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Résumé 
La production de particules dans des réacteurs à plasma thermique revêt un grand intérêt 

dans la synthèse de poudres. Une vaste gamme de poudres céramiques et métalliques a été pro-
duite en utilisant des réacteurs à plasma. La taille de ces poudres est habituellement de l'ordre du 
micromètre et parfois au dessous de 0.1 micromètre. Il y a un très grand intérêt pour les méthodes 
de production de poudres avec une taille moyenne plus petite que 0.1 micromètre. Ces poudres 
peuvent être utilisées pour créer des matériaux nanophasiques. L'utilisation des réacteurs à 

plasma thermique permet d'obtenir un taux de génération élévé et des produits de bonne qualité. 

Les réactifs peuvent être injectés dans le réacteur plasma sous forme de poudres, de liquide 
pulvérisé ou de gaz. Si les réactifs sont injectés à l'état solide ou liquide, ils complètent 
leur évaporation dans la zone chaude du plasma. Les espèces gazeuses sont par la suite 
considérablement dissociées. Le gaz est ensuite refroidi en quittant la zone chaude. Finalement 
la nucléation et la croissance de particules auront lieu. 

Cette étude présente la simulation de la formation de poudres métalliques dans un réacteur 
plasma à induction couplée (ICP). Un gaz porteur transporte les poudres métalliques dans le 
réacteur où elles sont transformées en gaz. Les produits sont récupérés après un procédé de 
refroidissement. Le modèle considère la formation de particules par nucléation et la croissance 
par condensation et coagulation brownienne. Le transport des particules est du à la convection, 
à la thermophorèse et à la diffusion brownienne. La diffusion axiale et radiale des particules a été 
considérée. Le code commercial de CFD(Computational Fluids Dyanmics) FLUENT© 6.0 a été 
utilisé pour les calculs de la mécanique des fluides et pour la croissance des particules. Ce code est 
couplé avec le modèle mathématique pour la dynamique des aérosols en utilisant les trois premiers 
moments de la distribution de tailles des particules. La simulation est appliquée à la production 
de poudres de fer ultrafines. Les résultats montrent le début de la formation de particules dans 
le réacteur et l'évolution de la taille des particules. Les champs des propriétés macroscopiques de 
la population d'aérosol et la contribution des différents mécanismes (nucléation, condensation, 
coagulation) sont analysés pour différentes combinaisons des paramètres d'opération. Une partie 
des résultats sont partiellement validés avec ceux de Bilodeau[l ]. 



Abstract 
Particle formation in thermal plasma reactor is of interest in the context of powder synthesis. 

A wide variety of ceramic and metallic powders has been synthesized in thermal plasma reactors. 
The size of these powders is virtually always of the order of magnitude of a micrometer, and 
often smaller than 0.1 µm. There is increasing interest in methods for producing powders with 
average partides sizes smaller than 0.1 µm which can be consolidated and sintered to create 
nanophase materials. Thermal plasma reactors are well suited to high-rate generation of such 
ultra-fine powders. 

Reactants may be injected into a thermal plasma reactor in powder form, as a liquid spray, 
or in gaseous form. If the reactants are injected as solids or liquids then the process is usually 
designed to accomplish their complete vaporization in the hot plasma. Gaseous species in the 
hot plasma are substantially dissociated. The gas cools after fiowing past the high-temperature 
core. Finally, particles nucleate and grow. 

The present work reports on the simulation of rnetal powder formation in a Inductively Cou-
pled Plasma reactor. A carrier gas transports the metal powder into the reactor in where it 
attains the vapor phase. The products are recovered after a quenching process. The model 
accounts for particle formation by nucleation and growth by condensation and brownian coag-
ulation. Transport of particles occurs by convection, thermophoresis, and brownian diffusion. 
Axial and radial diffusion of particles are considered. The commercially computational fiuid 
dynamics code FLUENT@ 6.0, is used for the detailed calculation of the turbulent fiuid fiow 
and particle growth. This code is then completed with a model for aerosol dynamics using the 
first three moments of the particle size distribution. The simulation is applied for the production 
of ultrafine iron powders. The results show the onset of the particle formation in the reactor 
and calculating the dynamic evolution of the aggregate particle size and the specific surface area 
throughout the reactor. The fields of the macroscopic properties of the aerosol population and 
the contribution of the different mechanisms are analyzed under varions conditions. The effect 
of different operating parameters on the properties of the powder generated is studied. Sorne 
results are partially validated by comparison with the results of Bilodeau [lj. 
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Chapter 1 

INTRODUCTION 

1.1 N anotechnology 

Much attention has been paid recently to the manufacture of nanophase materials 
including nanoparticles; the essential starting materials for 11 bottom-up 11 nanotechnology. 
These materials possess novel or improved physical and chemical properties compared 
to the conventional coarse-grained equivalents, and therefore, they have found many 
different applications in diverse fields, including nano metals, nano ceramics, and nano 
composites [2]. 

Nanotechnology is concerned with development and utilization of structures and de-
vices with organizational features at the intermediate scale between individual molecules 
and about 100 nm where novel properties occur as compared to bulk materials. It implies 
the capability to build up tailored nanostructures and devices for given fonctions by 
control at the atomic and molccular levels. Roco [3], describes the nanotechnology as an 
emerging enabling technology for the 21st century in addition to the already established 
areas of information, technology and biotechnology. This is because of the scientific 
convergence of physics, chemistry, biology, materials and engineering at nanoscale, and 
of the importance of the control of matter at nanoscale on almost all technologies. 

1.1.1 Nanoparticles-essential component of nanotechnology 

Nanoparticle manufacturing is an essential component of nanotechnology. The exis-
tence of this project attests to the remarkable success of nanoparticle research science. 
Nanoparticles have specific properties presented at the nanoparticle, nanocrystal or 
nanolayer level. N anoparticles are seen either as agents of change of varions phenomena 
and processes, or as building blocks of materials and devices with tailored characteristics. 
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In fact, the use of nanoparticles aims to take advantagc of propcrties that arc causcd 
by the confinement effects, larger surface arca, interactions at length scalcs whcrc wavc 
phenomcna have comparable the structural features, and the possibility of gcncrating 
new atomic and macromolecular structures. Important applications of nanoparticlcs arc 
in dispersions and coatings, functional nanostructurcs, consolidatcd matcrials, biological 
systems and cnvironment. 

According to Roco [3], nanoparticle, crystal and nanolayer manufacturing proccsscs 
aim to take the advantage of four kinds of effects: 

a) Size scaling causes new physical, chemical or biological properties. Smaller particlc 
size determines larger interfacial area, an increased number of moleculcs on the 
particle interfaces, quantum clectromagnetic interactions, increascd surface tension, 
and size confinement effects ( from electronic and op tic to confined crystalliiation and 
flow structures). The wavelike properties of the electrons inside mattcr arc affcctcd 
by shape an volume variations on the nanometer scale. Quantum effccts bccomc 
significant for organizational structures less than 50 nm, and if the particlc si,,,c is 
less than 10 nm, thesc cffects become significant even at room tempcraturc; 

b) New creatcd phcnomena are the result of size reduction to a value which the interac-
tion length of physical, chemical and biological phcnomena ( e.g., the magnctic, laser, 
photonic, and heat radiation wavelcngths) become comparable to the siic of the par-
ticle or crystal. Examples are significant optoelectronic and magnctic propcrtics of 
nanostructured materials. 

c) The production of ncw atomic, molecular and macromolecular structures of matc-
rials is usually by different methods: chemical ( chcmical vapor deposition, chcmical 
selfasscmbling), nanofabrication ( creating nanostructurcs on surfaces, manipulation 
of three dimensional structures), or biotechnological ( evolutionary approach, bio-
templating, and three-dimcnsional molecular folding). 

d) Significant increasc in the dcgrce of complexity and spced of processcs in particu-
late systems. Time scales change because of the smallcr distances and the incrcascd 
spcctrum of forces with intrinsically short time scales ( electrostatic, magnctic, clcc-
trophoresis, radiation pressures, othcrs). 
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1.2 Nanoparticles production 

Nanoparticlcs can be synthesized using gas phase or liquid phase proccsscs. Both mcth-
ods are routinely used in industry to manufacture very large quantities of nanoparticlc 
powders (also called "nanopowdcrs"). Nanoparticles arc attractive for the production 
of sintered parts because highly dense structures can be obtained at low tcmpcraturc, 
pressure and lower sintering times. These materials are also much less prone to erosion 
and wear and are harder at room temperature. Examples are carbon black, iron, 
fumed silica, titania, etc. The economic production of thcse nanoparticlcs is still a 
challenge, and is being pursued by a variety of techniques in order to meet the incrcasing 
demand for these powdcrs. Mechanical attrition, laser ablation, vapor condensation, 
sputtering, chemical precipitation, aerosol method and induction plasma are somc 
of the techniques being used to produce both metallic and ccramic nanoparticles. 
Inductively Coupled Plasma (ICP) has received considerable attention in reccnt ycars. 
Furthermore, this work prescnts a model of nanoparticlcs growth using the ICP proccss[l]. 

Combustion, laser techniques, cxploding wire and thermal plasma mcthods arc 
examples of vapor phase generation techniques for varions matcrials. Therc are othcr 
methods of production of nanoparticles as sol-gel and precipitation mcthods, which 
correspond to liquid processes. 

Gas phase methods of nanoparticlc synthesis have inherent advantagcs ovcr wct 
processcs because thcy can be used to producc purer nanoparticles. Compared to the 
liquid processes, these methods have the advantage of being continuons. Examplcs arc 
in the production of multicomponent materials such as high-temperaturc superconductors. 

Gas phase synthesis at high concentrations however, have disadvantagcs such as 
difficult control of size, morphology, crystallinc phase, and composition which ultimatcly 
detcrmine the properties of the nanostructured materials. 

1.2.1 Production by thermal plasma 

In the production of metal nanoparticles, such as iron, an inert atmosphcrc is nccdcd to 
avoid oxidation of the metal. The thermal plasma process is a suitable choice for this 
purpose because of the inherent method of generation thermal plasma. 

Thermal plasmas used for gencration of nanoparticlcs arc mainly arc and induction 
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plasma. 

Induction plasma reactors allow the production of ultrafine powders of metals and 
ceramics of high purity. Thermal plasmas can provide the energy needed to evaporatc 
the metal, which is injccted in the form of coarse particles. A subscqucnt cooling of the 
gas containing metal vapor will produce particles wi'th the dcsired spccifications. Thcsc 
reactors arc characterizcd by high tempera turcs and relatively long residcnce timcs (of 
the order of 10- 1 second) compared to plasma arc torches. In Arc Plasma mcthod, mctal 
is melted and evaporated by using a transferred arc, thcn an incrt gas is uscd to transport 
the evaporated metal into a tubular reactor, where it is quenched and nanoparticlcs arc 
formcd. Blown arc plasmas can also be used, in similar techniques to induction plasmas, 
when the purity of the nanoparticles is not as critical since somc clcctrodc matcrial will 
cventually be found in the final product. 

