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Abstract

The process of synthesizing silica nanopowder by the gas phase thermal oxidation of
tetraethylorthosilicate (TEOS) in a diffusion flame reactor was simulated using a commercial
computational fluid dynamic (CFD) code. The fuel combustion process and silica particle
formation and growth in the flame are modeled. The temperature, velocity and particle size
distribution (PSD) fields inside the reactor are computed. Chemical reaction rate and population
balance model (PBM) were used to calculate the particle formation and growth and PSD.

Introduction

Silica (Si0,) nanoparticles are used as additives in plastics and rubbers to improve mechanical
properties of elastomers, and in liquid system to improve the suspension behavior. In these
applications, the particle morphology, average size, size distribution, and phase composition are
considered as the key characteristics of powders that must be controlled [1].

Flame aerosol process has been used to produce various nanoparticles such as ceramic, metal and
composite powders because it provides good control of particle size and crystal structure. This
method can also produce high-purity particles continuously without further treatments such as
drying, calcinations and milling. The sizes of flame-made particles range from a few to several
hundred nanometers, depending on process conditions [2,3].

In this work, a mathematical model of the flame reaction process for the synthesis of silicon
compounds from tetraethylorthosilicate (TEOS) was created. The goal was to simulate
experimental results obtained by Jang, described in various papers [4,5,6].First a commercial
CFD software package was adapted to the geometry and operating conditions of the flame
reactor without including the particles to obtain the correct temperature and velocity fields of the
hydrogen-oxygen flame. The silica particle nucleation and growth was then incorporated into the
simulation through the use of the nucleation kinetics and particle growth model together with the
population balance approach to keep track of the particle size distribution at any point within the
reactor.



Modeling approach

In the experimental work by Jang [4, 5, 6], silica nanoparticles were synthesized by the gas phase
thermal oxidation of tetraethylorthosilicate (TEOS) in a laminar diffusion flame reactor. A
modified burner composed of five concentric tubes was developed by Jang and coworkers [4].
Silica nanoparticles ranged from 10 to 40 nm in average size were produced in their experiments.

The simulation of a flame reaction process involves the description of the fluid flow, heat and
mass transfer processes, chemical reactions, and mixing of the gaseous components fuel, oxidant
and precursor as well as the particle formation and growth. The model resulting from such an
approach is most realistic and, more importantly, can be used to predict with greater confidence
the results of the process operated under various other sets of conditions.

A commercial computer software Fluent was used as the main framework for the computation of
the flame reaction process, by incorporating all the physical and chemical subprocesses

described above

Computational mesh generation

We created 2-D system meshes for the reactor used in the experiment by Jang and coworkers [4].
Because of the axial symmetry of the reactor, only one half of the domain is needed for
simulation. Each inlet opening was divided by a minimum of four cell widths. The entire domain
was 300mm in length and 50mm in width. The number of cells in our successful runs for the
hydrogen-oxygen flame simulation was 27027. This mesh design is shown in Fig. 1. This and the
subsequent figures representing the reactor configuration show the vertical experimental reactor
turned 90 degrees clockwise. Thus, the bottom side represents the vertical centerline of the
reactor in Fig.1. (In some other figures the entire reactor is turned 90 degrees clockwise making
the bottom the opposite wall.) The left side of the figure represents the bottom of the reactor with
five concentric openings for raw material injection. The top of the figure represents the reactor
wall and the right side represents the top of the reactor where the gas and particles leave the
reactor. The meshes in the domain are not uniform. The nearer the centerline, the denser the
meshes are. The nearer the inlet and outlet, the denser the meshes.

_
Figure 1. Overall mesh generation.



Figure 2 shows the details of the mesh design near the five raw material inlets of the modified
diffusion flame burner composed of five concentric stainless tubes. Hydrogen (H;) is used as a
fuel while O, and air are used as oxidants. Argon (Ar) gas saturated with TEOS vapor was
introduced to the central tube of the burner.
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Figure 2. Details of the mesh design near the five raw material inlets

Computation Fluid Dynamics (CFD) process

Basic governing equations [6]. The following partial differential equations are solved to compute
velocity, temperature, pressure and species concentration fields inside the reactor.

1) Momentum equations: Navier-Stokes equations (3D in Cartesian coordinates)
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2) Energy equations
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where C, is heat capacity, T is temperature, Source can be chemical reaction or other energy

production or consumption process, and @, is the dissipation function. The term u@, is usually
negligible, except in systems with large velocity gradients.
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3) Species transport equations:
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where R; is the net rate of production of species i by chemical reaction and S; is the rate of
creation by addition from the dispersed phase plus any user-defined sources. Y; is mass fraction
of each species. J; is the diffusion flux of species i, which arises due to concentration gradients.

