

The figure 5.4 presents the temperature field in the three different reactor geometries. In
the plasma zone, the highest values of those temperatures are of the order of 10 000 K as
expected. Downstream of the plasma zone, where nanoparticles will form by nucleation,
lower temperature values are due to cold walls and/or because of the application of quench.
This temperature drop combined to the strong convection rapidly leads to highly supersaturated vapors which induces the nucleation burst. The temperature field and the silica vapor
concentration indicate where the particles are formed or grow by nucleation and/or condensation. The temperature fields in the "reactor", or condensation zone, will largely determine
the vapor pressure, the condensation rate, the coagulation rate and the thermophoretic term.

In the cases with radial or axial quench, the hot gas is mixed with the quenching stream
and the temperature at the recirculation zone decreases rapidly. After the recirculation zone,
the hot gas in the center of the reactor is strongly mixed by turbulence with the cold gas
from the recirculation. The exit temperature of the reactor is almost uniform at 1500 K for
the "No quench" and the "Radial quench" cases. On the other hand, the "Axial quench" case
shows a lower temperature value at the exit, around 500 K, it seems to be a more efficient
quench. At this temperature the vapor pressure of the silica is very low leaving most of the
material condensed.
The stream lines are shown in figure 5.5. An important recirculation is observed above
the coil region. The central injection tube splits this recirculation, so that the powders of
the precursors can be injected directly into the high temperature region. The turbulence
is shown through the turbulence viscosity ratio contours in figure 5.6. The ratio of the
turbulent viscosity to the molecular viscosity indicates well the high level of mixing attained
in particular in the reactor with axial quench.
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AXIAL QUENCH

Mass fraction fields

After injecting the precursor particles in the plasma torch, they are carried by the argon
flow to the plasma zone where they rapidly evaporate. Fig. 5.7 shows the mass fraction for
the three cases. It is observed that for the three cases, evaporation is practically the same as
indicated by the mass fraction contours, the quench method has little influence upstream.
However, there are important differences in the condensation zone of the reactor due to the
quench method.

The high vapor concentration created in the plasma zone is transported further into
the condensation zone of the reactor. The concentration of silica vapor is depleted when
the nucleation burst begins. This concentration will also decrease due to the condensation
of species vapor on existing particles at the wall and by dilution in the case of quench
injection. Once again the "Axial quench" method seems to be more efficient in terms of
mass fraction decrease.
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Figures 5.8, 5.9 and 5.10 show the particle (precursor) temperature as a function of the
distance traveled in the axial direction of the reactor for the three studied cases: no quench,
radial quench and axial quench respectively. From these figures, two lines are observed
representing a first group of particles evaporated immediately entering the plasma zone and
a second group further when they reach their boiling point (2800 K). There is a similitude of
the location for the first evaporated group but the second one behaves differently. Figure 5.8,
shows that the second evaporation takes place around 9 cm after injection, while in figures
5.9 and 5.10, the second evaporation takes place at the end of the torch around 18 cm after
injection. This shows that the quench has an upstream effect in the present configuration;
it affects also the evaporation zone. It is also noted that the injection rate of particles
has an important influence on the temperature fields of the plasma zone. A high particle
rate injection produces a temperature decrease as observed in figure 5.11. This effect was
first predicted by mathematical modelling by Proulx [45] who studied the plasma-particle
interaction under dense loading conditions in induction plasmas.

5.5.2

Effect of nanoparticle growth

In the first stage of particle growth, the nucleation burst is observed clearly through the
numerical mean diameter presented in figure 5.12.

Nucleation is the formation of new

particles and therefore increases the density of particles. Following that, the mean numerical
diameter of primary particles dnum is depicted in order to observe the formation and growth
mechanism effects. The mean numerical diameter is a physical property of the PSDF in
terms of the moments (dnum = d\-^-)

[21]. d\ is the atomic size of a silica particle, Mi/ 3

and MQ are calculated moments of the PSDF.