1.3 Modeling of nanoparticle growth 

Nanoparticle growth involves nucleation and growth mechanisms. These phcnomcna 
are complex and occur rapidly in the high tcmpcrature plasma environmcnt. For thcsc 
reasons, it is difficult to characterize the particles. A mathematical modcl is thus a good 
tool to surmount thesc problerns. 

The purposc of this study is to develop a model for the formation and growth of iron 
nanoparticles in a turbulent regime of a plasma reactor. The model uscd is esscntially 
bascd on the model of Bilodeau [1]. In order to solve the model, the commercial CFD 
software, FLUENT© 6.0 was used for the fluid mechanics and the particlc dynamics 
calculations. 

The greater possibilities of a CFD package such as FLUENT@ will cnablc us to bcttcr 
describe eventual industrial reactors with all their geometric complexitics. 

1.4 Objectives 

In this study, the final objective is to develop a model for prediction of nanoparticlcs 
growth. The following stages have to be followed: 
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1 Setting the fluid mechanics and particle dynamics equations which are the represen-
tation of the physics of the problem. 

2 Developing a C program from the mentioned equations which is usable for the Com-
putational Fluids Dynamics FLUENT@. 

3 Carrying out the simulation using the CAD software GAMBIT© and the CFD 
FLUENT© 

4 Analysis and validation of results with those of [1]. 

5 Analysis of different operating conditions: quenching gas flow rate, entrance gas flow 
rate, entrance metal vapor concentration and quenching design. 

1. 5 Contents 

This thesis is made of the following chapters: 

Chapter 1 is an introduction and general information about nanoparticles, including 
methods of production and physical properties. The role of modeling in this field is 
emphasi:zed. Next, the objectives of this project are presented. 

Chapter 2 is the theoretical part which gives an overview of nanoparticles production 
process by thermal plasma. The proccss by this method is first describccl. Next, a brief 
literature review of the previous works in aerosol growth modeling are prcsented. Then 
the system to be studied and phenomena controlling the process are introducecl. This 
chapter ends with the description of the process to be modelecl. 

In Chapter 3 the General Dynamic Equation (which includes nucleation, condensa-
tion, coagulation, transport by convection, Brownian diffusion and thermophoresis) is 
transformed into a set of manageable equations using the Method of Moments. Here, the 
assumption is that the particle si:ze distribution can be approximated by a lognormal si:w 
distribution everywhere in the system. Then, the assumptions and particular aspects of 
numerical solution linking with GAMBIT© and FLUENT© are given. 

Finally, chapter 4 covers the analysis and the results of the clifferent stuclies, and the 
general conclusion of this work. First, fluid flow fields are presented, and the analysis 
of the nanoparticle formation is clone by considering the properties of the lognormal 
size distribution. Next, the influence of quenching flow rate and the concentration of 
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metal vapor is shown in the parametric study. This section also corresponds to the part 
of validation of the model, since a part of results is compared partially with those of 
Bilodeau [l]. At the end of the chapter,the conclusions and suggestions arc prcscnted. 
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Chapter 2 

THEORY 

2.1 Nanoparticle synthesis by inductively coupled plasma 

The main advantage of the inductively coupled plasma (ICP) technology is the possibility 
to inject the precursor powders at the center of the plasma jet and also to synthcsiic in a 
neutral or active atmosphere. The used plasma gascs are often argon, nitrogcn, hydrogcn 
or a mixture of them. Auxiliary gases can be added depending on the type of synthcsis. 
Theses gases can be added in different levels of the plasma source to completc the reaction. 

Leaving the high tcmpcrature zone of the plasma, the gases arc cooled in a qucnching 
section with very high tcmperature gradients. The quenching can be applied by: 

a) Injecting a flow rate of a quenching gas, which produces temperature gradients of 
108 K/s. Common examples of quenching gas used in no reactant ICP proccss arc Argon 
and Helium. This study utiliies argon as non reactant gas of quenching. 

b)Contacting the hot gases with a wall cooled by water (105 to 106 K/s) 

c)Dircct contact with agas or sprayed liquid(106 to 107 K/s). 

Cooling process helps the recombination of condensable products at local tcmpcr-
aturc conditions. Normally, upon quenching, the dominant phase condenses first. It 
is because of the fact that nucleation rate of the solid is high compared to the othcr spccics. 

Varions experimental studies are mentioned for the production of mctal powdcrs 
Yoshida and Akashi 1981 [4], Bartmore et al. 1989 [5], Girshick et al. 1993 [6] and many 
others for the preparation of ceramic powders Becker et al. (1987)[7], Laflammc et al. 

7 



(1992)[8], and Soucy(1992)[9]. Figure 2.1 shows a typical diagram of the ICP process. 

PL-50 induction torch 
Vacuum 
system 

Figure 2.1: Experimental ICP plasma installation for the synthesis of nanoparticles 
from [10]. 

N ucleation and particle growth are fast phenomena and they have non uniform 
behavior in a plasma reactor. Modeling is a way to have a better unclerstancling of this 
process. By a model it will be possible to predict and perform rates of productions. 
The role of modeling is to increase our capability to understancl the way in which 
nanoparticles are formed, and has to be coupled to goocl experimental measurements to 
do so. 

In the next section, some developed models in the recent 15 years are reviewed. The 
previous landmark work on which this study is basecl is also included. 

2.2 Literature review 

2.2.1 Modeling of nucleation and growth 

Gelbard and Seinfeld (1978)[11] presented a solution for the continuous general equation 
by the collocation method using two different types of finite elements, line and spline 
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cubic interpolation. They overcame some of the difficulties of this first approach by 
introducing the discrete-continuous approach (Gelbar and Seinfold 1979)[12], which 
solves the discrete and the continuous general equations, to describe the evolution of the 
particle size distribution. One of the main features of this approach is that it does not 
make any assumption on the shape of the particle size distribution. Other methods of 
solution were also developed during this time, methods such as sectional representations 
and discrete sectional representations for both, single and multi component aerosols 
(Gelbard and Seinfeld 1980; Gelbard et al. 1980)[13],[14]. 

Modeling of nanoparticles growth in a plasma reactor 

Methods of solution discussed before were adopted into the plasma processes for the 
production of ultrafine particles to get a better understanding of the formation and 
growth of particles. A review of works concerning models for ultrafine particles synthesis 
is presented below. 

Girshick (1988)[15] studied the formation of iron particles in a plasma reactor. A 
extended work was later presented [16] in a study about effect of cooling rate and metal 
vapor concentration on the particle size. They conclude that lower local cooling rates 
and higher concentrations both favor the nucleation of larger and fewer particles. Further 
studies on the cooling rate were conducted by Joshi et al. (1990)[17] in the production 
of zinc oxide in a plasma reactor. In this work, the cooling rate is determined by the 
quenching gas, which is injected into a Plug Flow Reactor. They found that the quench-
ing rate can significantly influence the particle size characteristics and they proposed a 
gradual and controlled quenching instead of the conventionally rapid quenching. 

2.2.2 Use of method of moments 

Proulx and Bilodeau 1991 [18] and Bilodeau and Proulx 1992 [19] presented two-
dimensional growth modcls in thermal plasma reactors for the particle growth along 
streamlincs or trajcctories This approach accounts for radial no uniformitics but docs 
not allow vapor and particle diffusion downstream of the nucleation linc. They showed 
that the particle siie decreases as the metal vapor concentration decreases and, as the 
quenching rate increases the particles size also decreases, which was in consistent with 
experimental results. 
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The modcl of Girshick et al. (1993) [6] considers the major growth mechanisms in 
the formation of ultrafine iron powders in a thermal plasma reactor. The effects of ther-
mophoresis and radial diffusion are included in the conservation equations for moments. 
The model used in this work simplifies the conservation equations by neglecting the 
diffusion in the axial direction of the reactor. Consequently, the validity of the model is 
for non-recirculating flows. Conclusions yielded a good agreement with experimental data 
for the geometric mean diameter, however, the experimental results showed a broader 
size distribution. Another important contribution from this work was the development 
of a self consistent nucleation theory that gives similar results when using the method of 
moments compared to other more refined techniques (i.e. sectional representation). 

Event though the method of moments has been succcssfully applied to one-dimensional 
situations, it is commonly simplified by either following the particles along streamlines 
(Bilodeau and Proulx 1992)[19] or by solving the parabolic simplified equations, limiting 
their use to non-recirculating flows. To overcome these difficulties Bilodcau [1] presented 
a complete model using the method of moments for two-dimensional problems, which 
allowed the presence of recirculating flow to be modeled. da Cruz[20] extended the model 
of [1] to the production of AIN and added a new nucleation rate expression (da Cru:r, 1997; 
da Cruz and Munz 2001)[21], [20]. Finally, Liu [22] studied the production of aluminum 
particles inside a particle generator in the laminar regime (Liu 2001). Aristizabal (2002) 
[23] completed this last work extending the model to account for turbulence interactions 
in a transferred arc plasma reactor. 

2.2.3 Use of FLUENT© for numerical simulation of nanoparticle production 

Kim and Pratsinis (1988)[24] developed a technical solution for simulation of particle 
formation and deposition by solving the Navier-Stokes equations. They used continuity; 
momentum, energy and mass balance equations for gas components and they also 
took into accounteat transfer, chemical reaction, convection, gas diffusion and Si02 

thermophoresis of Si02 . 

Several authors have considered this principe, Stratmann and Whitby (1989) com-
bined an existing code that uses the Simpler-algorithm (Patankar, 1980)[25] to describe 
coupled heat and mass transfer, fluid flow and particle dynamics. Assuming that the 
aerosol size distribution corresponds to a log-normal distribution, their code employs a 
moment method for describing the process of heterogeneous condensation in a cooled 
laminar tube flow. 

10 



Studies using the commercial software FLUENT© startcd when Johannessen 
(1986)[26] used it to simulate the gas temperature and velocity of alumina fiame reactor. 
On the basis of the obtained fiow, temperatures and concentrations of chemical species, 
the model for particle dynamics by Kruis et al. (1998) [27] was integrated along a set of 
characteristic trajectories. 

Schild et al. (1999)[28] employs the model by Kruis et al. (1993) to describe the 
dynamic evolution of the particle size and number concentration by coagulation and 
sintering, neglccting the polydispersity of the aggregates and primary particles. In 
contrast to Joahannessen 's approach, here the model of Kruis et al. (1993) is completcly 
implemented into the commercially available software package FLUENT© (version not 
provided). 

2.3 Formation of nanoparticles-transport 

External forces cause convection-like transport, due to gravitational, thermophoretic, 
centrifuga!, electrical, magnetic, or other forces that exert a force on the particles. Be-
cause external forces cause convection-like transport, additional velocities are calculated 
for each of the relevant external forces, and because the effect of these processes is 
assumed to be additive, these velocities are added to the fiuid velocity to yield the total 
particle velocity. 

Whereas convection causes particle motion along the streamlines, cxternal particle 
velocities cause particle transport that may deviate from the streamlines, including 
particlc transport to surfaces. 

Momentum phenomena exchange affecting a particle in the typical conditions of a 
Plasma reactor such particlc drag, rarefaction effect, dcviation to constant properties, 
Brownian motion and thermophoresis are briefiy presented in this section. These 
phenomena represent external forces affecting the transport of particles across the 
boundaries. More information is giving by Rudinger (1980)[29] and Seinfeld (1986)[30]. 
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2.3.1 Particle drag 

An insulated particle in a relative movemcnt according to a flow follows a drag force 
because of combining effects of viscosity and transport fluid. This force depcnds on si:;1,c 
and shape, of particle, physical properties of the fluid and relative velocity. This force is 
expressed by the drag coefficient C 0 : 

-::t dti p 1 1 2 ----+ ----+ ----+ ----+ 
Ft = mp-t- = CD2P(47rdp)l 'U - 'Upl( 'U - 'Up) (2.1) 

Coefficient CD is a fonction of particle shape and Reynolds numbcr: 

111 - -;zt, 1 dpp Re= P 
µ 

(2.2) 

For solid spheres in the continuum regime and with constants gas propertics, dcpcn-
dency of drag coefficient and Reynolds number is expressed as follows: 

(2.3) 

The Reynold fonctions for particles in thermal plasma conditions arc given by Boulas 
and Gauvin (1974) [31], [32] according to the Stokes and Osccn laws: 

for Re < 0.2 (Stokes law) 

for 0.2 <Re < 2 (Osccn law) 

for 2 <Re< 20 

for 20 < Re < 500 

J(Re) = 1 

3 
f(Re) = 1 + 16 Re 

f(Re) = 1+0.11Re0
·
81 

f(Re) = 1 + 0.189Re0
·
632 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

The flow around particles produced by ICP is often in the Stokes mode. Relative 
velocities are such as 10 m/s with Reynolds numbcr of 6x10-2 • Evolution of velocity as 
fonction of time is given by: 

(2.8) 
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1Î p,o is the initial velocity of the particle, and the relaxation time in momentum of 
a spherical particle( tendency of particle for following the flow of the gas carrying) is 
expressed by: 

(2.9) 

2.3.2 Rarefaction effect 

The rarefaction effect is observed in the plasma state. Very high temperature is not 
the only conditions that is conducivc to plasma formation. Gas also ioni;i;es when it is 
rarefied; when agas is rarefied, free electrons virtually never encounter an ion with which 
it can rejoin. A phenomena related to the molecular or noncontinuum nature of gas flow 
at densities where >../l > 0.01 is a rarefied gas. Where ).. is the molecular mean frcc path 
and l is a characteristic dimension of the flow field. 

The continuum regime supposes that the mean free path of the gas molecules is 
significantly lower than the size of particles. In thermal plasma reactors the mean 
free path of the molccules of the gas is of the ordcr of 1 micron. Particles produccd 
by condensation are smaller than this value, it means that the flow relative to the 
nanoparticles is not in the continuum regime. 

The Knudsen number is defined as follows: 

2).. 
Kn=-

d,i 

Where the mean free path is given by the kinetic gas theory: 

À= µ 
0.499P(81\II / RTx )1/2 

The table 2.1 shows the regimes observed in fonction of the Knudsen number. 

(2.10) 

(2.11) 

Slip flow and transition flow are not always distinguished from cach other. This work 
considers the free molecule flow. 
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Table 2.1: TRANSFER REGIMES 

Regime 1 K nudsen value 

continuum Kn< 0.001 
slip fiow O.OOl~Kn< 0.1 

transition fiow O.l~Kn<lO 

free rnolecule fiow Kn?_ 10 

2.3.3 Brownian diffusion 

Any diminutive particle suspended in a liquid (or gas) movcs chaotically undcr the action 
of collisions with surrounding moleculcs. The intensity of this chaotic motion is incrcascd 
if temperature increases. This experimental fact was discovered by a British scicntist R. 
Brown in 1827, and therefore is called Brownian movement. 

The motion equation is expresscd for a spherical particle by Seinfclcl (1986)[30] who 
considers other phenomena as Stokes drag and the bombardment of the molccules: 

d V 3 7r ft d; ----+ ----+ m:- = ---(u · - ·u) + m·a(t) 
I& ~ 1 1 

(2.12) 

Where a(t) is an acceleration due to the non-continuum nature, produced by collisions 
between molecules of the fluid. This is a random direction force which does not generate 
an important displacement in the period. Nevertheless this mean square clisplacement is 
expressed by: 

(2.13) 

Particle diffusion due to Brownian motion may have significant importance for small 
particles flowing in the high-temperature zones downstream of a thermal plasma reactor. 
A balance on a difcrential element leads to 

(2.14) 

This an analogue mechanism to that of chemical species diffusion and the rclated 
coefficient associated to particles of size d is [33]: 

(2.15) 
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2.3.4 Thermophoresis 

The thermophoretic force is the force that arises from asymmetrical interactions of a 
particle with the surrounding gas moleculcs due to a tcmperature gradient. In simplcr 
terms, a particle is repelled from a heated surface or attracted to a cold surface. 
Chemical vapor deposition processes takc place in cold and hot wall reactors, with 
varying substratc tempcratures. This array of thermal boundary conditions rcsults in a 
variety of temperature gradients and thermophoretic forces on the particlc. Thcrc arc 
othcr forces also acting on the particles in the chemical vapor deposition cnvironmcnt 
such as inertia, Brownian motion, drag, and gravity. 

The thermophoretic force caused by the tcmperature gradient between the hcatcd 
steam and the cold reactor wall is a "natural" particle repellant (MacGibbonl999) [34], 
whose study shows that thermophoresis has a direct impact on the amount on the 
particulate dcposition on the substrate due to the temperature gradients present ncar 
the substrate in a chemical vapor deposition reactor. 

In a thermal plasma reactor there are strong temperature gradients (104K/cm)which 
produce deviation velocities no negligible, in the order of cm/s. Talbot (1981) [35] proposes 
the Brock (1962)[36] equation for the case of constant properties: 

2 j (K À) ::± 12nµ r,i Cs K +Cc;: VT 
F p 1 

th= À K ,\ p(l + 3Crnr;-)(l + 2 Kp + 2Ctr;-) I'r:-0 
(2.16) 

Talbot(1981)[35] proposes 2.18, 1.14, and 1.17 as corrcsponding values for Ct, Cm,Cs, 
for the case where fiuid-particles interactions are unknown. Lce(1984)[37] proposes last 
values for a thermal plasma case. 

The dimcnsionless number Th, for the case of a particle with tempcraturc cqual to 
that of the fiuid is given by: 

Th= -( 1}thPT) 
tt~T 

(2.17) 

This dimcnsionless number is almost constant for Kn > > 1. It has bcen mcasurcd for 
the Stokes regime yielding f".) 0.5. Phanse et Pratsinis(1989)[33] suggcst a constant value 
of Th=0.55 for particles with a size less to 1 micron. 

Finally, the expression for thermophoretical velocity applied to nanoparticles in this 
work is: 
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0.55µ-:::t 1fth = ---VT 
pT 

2.4 Formation of particles-aerosol growth 

(2.18) 

The two important interna! processes that modify the particle size distribution are 
gas-to-particle conversion and coagulation. The former refers to the transformation 
from the gas phase, continuo us phase, to solid or liquid (particles or discrete phase). 
Gas-to-particle conversion includes nucleation as well as heterogeneous condensation. 
These phenomena: nucleation, condensation, and coagulation, in addition with the 
external force mechanisms can be observed in figure2.2. 

Figure 2.2: Particle processes 

A detailed description of each of interna! processes is given in the following section. 

2.4.1 Nucleation 

N ucleation 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, to form particles that are a mixture of the nuclei and the condensed vapor. 

For example, when iron is evaporated in a ICP reactor, iron vapor follows the gas :flow 
into the particle generation reactor where the saturation ratio of iron vapor increases 
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due to temperature drop cause by heat transfer from the gas phase to the walls of the 
reactor and the injection of a qucnch gas. Whcn the supersaturation can no longer be 
sustained, iron particles are formed by homogeneous nucleation. Small collections of iron 
atoms called clustcrs start to form only for extremely short time. Two or more atoms 
can form a cluster by random collisions, the size of this cluster can increase by collisions 
with other atoms or cven with other clusters, or it can shrink in si:w whcn one atom 
leaves the cluster. Clusters are also formed in a supersaturated vapor, but most of them 
are thermodynamically unstablc with respect to evaporation at the particular saturation 
ratio; only sufficicntly large clusters arc thermodynamically stable as a result of the 
Kelvin effect. The Kelvin effect means an increase of the vapor tension on a surface of 
small radius curvature. Clusters or particles are unstable with respect to cvaporation 
unless the partial pressure around the particle is greatcr than the vapor pressure abovc 
the curved surface of the particle, suggesting the existence of a critical nucleus si:;;c, where 
smaller clusters tend to evaporate or lose atoms and shrink, and largcr ones will grow. 

The critical cluster size and the number of monomers contained in a particle of critical 
size j* are expressed as follows: 

cf = 4a 
ppR T ln S 

(2.19) 

(2.20) 

(2.21) 

where a is the surface tension, () is the dimensionless surface tension and S is the 
supersaturation ratio, n1 is the vapor concentration and n8 is the vapor concentration at 
saturation : 

(2.22) 

The kinetic nucleation rate expression rcportcd by Girshick and Chiu 1990 f 38] is 
obtained by a development similar to that to the classical expression of Becker and Düring 
(1935)[39]. It differs by the use of saturated vapor in equilibrium as refcrence for the 
calculation of the energy of formation of clusters. Girshick et al.[38] compare the results 
of the discrete model of Rao and McMurry (1989) [40], solving 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 whcn 
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using the "kinetic" theory than when the classical expression is used. The nucleation rate 
1 derived from this theory is: 

f3 n2S JB 4(/3 

1= 1~2s V"2;exp[O- 27(lnS2)] (2.23) 

Where {311 is the Brownian coagulation coefficient between two monomers. 

2.4.2 Condensation 

After the iron particles are formed by homogeneous nucleation and a high concentration 
of particles are present, and the saturation ratio is low but greater than one, condensation 
takes place on the existing particles. Surface condensation is the deposition of monomcrs 
on a stable particle, of sizc cqual to or larger than the critical size. The rate of hctcroge-
neous condensation depcnds on the exchange of matter and heat betwcen a particlc and 
the continuous phase. Assuming that the size of a monomer is negligible compared to 
that of the particle, the growth law of a spherical particle in the free molccular rcgimc is 
given by 

with 

dvi 21.3 - = Btvâ . ( S - 1) 
dt 

(2.24) 

(2.25) 

Vj is the particle volume, v1 and m1 arc the the volume and the mass of one monomcr. 

In the production of iron particles, the size of the end procluct from this modcl is 
between 10 and 100 nm in diameter. This range of sizes falls betwecn the frcc molccular 
range and the transition to the continuum range 

2.4.3 Coagulation 

The evolution of the concentration ( nJ) of stable particles of size j by coagulation due to 
Brownian motion is described by the Smoluchowski balance equation: 

(2.26) 

where a is the sticking coefficient, meaning the fraction of interparticle collisions that 
result is coalescence. The coagulation coefficient /3i,J between spherical particles contain-
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ing, respectively, i and j monomers of one single chemical especies is give in the free 
molecular regime by [41]; 

/3 .. _ (3v1)1/6 
'l,J - 47r 

in which Pp is the particle density. 