After nucleation, the primary particles continue to grow by condensation and coagulation processes. Fig. 5.13 shows the particle size attained after nucleation and condensation
growth. In the case without quench, large particles are formed near the walls and close
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to the exit with sizes over the 100 nm, contrary, cases with quench injection show smaller
sizes. This fact confirms that using quench strongly promotes the nanoparticle formation
with a controlled size range. The advantage of quench is also observed by [46] where the
effect of radial and counterflow cooling gas injection is studied.

The final size of primary particles at the onset of fractal coagulation is depicted on
Fig. 5.14. The coagulation produces an increase on the final particle size, nevertheless, the
condensation mechanism seems to have a dominant contribution in the growth of nanoparticles subsequent to nucleation, as already observed by Bilodeau (1996) [47]. This fact can
be dependent also of kinds of materials as reported by [48], who showed that for the case
of non metals such as boron and silicon, the dominant growth process is the heterogeneous
condensation.
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5.5.3

Effect of particle aggregation

The initial number of primary particles per aggregate is shown in figure 5.15 for the three
cases studied.

After the aggregation is switched on in the model, the average primary

particle diameter starts to increase, due to surface growth, and remains nearly constant once
the surface growth rate decreases. If we relate figures 5.14 and 5.15, we can see that the
average number of primary particles per aggregate is larger where primary diameters are
smaller.
The quench lias a direct influence on the volume distribution and structure of fractal
aggregates. This is because recirculations produce more collisions among primary particles
and hence bigger agglomerates are formed. This fact is observed in the radial and axial
quench cases. Contrary, the case of the "No quench" where collisions are less important
creates a smaller number of aggregates.
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Figure 5.15: Average number of primary particles per aggregate

5.5.4

A reactor design for spherical non-aggregated nanoparticles

The three different quench designs analyzed have shown a high level of aggregation. In
order to obtain spherical non agglomerated particles, a reactor was proposed by [9]. This
"Alumina wall reactor", consists simply of a 60 cm alumina tube, 10 cm internal diameter,
and it is installed within a stainless steel, water cooled support at the exhaust of the plasma
torch. The 3D geometry used for this study represents only the condensation zone, not the
plasma generation zone.
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Figure 5.16: Wall tube temperature contours (K)

Figure 5.16 presents the temperature contours of the "Alumina wall reactor". It is
observed that the contours are smooth so that can favour a more complete evaporation of
particles and the presence of small temperature gradients. Figure 5.17 shows the primary
particle sizes where diameters from 30 to 58 nanometers. Figure 5.18 depicts the number
of primary particles per aggregate showing a maximum value of 4 particles per aggregate.
This is the lowest value in the reactors studied here confirming the efficiency of this design
to produce non aggregate particles. This result is in good agreement with the qualitative
experimental findings of [9]. Furthermore, half of the volume of the reactor generates purely
spherical particles. The particle aggregation occurs near the quench injection point and
reaches a maximum value close to the reactor exit.
Table 5.7: Summary of comparison between numerical and experimental results

PARAMETER

NO QUENCH

AXIAL QUENCH

RADIAL QUENCH

WALL TUBE

EXP. DIAM.

37

25

25

90

EXP. MORPH

Sph-partly agg.

Large aggregated

Highly aggregated

Spherical

CUP MIX D EXIT

38

17

23

58

MORPHOLOGY

20

44

32

4
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The table 5.7 summarizes the experimental data and the numerical results obtained
from the present model. The experimental particle size corresponds to the equivalent diameter D(3,2) based on the specific surface area of the powder. Experimental particle size is
measured as collected from the filter, while numerical results corresponds to the mixing cup
diameter Dcup obtained at the exit of the reactor. The mixing cup diameter is calculated
using equation 5.5.1.

Dcup

=

Jdnurrf-TA

^

J pv • dA
It is seen that the agreement between primary particle sizes predicted by the model
and the experimental results is quite good.