6I<BT(l 1) (·l/3 ·1/:3)2 -:-+-:- . 'l +J 
PP z J 

(2.27) 

Once the different forms of the internal processes are discussed, the addition of the 
effect of internal plus the external processes on the particle size distribution will lead to 
the General Dynamic Equation. 

2.5 General dynamic equation of aerosols 

In order to obtain a simplified system, only stable populations of aerosol issue of ho-
mogeneous nucleation are considered. Having described the influence of transport and 
aerosol growth mechanisms affecting the particle size, the dynamic equation in a discrete 
representation is as follows: 

(2.28) 

The Ô(j-j*) has a value of 1 for j = j* and 0 for any other j. 

2.5.1 Solution of the general dynamic equation of aerosols 

The non-linear, partial integro-differential equation describecl before must to be solved 
numerically because of its complexity. This equation is normally coupled with the 
environment; momentum, heat and equations for the chemical species. At this point 
numerical solutions are useful. Even though numerical solutions can deal with complex 
non-linear equations, they have one great disadvantage over analytical solutions, the lack 
of generality. Besides, numerical solutions normally take a lot of computational time and 
effort, and Parametric analysis is not as straight forward as for analytical solutions. 

A particle of aerosol is formed by a entire number of monomers, atoms or basic 
molecules. Several representations are used in mathematic modcls for approximating 
a size distribution. Considering the classification of models made by Seigneur(1986)[42], 
next models are found: 
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a) Continuous representations The continuous moclel salves the continuous general cly-
namic equation for a finite number of particle sizes and the values between them 
are interpolated by either a straight line or a cubic spline [11]. One of the disadvan-
tages of this method is that the evolution of the particcl sizc-distribution might be 
inaccurately representecl, especially in the size range where the distribution changes 
suddenly with the particle size or where discrete size effects are important. 

b) Discrete representations This kind of model salves the discrete form of the general 
dynamic equation. It gives the most accurate result because the rate equation for 
the population of each particle size is exactly described by one equation without 
using any mathematical approximation for the particle size distribution. However, 
because one partial differential equation is neecled for every single particle si'l,e, the 
computation becomes intractable when it is extended to particles formed of a fcw 
thousands of monomers. This approach is restricted to cases with very narrow si'./,e 
distributions and for very short periods of time. 

c) Discrete-continuous representations It was developed by Gel bard et all. [14] in order 
to overcome the limitations of the purely discrete or continuons methods in solving 
the general dynamic equation over a broad particle size spectrum. This method 
covers the entire size range by dividing the particle size distribution into two regimes: 
for particles smaller than a specific sizc, the cliscrete representation is used, whereas 
for large particles, a continuous representation of the general dynamic equation is 
used. 

d) Sectional representations Discrete-continuous method failed in some cases because 
it generated negativc values for the particle concentration due to the interpolation 
of the size distribution. The introduction of sectional methods salves this problem. 
In this so-called sectional model, the size domain is dividcd into sections, only one 
integral quantity (e.g. number, surface area, or volume) is considerecl in each sec-
tion. This method has the advantage that the integral quantity is conservcd within 
the computational domain and coagulation between all particle sizes is properly 
accounted. 

e) Parametric representations A parametric representation calls upon hypotheses on 
the form of the distribution of sizes of particlcs. The population is thus characteri'./,ed 
by a small numbcr of parameters. These formulations need the solution of a small 
number of differcntial cquations and often are applied to the studies of simulation 
implying two spatial dimensions. The moment method which results in only four 
partial differential equations to dcscribc the evolution of the particle sizc distribution, 
is sufficiently efficient and economical to be extendcd to more dimensions. 
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Discrete, continuous and sectional models could solve the evolution of the detailed par-
ticle distribution; however their applications are limited to one-dimensional cases, making 
them unattractive when particle transport is to be considered. In ordcr to extcnd the 
solution of the general dynamics equation to a two-dimensional case, a simpler approach 
is needed. The method of moments which is part of the parametric representations model, 
is a goocl choice to surmount this problem. 

The method of moments 

The methocl of moments is basecl on the description of the aerosol evolution by moments 
of the particle size distribution fonction ( e.g., total number, total surface area, total 
mass, etc.). The methocl has been repeateclly explored for aerosol clynamics. The 
unclerlying idea of the approach is that the properties one consiclers in most practical 
applications are determined by average measures [43], [30]; the history of individual 
particles can be ignored, and what is lot in accuracy and resolution is compensated for 
by a significant increase in computational specd and a dramatic rcduction in computer 
memory requirements. 

Moments of a distribution are global parameters which describe important properties 
of the distribution. It means, a property ·lj; with exponent k is used for weighting concen-
trations. This property 'l/J can be i.e. the number of monomers contained in a particle, 
the volume, the diameter, the concentration or the age of a particle. In this way, only 
consiclering stables particles, the order k moment is represented for a discrete distribution 
and for a continue distribution: 

OO 

Mk = L 1f}nj 
j=j* 

(2.29) 

(2.30) 

For the present work, the ponderation by the number of monomers contained by the 
particles is used, being given his conservation by the different mechanisms growth. The 
equation for moments becomes: 

OO 

Mk = LlnJ 
j=j* 

(2.31) 

In this way, next table presents the different physical properties of an aerosol can be 
obtained since these distribution moments weighting for a number of monomers contained 
by particles [1]. 
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Table 2.2: MAIN PHYSICAL PROPERTIES IN FUNCTION OF MOlVŒNTS 

Independent Property Punction of moments 

Total concentration, N Mo 
Mean numeric diameter d M1;3 

1 Mn 

Mean mass diameter d M1/3 
1 M1 

Standard deviation over numerical diameter, 2 2 ( M2/3 M:/3 ) 
(Jd d -- - -;;-;:ry-

l Mo Mt; 

mean surface, s 0 
M2/3 

.'iI Mn 

mean volume, Vp Mi 
V1 Mn 

Standard deviation over volume, cr.~ 2(M2 M]) 
V1 Mo - ~ 

mean geometric volume, v9 
M) 

3/2 1/2 M,, A1,, 

Geometric standard deviation over volume,cr 9 
ln2cr - l Mu r:f2 

Y - 9 M 

Fractional moments presented in table 2.2 don't have a physical explanation. They 
are reduced moments of fractional order which are interpolated from the intcgcr and 
known fractional moments. The number concentration, surface, and mass particlcs in a 
given volume are obtained, respectively, from the moments of order 0, 2/3, and 1. In the 
prescnt model, the moments of order 0, 1, and 2 arc solved. Therefore, the fractional 
moments that appear in the conservation equations are estimated assuming that the si:w 
distribution is lognormal. More information is found in [18]. 

The lognormal distribution fonction The sizc distribution fonction of a collection of 
particlcs can be defined in terms of any parameter that characterizes any particlc ( c.g. 
particle diametcr, particle mass, particle volume,etc). Also, the particle si:r,c distribution 
can be representecl in a cliscrete or in a continuons form. The fonction of the concentration 
of particles of size j is given by: 

1 ln2 (1fj-) 1 
nj = J2 exp[- 2

9 
]-3 2nlna9 l8ln ag Vj 

(2.32) 

A closed system can be obtained for describing the evolution of distribution moments 
in fonction of themselves by different growth mechanisms. It will be clescribed in the next 
chapter. 
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2.6 Description of the process to be modelled 

The present work accounts for modelling the synthesis of nanoparticlcs produccd by gas 
condensation. The entire process consist the evaporation of a metal into incrt gas in a 
hot plasma section. This part is not accounted for the present simulation, howcvcr, the 
information about velocity, temperature, and mass fraction profiles arc considcrcd sincc 
[l]. In a following step, for which this model applies, the metal vapor and incrt gas arc 
transported into a second vessel in which condensation takcs place and the particles arc 
produced. 

The mathematical model is applied to an induction plasma reactor for the prcparation 
of ultrafine iron powders. The reactor described by Girshick et al. (1993)[6] as shown in 
figure 2.3 was found by [1] like one to satisfy thesc needs. Iron powdcrs arc injcctcd in 
the induction zone of a plasma reactor, where they evaporate and form a mctal vapor 
cloud. The induction tube is 0.38 m in length and 0.022 m in radius, and ends in a widcr 

·condensation tube. Argon gas at room temperature is injectccl uniformly through the 
porous wall of the last section, which is 1 m long and has a radius of 0.032 m. This causes 
a rapid temperature decreasc of the jet and the condensation of the vapor in a fine acrosol. 

The present stucly assumes that the temperature of the gas inside the plasma chambcr 
is high cnough so that partiel es are only formed inside the particle gcnerator. Insidc 
this reactor, due to the temperaturc clecrease, the saturation ratio of the metal vapor 
increascs up to the point where homogcneous nucleation starts to form particlcs; the 
saturation ratio is further decreased by condensation of metal a toms on the surface of the 
existing particles. If concentration of particles is high enough, collisions betwecn thcm 
become important, thus affccting the growth of particles by coagulation. 
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Figure 2.3: Ultrafine iron particle reactor 
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Chapter 3 

MATHEMATICAL RELATIONS AND 
CFD MODELING 

Modcling process requires the use of data from experiments or tcxts to find simplifying 
assumptions and translate the physical phenomenons into equations. Thcsc cquations 
were presented in chapter 2, next step of modeling process is to solvc thcm. 

3.1 Momentum and energy equation 

The assumptions and approximations used for this first part of the model arc prcscntcd 
bellow followed by the corresponding set of equations to be solved (fiuid fiow and cncrgy 
field). 

3.1.1 Assumptions for fluid flow 

To simplify the solution of the equations of the model it is assumed that the system 
is symmetric with respect to the center line of the reactor. The density of the gas is 
calculated using the idcal gas law due to the low pressure and relative high tcmpcraturc 
process. Other assumptions are also presented in table 3.1 : 

3.1.2 Equations for momentum and energy equation 

The general conservation equation proposed by Patankar [25] is as follows: 

(3.1) 

The source term S is linearized and dissociatcd in two parts: Sc is the constant tcrm 
and Sp = g; is the slope of the variable rj>. Using this technique with an artificial negativc 
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Table 3.1: FLUID FLOW AND TEMPERATURE FIELD ASSOMPTIONS 

Assumptions - Fluid Flow and Temperature Fields 

./ Steady State 

./ Axi-symmetric fiow and permanent regime 

./ Turbulence modeled by the K-epsilon model 

./ Particles do not affect the fiuid field or the turbulent quantities 

./ The latent heat of phase transition is neglected 

./ Radiative losses are neglected 

./The physical properties such as viscosity and thermal conductivity are 
those of the gas-dilute system 

slope is a numcrical 11 trick 11 which allows to get stabilization for the cquations solution 
process. All involved terms in this cquation are presented in table 3.1. 

3.2 Conservation of species and moment equations 

This section describes the formulation of the particle population balance, considcring 
the different mechanisms of transport and growth. These contributions arc translatcd 
in terms of moments of the distribution, therefore conservations for the moments of the 
particle's size distribution are obtained. 

3.2.1 General dynamic equation over an element of volume 

The formulation of a balance in an volume element allows to consider the particlc diffusion 
and aerosol diffusion, both at the same time in the overall domain. In this situation, it 
is possible to apply the source terms to the right equation. Applying the conservation of 
particles in a volume element considering thermophoresis, the general transport equation 
for particles transport is: 

(3.2) 

If the last equation is added to the general dynamic equation for a cliscrete distribution, 
the general conservation equation of particles over an element of volume becomcs: 
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âan: +V. c:tnj) = - V. Citoinj) +V. (Dj Vnj) + Gj-lnj-1 - Gjnj 

1 j OO 

+ 2 L /3j-'i,,inidi - nj L fJjJn,idi (3.3) 
i=j* i=j* 

3.2.2 Assumptions and description in terms of moments 

The moments of the size distribution are defined since the discrete rcpresentation and 
normalized by the density and by a referencc concentration of monomers n0 at the enter 
of the rcactor: 

(3.4) 

This formulation ensures the conservation of moments in the gcncral cquation uscd 
if the general conservation of mass is respected. The conservation cquation in terms of 
moments can be obtained by sum over the distribution: 

dMk _ d ( 1 ~ ,-k ) ---- -DJ nj 
dt dt pno .. 

J=J* 

(3.5) 

With the goal of translating the equations describing the growth of nanoparticlcs in 
terms of the moments and to get a closed system, the particle flow and thcir gencration 
rate must to be expressed according to a polynomial fonction of size. 

There are several assumptions that limit the application of the currcnt moclcl. The 
first one is the dilutc system assumptions which does not allow mctal vapor concentrations 
greater than 10-3 kg/kg. Other assumptions such as the size of the particlcs smallcr 
that the mcan free path of the gas limit the use of the modcl to nanoparticlcs smallcr 
than 150 nm, Despite these limitations, these assumptions help to greatly simplify the 
moclel, sincc the coagulation and condensation rate arc also in the free molccular rcgimc. 
Furthcrmore, the assumptions are greatly justified under the conditions used to gcncratc 
nanoparticles in thermal plasmas fl]. 

The most important simplification of the modcl is the assumption of a lognormal 
particle size distribution fonction representing the particles at any place in the reactor. 
Using this hypothesis, it is possible to calculate the clifferent moments of the particlc si11c 
distribution in a closed form using only the first three moments of the distribution. The 
main outcome if this approximation is the simplification of the cquations to be solvcd, 
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from a partial integro-differential (the GDE) equation to a set of thrce partial diffcrcntial 
equations. It is also implicit in this assumption of lognormal distribution that the 
particles are all spherical and do not form aggregates. In other terms, the prcscnt modcl 
is limited to the phase of growth of nanopraticlcs which forms the sphcrical particlcs 
found in fractal aggregates. 

Next table prescnts important assumptions to simplify the solution of cquations dc-
scribing the evolution of the particle size distribution along the reactor. 

Table 3.2: METAL VAPOR CONCENTRATION AND MOMENT EQUATION EQUATIONS 
ASSUMPTIONS 

Assumptions - Metal vapor concentration and moment equations 

./ Particles are smaller that the mean free-path of the gas: free-molecular regime 

./ Coagulation of particles takes place in the free-molecular regime 

./ Condensation of metal vapor on existing particles is governed by molecular 
bombardment ( free-molecular regime) 

./ The kinetic nucleation rate developped by Girshick l38j is used 

./ The particle size distribution can be approximated by a lognormal distribution 

./ Particles are spherical and structureless, no agglomerates are formed . 

./ The Kelvin effect is neglected 

./ Calculation of the volume of particles are based on the bulk density of iron 

./ Capillarity approximation 

./ There are no particles entering the reactor 

./ Particles follow the fiuid fiow and are only deviated by Brownian diffusion 

The contribution of the different mechanisms (nucleation, condensation, coagulation, 
thcrmophoresis) arc transformed ncxt in terms of moments of the distribution. 

Nucleation 

The homogencous nucleation produccs particlcs of size j* [38]. In this way the cquation 
that describes the evolution of the concentration of particles of si:.i;e j is: 

dnj 
- = Iô· • dt J-J (3.6) 

The Ôj-j* expression has a value of 1 for the critical size j*. The intcgral ovcr the si:.i;c 
distribution gives the expression for the distribution moments: 
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pMk I k -(nv,cl) = -(j ) 
dt no 

(3.7) 

Condensation 

The expression for the condensation in an homogeneous medium, rcsults from adding the 
contribution of the growth law by condensation in the frce molecular regimc overall the 
distribution: 

(3.8) 

Coagulation 

In the goal of translate the contribution of the coagulation term in fonction of distri-
bution moments, Frenklanch (1987) [44] proposes three methods for the free molccular 
rcgime. The first method estima tes the mean coagulation coefficient wi th the ovcrall 
distribution instead while the second uses a summation over all collision. Bilodcau[l] pro-
poses a combined method yiclding a mcan coagulation coefficient since the set of collisions. 

Adding the coagulation terrn over the whole distribution: 

(3.9) 

Changing variable m-ccj-i in the first sum and doing nj = 0 for j less to j*, wc fincl: 

(3.10) 

(3.11) 

with: 

C ~ (3v1 )116 J6K11T 
47r Pp 

(3.12) 

The coagulation equation can be written as: 

pMk c OO OO (l+j)l/2 . . dt= 2 L L[(j + 'i)k - 2jk] + ·: 01/.3 + j1/.3)2ninj 
no j=j* 'i=j* V[} 

(3.13) 

The fonctions J;,y are dcfined as follows: 
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f r _ 2: 2:( · :)r Z + J ·x :Y . . 

X ·y - Z +) VJJ. Z J n,lnJ 
" ·iJ 

j=j* i=j* 

(3.14) 

Analog fonctions in la ter sums are used to approximate the evolution of the distribution 
of moments by brownian coagulation in the free molecular regime: 

d(pMo) ( ) p2no m. M2 coag =---'l'o o dt 2 ' 0 

d(pM1) ---(coag) = 0 dt 

d(pM2) ( 2 2 dt coag) = p no<D0 ,0M 1 

(3.15) 

(3.16) 

(3.17) 

<Do,o is the mean collision coefficient averaged over the collisions ( m-:3 s- 1) and is 
estimated by logarithmic interpolation between the fonctions fo, 0 , 16,0 ,fo,o 

<D = C( o )3/8 + ( 1 ):3/4 + ( 2 )-1/8 
0,0 fo,o fo,o fo,o (3.18) 

It is necessary to bring the fonctions 1; 0 into the normalized distribution of moment 
' 

terms: 

0 ( 2 ) lo,o = 2 µ-1;2µ1/6 + µ-1/6 (3.19) 

(3.20) 

(3.21) 

Where µk is the dimensionless moment of order k defined as Mk/M0 . In this way we 
have a system of moment fonctions of the distribution size of particles. The fractional 
moments required for <Do,o are interpolated between the known integer moments. 

Convection and thermophoresis 

The advection of particles is produced by the gas fiow and the thermophoresis deviation. 
According to [33], the thermophoretical velocity is independent of the particle size in the 
free molecular regime. The moments of the distribution are moved by this velocity, and 
by summation over the distribution, we get: 

(3.22) 
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Diffusion 

The diffusion coefficient depends on the particle size. Therefore, a global coefficient cannot 
be applied over the distribution of moments. Nevertheless, because of the importance of 
this mechanism, a mean diffusion coefficient is defined and calculated from the mean 
masse diameter of the distribution. The given expression by [33] is used in this work. The 
contribution of the diffusion term over the evolution of moments is represented by: 

â(pMk) = ~. ( D~M) dt p k (3.23) 

(3.24) 

(3.25) 

General equation of moments 

The sum of the last overall contributions yields the General Conservation Equation of 
Moments: 

(3.26) 

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

(3.27) 

3.2.3 Constitutional equations 

Moment of order 0 

r ---ccpD 
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Moment of order 1 

r =- pD 

Sp =0 

Moment of order 2 

r =pD 

Sp =0 

3.3 CFD modeling 

The particle growth process was simulated using the Computational Fluid Dynamics 
Code (CFD) FLUENT@ version 6.0. In this research, selected CFD results issucd to 
FLUENT@ arc compared with those of Bilodeau[l]. Good corrclation betwecn bibliog-
raphy and CFD results is used to validate the present CFD model. Modcl validation 
increases confidence that all of the CFD results accurately depict real life conditions. 

The current CFD model of the nanoparticle growth reactor contains over 9600 cell 
volumes in an structured mesh format. 

3.3.1 Overview of a CFD solution 

The solution of a Computational Fluid Dynamics problem consists of subdividing the 
geometry into small control volumes. Three basic principles of physics are applied to the 
fluid flow in cach volume. 
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1 Mass is conserved 

2 Energy is conserved 

3 Newton's Law F = m · a 

Thcse three principlcs allow governing equations to be derivcd. The govcrning 
cquations arc nonlincar differcntial of integral equations that completely describc the fiow 
in cach control volume. No direct methods exist for solving these systems of cquations. 
Therefore, the governing equations are linearized and solved numerically. 

The two key factors to a successful solution are: 

• Good initial guesses to be used by the linear equation solver for model paramctcrs 
such as fiow velocity, pressure and turbulence. 

• A wcll discretized domain. 

3.3.2 Building the flow geometry 

The first step in the simulation of the nanoparticlc growth reactor was to idcntify the 
geometric constraints of the problem. In this case, the geometry was that of the rcactor 
described by [6]. 

This geometry was created using GAMBIT@. GAMBIT© is cssentially a sim-
ple CAD program integrated into a very advanccd meshing program. The tools in 
GAMBIT@ were sufficient for modeling the nanoparticle growth reactor. 

The nanoparticle growth reactor was simplified somewhat duc to its one linc of 
symmetry. Symmetry reduces the total numbcr of cclls, or control volumes, nccdcd 
to numerically represent the apparatus. Special symmetry boundary conditions m 
FLUENT@ allow this onc-half representation to accurately depict the wholc. 

Creating the computational mesh The nanoparticle growth rcactor geomctry was 
meshed using a rectangle control volume shapes. 

Mesh quality The quality of the mesh is key to obtaining a convcrged, accuratc 
solution. A high quality mesh has very uniform cells. In general, all ccll cdgcs should be 
close to the samc length. 
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Grid Jan 17, 200: 
FLUENT 6.0 (axi, dp, segregated, RS 

Figure 3 .1: Initial grid 

There are standard measurements to determine the quality / uniformity of a mesh. 
These measurements, often called metrics, are covered in detail in the GAMBIT© users 
guide section 3.4 Using the global control tool pad [45]. 

Two important mesh metrics are aspect ratio, and skew. The aspect ratio is the 
ratio between the length and height of the cells. In effect, the aspect ratio measures 
rectangularity for cells. Aspect ratios of up to 1:5 are tolerable for many models. 