The fractal particles results are also in

good qualitative agreement, even though from the experimental study only a qualitative
description of aggregation is available. It is important to note that at the present stage of
investigations, the comparison of experimental and simulation data is still limited. Further
investigations are required to better interpret the similarities and differences noted between
the model and measured data.

Conclusions
A two-dimensional axi-symmetric turbulent model of an ICP reactor used to produce
nanopowders from solid precursors is developed.

It is applied to four different quench

methods corresponding to four reactors previously studied. The evolution of the particle size
distribution is calculated using the method of moments (MOM) and assuming a lognormal
particle size distribution.

Five moments are considered to calculate the formation and

growth of fractal particles.
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The results show that the quench strongly affects the temperature distribution inside
the reactor. Consequently, the role of quench design is clearly shown to have a decisive
impact on the final particle size and morphology. Moreover, it is observed that the particle
injection rate has a cooling effect on plasma temperature, but in the range of precursor
mass flow rates used in this study, this is not sufficient to reduce silica evaporation rates
significantly. For the case without quench the level of turbulence is low but not negligible.
The results show significant amount of silica vapor in the plasma zone, where the silica
microparticles are evaporated. It is also observed that the nucleation mechanism, is located
early in the flame front and the post flame zone and the areas downstream the condensation
reactor. The results obtained experimentally by [9] are confirmed using the fractal aggregation model, namely that it is possible to obtain spherical particles using an adequate quench
and reactor configuration design. Growth mechanisms are governed by condensation and
fractal coagulation processes. Formation of particles is directly affected by temperature and
velocity recirculation. Near the wall, Brownian diffusion and thermophoresis are responsible
for particle deposition. More fluid recirculation leads to more collisions between the particles
and consequently more levels of aggregation among particles are observed [9]. This suggests
that the quench injection rate is one of the most important process parameters since it
directly affects the location and final size of aggregates. Fractal particles are more present
in the case of axial quench because of the increased number of possible interparticle collisions.

The present model is limited to particles in the free molecular regime and low raw
material vapour concentrations, consequently, refinements in model predictions will lead to
more accurate and precise predictions. The present particle aggregation model is developed
assuming a constant aggregate fractal dimension Dj. A comparison of different values of
Df could give a better approach to the fractal shape of particles. Since the quench strongly
affects the particle size and morphology, a parametric study changing the flow rate of quench
is suggested. The system silica-oxygen-argon is proposed as non-reactional system in order
to simplify this study. A complete analysis of the reactional mechanism could improve the
predictions of the present model.
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The present work provides a qualitative and quantitative description of fractal growth
of silica particles in thermal plasmas. Reported results are in good agreement with experimental findings of [9]. This five moment model used appears as an useful and practical
method to assist scientists and engineers in the design of proper reactors to control the size
and morphology nanopowders produced using thermal plasma technology.
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Chapter 6

CONCLUSIONS
This work presents a theoretical study of the synthesis of nanoparticles in RF-ICP reactors.
Two models are developed considering turbulence, the solution of magnetic fields for the
plasma generation, the solution of a discrete phase model for the particle evaporation, and
the solution of the General Dynamics Equation for the nanoparticle nucleation and growth.
The most important contributions are the comparison and validation of these models to
experimental results of Goortani (2006) and the consideration of fractal geometry on the
particle growth. The following conclusions are presented.

Application of the Fine Particle Model (FPM) to RF-ICP reactors
The first model uses the Fluent module FPM and is applied to reactor geometries and operating conditions based on the experimental study. Three moments are considered to calculate
the nucleation and growth by coagulation and coalescence. A thorough parametric study
and systematic comparison of the model predictions demonstrates its potential in helping
engineers and scientists to design better plasma reactors. In essence, the model predictions
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are compared to the available experimental data, which show very good agreement. The
main conclusions using this first model are:

• The flow rate of precursor particles has an effect on the nanoparticle size and size
distribution.
• The quench method is the most important factor in the determination of the nanoparticle size distribution.