Skewness can be defined as the difference between the cell's shape and the shape of 
an equilateral cell of equivalent volume. Highly skewed cells can decrease accuracy and 
destabilize the solution. For example, optimal quadrilateral meshes will have vertex angles 
close to 90 degrees, while triangular meshes should preferably have angle of close to 60 
degrees and have all angles less than 90 degrees (46]. 

Boundary conditions Boundary conditions are used to fix flow variables at the limits 
of a computational grid. Boundary condition availability varies with solver choice. The 
FLUENT© 6.0 sol ver includes a wide choice of boundary conditions. Examples of 
boundary conditions include velocity inlet, wall and symmetry. GAMBIT© applies the 
boundary conditions to faces. FLUENT© reads these boundary conditions and uses 
them when solving the systems of linear equations. 
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Grid Jan 18, 200:: 
FLUENT 6.0 (axi, dp, segregated, RS 

Figure 3.2: Finer grid 

When the FLUENT© 6.0 solver is selected in Gambit, all unspecified surfaces will 
default to the wall boundary condition. Therefore it is not necessary to apply boundary 
conditions to every surface of the model. The following boundary conditions were used. 
Later the NAME can be used to aid in the graphical display of model results. 

Table 3.3: BOUNDARY CONDITIONS APPLIED TO THE MODEL GEOMETRY 

Boundary Condition Name Representative of 

Velocity inlet entree Gas inlet to the reactor 
Wall paroil wall of the reactor 

Velocity inlet paroi2 quenching enter 
Velocity inlet paroi3 quenching enter 
Velocity inlet paroi4 quenching enter 

Symmetry axe symmetry axis 
Pressure Outlet sortie outlet 

In some cases, there were boundary conditions that could be used as alternatives to 
th ose chosen. The best boundary conditions for the model were selected based on their 
strengths highlighted below. 
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Grid Jan 18, 200: 
FLUENT 6.0 (axi, dp, segregated, RS 

Figure 3.3: Finest grid 

• Velocity Inlet. The velocity inlet boundary condition allows the user to specify the 
fiuid velocity and direction using a Cartesian coordinate system. The mass fiow is 
calculated from the velocity. This fiow condition is not adequate for compressible 
fiows with high Mach numbers. It is adequate for this application where the fiow is 
incompressible. 

• Pressure Outlet. The pressure outlet allows the absolute pressure to be set at the 
cells where the fiow leaves the geometry. Model convergence is possible in cases 
where turbulence causes fiow backwards (backfiow) through the outlet. 

• Wall. The wall boundary condition fixes the fiow to zero on the faces it occupies. 
By default a no-slip boundary condition is enforced in viscous fiows. 

• Symmetry. This boundary condition describes the treatment of the fiow at symmetry 
planes. It assumes that there is a mirror image of the model geometry on the other 
side. For this reason the direction of the fiow is unaff ected. 

Zones Zones are applied to model volumes by Gambit. There are two types of zones, 
fiuid and solid. The type of zones dictates available materials from the Fluent materials 
panel, and the how Fluent will solve for certain quantities in that zone. In our case we 
use only fiuid zone. 
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3.3.3 FLUENT© model configuration 

Fluent reads the model geometry, boundary and zone conditions from a mesh file exported 
by Gambit. Additional setup information is necessary before the model can be run. The 
notation format of MAINmenu:SUBmenu is useful for the description of the Fluent model 
configuration. 

FLUENT© Define: Model: Solver Fluent solves governing equations for conservation 
of mass and momentum. The Fluent solver will also solve scalar equations including 
energy balances, turbulence and chemical reactions. 

Control volumes have been used to <livide the computational domain (the physical 
model dimensions) into a computational grid. The governing equations are integrated 
across each of the control volumes. These nonlinear coupled partial differential equations 
describe the behavior of such variables as velocity, pressure and temperature inside each 
control volume. The equations are discretized so they may be solved numerically. 

The discretized equations are linearized. These linear equations approximate the 
original nonlinear integral governing equations. Repeated iteration of the linearized 
discrete equations results in a values which closely approximate those of the original 
nonlinear intcgral governing equations. 

There arc several different methods for lincarizing the discretizcd cquations. Thcrc 
are also two options for the general approach to solving this system of lincar equations. 
These methods exist because of limited hardware computational capabilities. 

a) Segregate Solution Method. The segregate solver solves the govcrning linear equa-
tions once a timc. The cquations arc separated or segregated so that lcss RAM 
(Random Access Memory) is required. Only one of the equations is loaded into 
RAM and solved atone timc. The goal is to solve a system of lincar cquations that 
are interdepcndent, or coupled. A special pressure correction allows one equation to 
be solved at a time while still satisfying the continuity equation. 

b) Coupled Solution Method. The linearizcd coupled governing cquations ( continuity, 
momentum, energy, species, etc.) may be solve all at once. Other equations (tur-
bulence) arc solved sequentially as in the segregated solution mcthod. Though this 
solution method requires more computational rcsourccs (RAM) it docs not have to 
use any correction factors for each of the coupled governing equations. This mcans 
the coupled solution technique converges faster and is more robust. 
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For the dcvelopment of this model, the segregate solution method (a) was used al-
though the equations are couplcd. The reason is that particlcs are of small si:;;c and the 
metal vapor is at low concentration. Thus, the presence of particles docs not affect the 
momentum or the cnergy equation and it allows to scparate the solution into two parts. 
The first part deals with the solution of the fluid flow and tempera turc field by solving the 
continuity, the momentum in the axial and radial direction, and the cnergy equation. The 
second part solves scalars including the conservation of species and the moment equations. 

FLUENT© Define: Mo del: Energy This panel enables the use of the energy bal-
ance equations. Additional thermodynamic input become available in the Fluent Dcfinc: 
Boundary Conditions. 

FLUENT@ Define: Model: Viscous Turbulent flows are characterizcd by fluctuating 
velocity fields. These fluctuations mix transported quantities such as momcntum, 
energy, and specics concentrations, and cause the transported quantities to fluctuatc 
as well. Since these fluctuations can be of small scale and high frequency, thcy arc 
too computationally expensive to simulate directly. Instcad, the instantaneous (exact) 
governing equations can be time-averagecl, ensemble-averagcd, or otherwisc manipulatccl 
to remove the smaller fluctuations. The rcsult is a moclifiecl set of equations that arc 
computationally less expensive to solve. The moclifiecl equations contain additional 
unknown variables, and turbulence models are needcd to dctermine these variables in 
terms of known quantities. 

The default viscous mode is the invicid viscous model. The invicicl modcl totally 
ignores any effects of viscosity on a flow. It is useful for flows where pressures forces 
dominate viscous forces. One such example is a modcl of a speeding bullct where inertial 
forces tend to clominate viscous forces. The invicicl model is also a good starting point 
for a very complex flow that is difficult to converge,. 

A better model for our nanoparticle reactor growth simulation is the standard K-
epsilon turbulence model. The standard K-epsilon is a semi-empirical modcl that is 
popular because it gives good results with modcrate calculation cxpcnsc. Two cquations 
are used to determine the turbulent velocity and length scales. 

FLUENT@ Define: Materials Argon-Iron vapor is dcfincd as material with the fol-
lowing characteristics: 
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FLUENT@Define: Operating conditions Pressure was left as atmospheric, 101325 
Pa. The gravity option was no enabled. 

FL UENT@Define: Boundary conditions 

FLUENT@ Solve: Initialize Compute from all cells. 

FLUENT@ Solve: Iterate Steady State 

3.3.4 Judging solution convergence 

Convergence occurs when the iterative results returned by the model equations bccomc 
progressivcly doser. One popular way to judging convergence is by watching the rcsiduals. 
Residuals are the difference between the most recent value (for example pressure) and the 
value from the previous iteration. As the iterations corne doser to a solution the rcsiduals 
become smaller. 

Residuals reported by the FLUENT@ solver Improvements have bccn made by Flu-
ent to case residual interpretation. By default residuals are calculated in fluent using the 
following formula: 

(3.28) 

W represcnts any variable of interest. The residual W is the average of the squares 
of all the residuals in each cell of the domain. Time is only important for unsteady state 
problems. This means that ALL rcsiduals for a particular variable W are RMS averaged 
and arc presentcd on a graph as a single line. 

Typically one would want to compare these residuals to something likc an inlet flow 
rate. A comparison would give perspective as to whethcr the residuals were small in with 
respect a known value like inlet velocity. Certain problems induding natural convection 
do not have prcviously known vclocity magnitudes. For this reason, Fluent defaults to 
residuals in a scaled format. This format allows a more uniform perspective on residual 
sizes. The residuals are scaled with respect to the largest residual value found in the first 
five iterations. 

Fluent calculates the scaled residual usmg the following relation where W is any 
variable of interest. 
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R ( W) iterationN 

R(W)iteration5 
(3.29) 

The scaled residuals are expected to fall about lx10-3 but a bad initial guess could 
make R(W)iteration5 very large. This would mean the 10-3 order of magnitude for the 
scaled residual is reached before the solution is actually converged. Monitors of integrated 
fiow variables will help validate the residuals. 

However it is important to watch not just the residuals but also an integrated variable 
(pressure, velocity, etc). This makes possible to judge if the results are coming close to 
a value or if there still seems to be substantial movement. How close is close enough 
depends on the specific problem. 

FLUENT© model convergence The two following figures (3.4,3.5) represent the 
convergence of the nanoparticle reactor growth. 
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Figure 3 .4: Convergence of the fluid dynamics 
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Figure 3.5: Convergence of the scalars 

This is a steady state model. This plot suggest good convergence of the steady state 
temperature model. Based on residual plots, and plots of temperature and scalars, it is 
safe to say the model has converged. 
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Chapter 4 

RESULTS 

The zone of nanoparticle growth for a plasma reactor was simulated by using FLUENT© 
version 6.0 as CFD. This zone begins at an axial position corresponding to x-0.21 m 
from the induction zone of the figure 2.3 as describe by Bilodeau (1994)[1]. The system is 
formed by a metal vapor which is a diluted mix of iron-argon. The operating conditions 
are presented in the table 4.1 below, as the basis case used for this simulation: 

Table 4.1: CONDITIONS OF THE BASIS CASE 

Grid Size Quenching Flow (lpm) Iron Concentration (kg/kgAr) 

Finer 118 lx10-:3 

Upon the basic case, the effect of the metal concentration and quench flow rate varia-
tion will be studied as follows in table 4.2. 