The first model, however, can not in itself be used to improve our understanding
of the relationship between flow and temperature fields of the plasma on the nanoparticle
morphology. It can be used to characterize the primary particle size of the powders, and
further engineering judgement has to be used for interpreting the results of this model in order
to improve further the design of plasma reactors. In order to develop a better understanding
of the agglomeration of nanoparticles, an improved model have had to be developed in the
second section of the thesis.

Development of a model including nucleation, coalescence and
fractal aggregation
The second model considers the formation of nanoparticles of fractal shape, with simultaneously occurring nucleation of primary particles, condensation and fractal coagulation. The
second model, therefore, includes both the coalescence regime where primary particles are
formed and grow as spheres, and the aggregation regime where the particles collide and stick
but are not liquid anymore, which create shapes known as fractals. We consider that coagulation is caused by Brownian motion with a new formulation, including the fractal character
of colliding particles, which follows a power law. This fact allow to describe the formation of
aggregates, which are chain-like structures composed of nearly spherical equal-sized primary
particles. The evolution of the particle size distribution is calculated using the method of

143

moments (MOM) and assuming a lognormal particle size distribution. Five moments are
considered to calculate the formation and growth of fractal particles. The fractal model is
then applied to different reactor geometries and the following conclusions are reached:

• Turbulence produced by the quench strongly affects the temperature distribution inside
the reactor. For the case without quench, the level of turbulence is lower but not
negligible.
• The particle injection rate has a cooling effect on plasma temperature, although not
sufficient to reduce silica evaporation rates significantly. This effect, identified as the
loading effect or plasma-particle interaction, is important to consider in industrial
reactors where the primary particle load is critical.
• The formation of particles is directly affected by temperature and flow recirculation.
Near the wall, Brownian diffusion and thermophoresis are responsible for particle deposition.
• The quench is one of the most important process parameters since it directly affects
the location and final size of aggregates.
• Fluid recirculations produce high particle collision rates, consequently forming the
commonly referred chain agglomerates. When there are collisions between particles in
fluid, there are chances that particles will attach to each other and become a larger
particle.

The inclusion of the fractal character of colliding particles leads to a significant improvement compared with previously developed models that only consider coalescence. Since
the morphology of powders is extremely important for industrial applications, this model
could be a tool to assist engineers in the design of reactors in order to produce the desired
structure of nanoparticles. The interest on agglomerated or non-agglomerated powders depends on their application. For the use as reinforcing agents, powders containing aggregates
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are generally suitable, while for catalytic activity applications, non aggregated powders are
preferable.

Future work
The models developed in this thesis are limited to particles in the free molecular regime and
low raw material vapor concentrations.

• The present particle aggregation model is developed assuming a constant aggregate
fractal dimension Df =2. A short term project extension to the present thesis could
be to study the effect of this parameter on the results predicted by the model, in
comparison with the available experimental results. A longer term extension is to take
the dimension Df as a variable rather than a parameter and study the evolution of the
fractal dimension as well.
• Since the quench strongly affects the particle size and morphology, an application of
the present model to optimize the quench flow rate is possible and could be done in
conjunction with an experimental study.
• Physical properties of raw particles including surface tension and saturation pressure
are extremely important since they determine the formation rate and size of primary
particles. However, these data are unfortunately rarely available for high temperatures.
Thus, the investigation of these properties at high temperatures is critical.
• The system silica-oxygen-argon is used in the present study and assumed to be an
inert system. The model is not limited to inert systems and with the availability of the
chemical reaction constants can in principle be easily extended to reacting systems.
• It should be stressed that at present stage of investigations, comparison of experimental and simulation data is semiquantitative. Further investigations are required to
interpret the relationships and differences between calculated and measured data.
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Filially, the present work deals with a theoretical study from the modeling of the production of nanoparticles in a thermal ICP. The first model, using only spherical coalescence,
provides in itself significant information that can be used to improve the design of plasma reactors. The addition of the fractal growth of silica particles is an extension that provides new
information not only on the primary particle size but also on morphology, extending again
the tools available to the design engineer interested in plasma technology for nanopowders
production.
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