Table 4.2: PARAMETER VARIATION 

Grid Size Quenching Flow (lpm) Iron Concentration (kg·iron/kg,;.,,,.) 

fine 0 lx 10-4 

fin est 236 lx 10-5 

lxl0-6 

All results, exccpting the mass fraction contours of figures 4.4, 4.5, and 4.6, arc shown 
as xy plots. The x axe corresponds to the long of the reactor, that means, 1.0 m. The 
y axe is the parameter to be analyzed. Results are for four different radial positions of 
the reactor, as described in table 4.3. Note that the radial value O.O(linc-Omm), corre-
sponds to the axis of the geometry and 0. 032 (line-32mm) represents the wall of the rcactor. 
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Table 4.3: RADIAL POSITIONS TO BE PLOTTED 

j Radial value [mj j Name 

0.0 line-Omm 
0.011 line-llmm 
0.022 line-22mm 
0.032 line-32mm 

4.1 Analysis of fluid flow fields 

The transport by convection of nanoparticles through the rcactor is causcd by the 
fluid flow field, therefore it influences properties of the final product. Main fluid fields 
conccrning the nanoparticle production are temperature and metal vapor concentration. 
The analysis is presented below . 

4.1.1 Temperature field 

The temperature field is one of the most important variables in the modcl since it affects 
all other equations. The momentum equations arc couplcd to tempcraturc by viscosity 
and the continuity equation by dcnsity. Species distributions depend on the tcmpcraturc 
variation of diffusivity. The particle generation location is dctcrmincd by the saturation 
ratio of the metal vapor which is an exponcntial fonction of tempcraturc. Finally the 
size distribution is affected by the local supersaturation and rates of condensation and 
coagulation arc temperature dependent. 

Influence of the Quenching Flow Rate on Temperature Field 

The injection of cold argon gas through the porous wall causes strong tempcraturc 
gradients, especially ncar the wall. Tcmpcrature is affected in different way according to 
the quenching rate injectcd. Isocontours of the temperature field with the three diffcrcnt 
quenching rates are shown in figures 4.1, 4.2 and 4.3. 

The absence of a quenching rate produccs a larger high tcmpcraturc 'Zone and the 
reduction of temperature gradients, as shown in figure 4.1. The temperaturc over the axis 
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Figure 4.1: Influence of 0 lpm quenching rate on temperature 

is controlled by two competitive phenomena: the dilution by a cooler gas decreases the 
temperature, instead of total flow produces an acceleration in the flow and it increases 
the temperature over the axis. Figures 4.2 and 4.3 confirm that the increasing of the 
quenching flow rate produces a decreasing of the large of the high temperature zone and 
stronger gradients in this zone. 
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Figure 4.2: Influence of 118 lpm quenching rate on temperature 
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Figure 4.3: Influence of 236 lpm quenching rate on temperature 
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4.1.2 Metal vapor concentration field 

According to the first part of the model of Bilodeau[l], the metal vapor diffuses radially in 
the induction tube and condenses near the wall due to the lower temperatures encountered 
there. Immediately, the gas is depleted of metal vapor and enters to the condensation 
zone. This phenomena of condensation is studied by the present simulation in order to 
check the nanoparticle formation. Therefore, isocontours of the metal vapor concentration 
using three different flow rate quenching in the condensation zone are given in following 
figures. 

Influence of the Quenching Flow Rate on Metal Vapor Concentration Field 
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Figure 4.4: Mass fraction without quenching 
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Figure 4.5: Mass fraction with a 118 lpm quenching 
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Figure 4.6: Mass fraction with a 236 lpm quenching 

Figures 4.4, 4.5 and 4.6 show how the metal vapor concentration is lowered quite 
fast from lx10- 3 to lxlü- 8 k9Fe/k9Ar· This is because of the formation of nucleation 
of particles and because of the condensation of metal vapor on the surface of existing 
particles. We can also add that the concentration decreases by dilution by the quenching 
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gas. Near the axis, the slower cooling retards the onset of condensation is noted. However 
the central cloud is gradually depleted by radial diffusion towards zones whcrc vapor is 
condensed. 

4.2 Analysis of the Nanoparticle Growth 

The nanoparticle growth is represented by a log-normal distribution fonction. Since this, 
it is possible to describe the particles by three parameters, the particle number density or 
particle concentration, the particle geometric mean diameter and the geometric standard 
deviation. The method of moments solves for the first three moments of the particle size 
distribution. It is possible to give a physical interpretation to the first two moments, but 
the interpretation of the third one is not straightforward. Therefore, instead of presenting 
the first three moments of the particle size distribution it is customary to present only 
the particle number density, geometric mean diameter and geometric standard deviation. 

It is known that the quality of the end product depends on the operating parameters; 
some of the characteristics of the product can intuitively be drawn from changes in the 
operating conditions. The nanoparticle growth is studied by considering the effect of the 
quenching fiow rate and the metal concentration variation. 

4.2.1 Influence of the quenching fl.ow rate on the nanoparticle growth 

Increasing the amount of quenching gas should increase the amount of material being 
condensed. This increase may also affect other parameters such as the nucleation rate, 
thermophoresis, and coagulation. 

The quenching gas fiow rate was set from 0 to 236 lpm as the rcfcrence case of 
Bilodeau(1994) [19]. All other parameters were maintained constant. 

Particle number concentration 

The analysis of the particle number concentration is considered as an important pa-
rameter for judging a good reactor performance. The particle number concentration or 
particle number density (i.e. the number of particles pcr unit of volume of gas), can 
be affected by only two of the three processes that modify the particle distribution, 
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nucleation and coagulation. Nucleation is responsible of the formation of new particles, 
therefore it causes an increase in the concentration. In another hand, coagulation which 
is the combination of small particles to form bigger ones, represents the decrease in the 
particle number concentration. 
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Figure 4. 7: Particle concentration number - basic case 

In the figure 4. 7, the particle number concentration is shown for the basic 
case. The particle number concentration increases drastically from zero to about 
lx10 19 rnparticles/m3 ] at the entrance of the reactor. The increase becomes stable 
around 60 cm of the axis, mainly near the axis. Here the concentration is main-
tained about lx1017 . As the gas passes along the reactor, coagulation starts to take 
place and to reduce the particle number density, as shown mainly by lines near the 
wall. The coagulation rate increases with the concentration of particles. However, 
when the temperature of the gas is lower than the melting point of the metal, particles 
are in solid state and collisions among them may occur while the particles cannot coalesce. 

The particle number concentration is zero at the wall because particles cannot exist 
at this point. Inside the reactor, the concentration of partiel es is high near the injection, 
where these are formed by nucleation, and then it decreases by coagulation as the 
partiel es go along the reactor. Towards the end of the reactor, the concentration profiles 
are quite fiat. 
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Isocontours of the concentration of iron particles are given next for the other two cases 
studied. 
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Figure 4.8: Particle concentration number - without quenching 
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Figure 4.9: Particle concentration number - quenching 236 lpm 
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Figures 4.8 and 4.9 show that high particle concentrations are formed near the 
entrance of the reactor wall. This is due to the strong-temperature gradients and thus 
the little time available for growth. Particle deposition along the length of the induction 
zone, mainly due to thermophoresis, typically accounts for 10 percent of the initial 
metal feedrate. Important temperature gradients are also encountered directly below the 
step, causing the formation of high concentrations of particles. The particles are formed 
further downstream and in smaller concentrations on the reactor axis, due to the more 
gradual cooling. The particle cloud is gradually deviated towards the reactor axis due to 
the injection of gas through the wall. 

Particle mean diameter 

Figures 4.10, 4.11, and 4.12 are representative of the particle mean diameter behavior 
across the reactor. 
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Figure 4.10: Diameter of particles - basic case 

It is observed how the particle mean diameter is affected by nucleation, condensation 
and coagulation. At the entrance of the reactor, nucleation takes place near the wall, 
there after the particles grow by condensation and coagulation. Once the particles reach 
the injection zone of quenching, the temperature of the gas drops dramatically and 
the saturation ratio increases giving rise to a nucleation location. At this point many 
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particles of critical cluster size are formed and a sudden increase in the geometric mean 
diameter is observed. 
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Figure 4.11: Diameter of particles - without quenching 

After quenching injection, the already existing particles start to coagulate and to form 
bigger particles, increasing the particle geometric mean diameter of the size distribution 
fonction. This is clearly observed on line-22mm which is near the wall of quenching. 
Condensation on the existing particles also occurs after the injection quenching helping 
to increase the size of the particles. 
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Figure 4.12: Diameter of particles - 236 lpm 
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Geometric standard deviation 

Results let see that at the entrance of the reactor the standard deviation is relatively 
low because at this point new particles are formed at a unique size. However, the 
particles start to coagulate and the condensation of more material on the surface 
increases the size of particles. The formation of new particles of only one size results 
in a standard deviation of one, monodisperse aerosol, at this spot. However this 
value is changed by further nucleation and diffusion of particles, making the aerosol 
polydisperse. It is appreciated in figures 4.13 to 4.14 and 4.15 for different quenching rates. 
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Figure 4.13: Geometric Standard Deviation-without quenching 

At the quench injection, the formation of new particles increases the geometric stan-
dard deviation of the particles. The existing particles were generated at the nucleating 
site, and which becomes stable along the reactor; therefore the standard deviation of 
the size distribution becomes stable also. This point, hold the main assumption of the 
model, that the particle size distribution is fully described by a lognormal distribution 
fonction with only one mode. 

The lognormal distribution fonction is usually used because is an approach inspired 
by typical pictures of measured particle size distribution [47]. 
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Figure 4.14: Geometric Standard Deviation-quenching 118 lpm 
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Figure 4.15: Geometric Standard Deviation-quenching 236 lpm 
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4.2.2 Influence of metal vapor concentration on the nanoparticle growth 

Increasing the concentration of metal in the gas phase increases the amount of material 
being processed per unit time, increasing productivity. On other hand, decreasing the 
metal vapor concentration may favor the production of certain desired types of particles. 
The study of the effect of the metal vapor concentration on the particle properties has 
been carried out the results presented below. 

Particle number concentration 
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Figure 4.16: Particle number density-iron concentration = lx10-4 [kgpef kgAr ] 

In figures 4.16, 4.17, and 4.18 the axis representing the particle number concentration 
is in a logari thmic scale to clearly represent the fast increasing of this property. It 
is shown that the particle number concentration increases at the lower end as the 
metal vapor concentration is increased due to the increase in the condensable material 
introduced in the reactor. Due to the low concentration of metal vapor, the entrance 
nucleation wakens and the great majority of the particles are produced at the entrance 
point, where the low temperature of the quenching gas induces the nucleation of particles. 
As the concentration increases the amount of material nucleated increases until it reaches 
the point where the entrance nucleation becomes important. In fact, nucleation and 
condensation are competitors for the available metal atoms in the gas phase to form 
condensed material; therefore condensation may suppress nucleation. This suppression 
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is responsible for the decrease of the particle number concentration as the metal vapor 
concentration increases. 
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Figure 4.17: Particle number clensity-iron concentration = lx10-5 [kgpe/kgAr] 
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Figure 4.18: Particle number clensity-iron concentration= lxl0-6 [kgpef kgAr] 
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Particle mean diameter 

The particle size increases as the amount of condensable metal in the reactor is increased 
since the concentration of particles is high enough for coagulation to increase the particle 
geometric mean diameter. 
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Figure 4.19: Diameter-iron concentration = l x10-4 [kgpe/kg Ar ] 

Figures 4.19, 4.19 , and 4.19 refer different values of mean diameter of particle for three 
different iron concentration cases. If they are compared, it is noted that size of particles 
are more uniform for low concentrations. The best size of particles is found in he case of 
lowest iron concentration: l x lü- 6 [kgpef kg Ar] 
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Figure 4.20: Diameter-iron concentration = l x l0-5 [kgpef kgAr ] 
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Figure 4.21: Diameter -iron concentration = l x lû- 6 [kgpe/ kg Ar ] 
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Geometric standard deviation 

The geometric standard deviation is also affected by changes in the metal vapor concen-
tration. Intuitively an increase in the standard deviation would be expected as the metal 
vapor concentration increases since this produces higher density of particles as observed 
in figure 4.22. However, the figure 4.23 shows how the opposite happens. 
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Figure 4.22: Geometric standard deviation-iron concentration = lx10-4 [kgpef kg Ar ] 

An uniformity of particle size is observed in the three cases, mainly in figure 4.23. 
In figure 4.22, the geometric standard deviation is uniform, 10 cm after the enter of the 
reactor, as shown in figure 4.21, which is considered as normal feature in the nanoparticle 
growth. 
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Figure 4.23: Geometric standard deviation-iron concentration = lxlü-5 [kgpef kg Ar] 
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Figure 4.24: Geometric standard deviation-iron concentration = lxlü- 6 [kgpe/ kg Ar] 
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4.3 Analysis of different quenching injection design 

According last analysis, the quenching rate is very important in the process of nanoparticle 
growth. This quenching influences a lot the size and uniformity of particles produced. The 
quenching design method used for the cases presented in chapter 3, was a lateral injection 
over the entire wall of the reactor as shown in figure 4.26: 

1 x1 0 -3 kg _F)kg _Ar 

Ouenching 
(118 lpm Ar) 

l l l l l l l l l l l l 

X=1m 

Figure 4.25: Quenching design: entire wall of the reactor 

r = 0.032 m 

Results were found satisfactory. For this project it was considered interested to check 
what happen if is only used a fraction of the entire wall as quenching entrance. Next 
section proposes 3 different sections for injecting the quenching rate. The effect of the 
injection angle is also presented in the last part. An evaluation of the main nanoparticle 
properties is presented in each case. 
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4.3.1 Lateral injection covering 1/3 of the reactor wall 

The same geometry described in Chapter 3 was used for this situation. For modifying the 
quenching section in the simulation software, only a change in the boundary condition 
of the control panel of the Fluent solver was required. It means, the porous zone before 
specified as boundary inlet, was split in three parts. In this section, the first part remained 
as velocity inlet, the two others as wall boundary. It is shown better in the next figure 
4.26: 

1 X1 0 -3 kg _Fe /kg _Ar 

Ouenching 
(118 lpm _Ar) 

J J J J 

X=1m 

Figure 4.26: Quenching design: 1/ 3 of the reactor wall 

r = 0.032 m 

The lateral injection over the 1/ 3 part of the reactor represents a smaller section of 
cooling for the iron vapor compared to the basic case before presented. However, it was 
enough to quench the vapor and to produce a successful nucleation of particles. Results 
below, show the temperature, vapor concentration, mean diameter and the geometric 
standard deviation obtained for this case. 

Temperature values registered on the first 30 cm of the reactor are high for almost all 
radial section. A following decreasing is observed as result of quenching and temperature 
of the wall. 

The particle number density is increased not as faster as observed in the basic case 
(fig. 4. 7). However, it is more similar for all radial positions excepting at the wall. 

Figure 4.27 shows big particles near the wall and smaller ones near the axe. 
A satisfactory value of the geometric standard deviation is observed in figure 4.28. 

That means there is an uniformity in the particle size distribution of particles. 
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Figure 4.27: Xy plot of temperature - quenching section: paroi2 
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Figure 4.28: Particle number density - quenching section: paroi2 

64 



• line-Omm 
• line-11 mm 
• line-22mm 
• line-32mm 

diameter 

diameter 

1.00e-08 

1.00e-09 

1.00e-10 

1.00e-11 

1.00e-12 

1 .00e-13-+--~-~-~-~-~-~--~-~-~~ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Position (m) 

Jul30,2003 
FLUENT 6.0 (axi, dp, segregated, RSM) 

Figure 4.29: Mean diameter - quenching section: paroi2 

• line-Omm 
• line-11mm 
• line-22mm 
• line-32mm 

sigma 

sigma 

0 0.1 0.2 0.3 0.4 0.5 0 .6 0.7 0.8 0 .9 

Position (m) 

Apr16,2003 
FLUENT 6.0 (axi, dp, segregated, RSM) 

Figure 4.30: Geometric standard deviation - quenching section: paroi2 
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4.3.2 Lateral injection covering 2/3 of the reactor wall 

The quenching section is longer compared to the case before presented. The figure 4.31 
below is provided for a better understanding of the physical injection of the quench. 

1 X1 0 -3 kg _Fe /kg _Ar 

Ouenching 
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l l l l -l l l l 
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X=1m 

Figure 4.31 : Quenching design: 2/ 3 of the reactor wall 

r = 0.032 m 

The quenching injection over the 2/ 3 of the reactor wall acted efficiently producing 
the nucleation burst of particles. This is reflected in the sudden temperature decreasing 
at 30 cm of the long of the reactor, as shown in figure 4.32. 
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Figure 4.32: Xy plot of temperature - quenching section: paroi2 et paroi3 
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Particle number density is increased since the enter of the mass flow rate to the reactor. 
Figure 4.33 shows how the maximum value is reached around 20 cm after the entrance. 
The uniformity of the particle number density finish at 60 cm when it is decreased near 
the wall. 
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Figure 4.33: Particle number density - quenching section: paroi2 et paroi3 

The effect of the quenching over the size of particles is observed in figure 4.34. Values 
for the diameter of particles are smaller compared to the last case. It means that increasing 
of quenching section helps the production of smaller particles. 

Figure 4.35 allows to appreciate the good uniformity of particle sizes with values of 
the geometric standard deviation near to one. 
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Figure 4.34: Mean diameter - quenching section: paroi2 et paroi3 
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Figure 4.35: Geometric standard deviation - quenching section: paroi2 et paroi3 
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4.3.3 Angular injection rate 

Designs of quenching presented before are related because they act on the wall zone of 
the reactor. It means, the wall was always adapted with modifications to allows the 
quenching acting in different positions (1/3 and 2/3 of the wall). This section suggests 
a different design. An angular injection quenching of 45 degrees accounting for the axial 
position of the wall besides the entrance of the mass flow rate, was tried. The figure 
4.36below represents this design. 

Ouenching 
{118 lpm _Ar) 

~T 
1x10 ·

3
kg _,0 ikg _Af' 1 

; 

X= 1 m 

Figure 4.36: Quenching design: angular quench 

Results are shown below. 

r = 0.032 m 

Different temperature profiles to those of last part are obtained. Figure 4.37 shows 
how near the axe, temperature decreases slowly. Nevertheless, near the wall of the reactor 
the decreasing is very fast. 

Interesting values of particle number density are observed in figure 4.38. N ear the axe, 
there is a high increasing of lx1020 ~particles/m3 , even higher other analyzed cases. It is 
important to note that there is a god number concentration near the wall. 

The diameter of particles reported in figure 4.39 is extraordinary for the nanoparticles 
size requirements of 10 to 100 nanometers. The geometric standard deviation predicts a 
good uniformity in the particle distribution size. 

It is important to consider that the quenching flow rate was maintained constant, with 
the value of the basic case, 118 lpm. All other parameters were also those of the basic case. 
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Figure 4.37: Xy plot of temperature - quenching section: paroi2 et paroi3 
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Figure 4.38: Particle number density - quenching section: angular section 
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Figure 4.39: Mean diameter - quenching section: angular section 
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Figure 4.40: Geometric standard deviation - quenching section: angular section 
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Chapter 5 

CONCLUSIONS AND FUTURE 
WORK 

A CFD model of a particle generator with radial injection of a quenching gas has been 
developed to gain a better understanding of the process. The evolution of the particlc si'.Ze 
distribution wasbn calculated using the method of moments and assuming a lognormal 
particle size distribution. 

A main step in the realization of this work was to introduce the equations of aerosol 
growth into the commercial software of CFD FLUENT@. 

The model predicts the presence of a recirculation zone induced by the quenching rate. 
Turbulence is introduced into the reactor by the quenching flow rate. This quenching 
reduces the temperature of the gas from 3000 K to about 500 K. This decrease in 
temperature is important since it increases the saturation ratio of metal vapor giving rise 
to homogeneous nucleation of particles. 

It was found that nucleation of particles depends on the concentration of metal 
vapor in the gas and the temperature. Then, the concentration of the mctal vapor 
decreases sharply close to 1800 K temperature, indicating condensation. The metal vapor 
concentration is decreased primarily by nucleation and condensation. 

The particle characteristics were studied by analyzing the particlc numbcr concentra-
tion, mean geometric diameter and the geometric standard deviation. 

The effects of the following process paramcters on the characteristics of the product 
were studied: injection flow rate and metal vapor concentration. With increasing injec-

72 



tion rate, the particle mean diameter decreases while the geometric standard deviation 
increases slightly. Moreover, it was found that at high injection rates, the amount of 
product recovered increases while the particle characteristics are rclatively inscnsitive 
to the injection rate. This suggest that opcrating in the turbulent rcgimc would be 
more efficient and insensitive to slight fluctuation in injection rate. The injection 
rate is one of the most important process parameters since it can be easily changcd. 
Large particles or small particles can be produced just by adjusting the position of a valve. 

It was found that changing the metal vapor concentration changes the govcrning 
mechanisms that affect the particle size distribution. Three differcnt regions wcrc 
identified. At low metal vapor concentration, low concentration of very small particlcs 
are obtained. Even though these particles are almost monodispersc, and it can't be casy 
to recover the material. It makes economically unattractive. 

Three different designs of quenching injection section werc analy'./,ed. Results show an 
excellent agreement for the case of the angular quench injection. 

It is important to note that the present model assumes that coagulation is not affcctcd 
by the presence of turbulence in the reactor, since the particles being studied arc in 
the free molecular regime. In this regime coagulation is mainly dctermined by brown-
ian motion of the particles and the a toms in the gas rather than by turbulence interaction. 

A partial comparison of calculated results with those of Bilodeau f 1] was donc in the 
order to validate the numerical model. An agreement about the wnes of the rcactor, 
where particles are formed, was found. The values of main propertics as vclocity, 
temperature and mass fraction were compared with similar semblance. Sorne advantagcs 
to stand out about the new CFD model created, are about the friendly acccss to change 
the different parameters and the reduced time of solving. 

In the other hand, it is important to note for the present modcl somc limitations 
related the physics of the problem. The model is limited to particlcs in the frcc molccular 
regime and low metal vapor concentrations. 

In order to extend the capabilities of the present model, other phenomena have to be 
taken into account: brownian coagulation and condensation in the continuum and slip 
regime, turbulent shear coagulation and the latent heat during nucleation and condensa-
tion. The results have shown that working at high metal vapor may be dcsirablc. 
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