4) Continuity equation:
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5) Equation of state: p=(p/MW) RT (7)

6) The population balance equation [7]:
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where 7 is population density, B is birth rate, D is death rate, G is particle molecular growth rate.

Materials and operating and boundary conditions

The eight species considered in the simulation are Hy, O,, H,O, N,, CO,, Si(OC,Hs)4, (TEOS),
Si0; and Ar. The total pressure is taken as 1 atm (101.3 kPa).We specify the inlet mass fraction
for each species in our simulation. For example, we set mass fraction of TEOS as 0.6% (based on
2.5x10* mol/l) in the Argon and TEOS inlet. In some runs, we have varied the mass fraction of
TEOS to calculate its effect. At the walls, Fluent applies a zero-gradient (zero-flux) boundary
condition for all species (standard wall function) and temperature is kept at 298 K.

We start with the initial values for temperature at 2000 K, O, mass fraction of 0.23, H, mass
fraction of 0.1and Si(OC,Hs)s mass fraction of 10™. The residues for continuity, x-velocity, y-
velocity and energy are set at 10° as the conversion criteria, the residues of six moments
(moments 0~5) are set at 10™ and the others at 10,

Combustion and chemical reaction

The species transport and finite-rate chemistry modeling, which is one of the five combustion
modeling approached in Fluent, was chosen for this work. The reaction rates that appear as
source terms are computed by combined finite-rate/eddy-dissipation model.

For laminar finite-rate model: The effects of turbulent fluctuations are ignored, and the rate
constants are presented by Arrhenius expressions.

ky=A, T"" exp(-E,/RT) 9)

where 4, is pre-exponential factor (consistent units); S, is temperature exponent (dimensionless);
E, is activation energy for the reaction (J/kmol); R is universal gas constant (J/kmol-K).

For eddy-dissipation model, reaction rates are assumed to be controlled by the turbulence, and
thus extensive Arrhenius chemical kinetic calculations can be avoided. The model is
computationally cheap, but for realistic results, only one or two step heat-release mechanisms
should be used.
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The net rate of production of species i due to reaction, R;,, is given by the smaller (i,e., limiting
value) of the two expressions below:
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where Yp is the mass fraction of any product species, P; Yx is the mass fraction of a particular
reactant, R; 4 is an empirical constant equal to 4.0; B is an empirical constant equal to 0.5.

In this work, the combined finite-rate/eddy-dissipation model is used, where both the Arrhenius
and eddy-dissipation reaction rates are calculated. The net reaction rate is taken as the minimum
of these two rates.

The computation started by forming the flame based on the reaction of H, and O,. For this
purpose, the TEOS and Ar inlet stream was replaced by pure Ar. When the result is converged,
we added the oxidation reaction of TEOS:

SI(OC2H5)4 + 120, = Si0, + 8CO, + 10H,O (12)

We mixed 0.6 wt% of TEOS in an argon carrier gas in the TEOS input stream through the
innermost feed tube. Because of the small amount of TEOS added, the results for the profiles of
temperature, mass density, and concentrations of hydrogen, oxygen, water vapor, nitrogen and
argon remain essentially unchanged. However, this further gives us confidence that we can add
other gas-phase reactions and the numerical simulation still remains stable. The concentrations of
the products, silica and carbon dioxide, of the oxidation of TEOS were obtained and shown
below.

Particle formation and growth.

Different nucleation rate and growth rate models were tested in our calculation. Finally the
following models were chosen based on the compromise of accuracy and easy implementation.

The linear growth rate of a particle under the control of mass transfer is given by

Gce = 4* Vmol *Dap*1.013%10%/8.314/T * (1-1/S)*m¢/ m;*Ysion, (13)

where Vmol is mole volume of the silica particle (m*/mol); Dag is diffusion coefficient; S is the
degree of supersaturation (equals to Psio2/ Psio2 at Samrmon%; my is the Zeroth moment (1/m3) of the
particle size distribution; m; is the first moment (m/m’); (thus, m;/my represents the number-
averaged particle size); Ysioz is mole fraction of SiO; in the gas phase.

Gm is defined as the growth rate under the control of chemical kinetics:

Gm=K*(S-1) M¢, (14)

where K, represents the rate constant and the exponent N, was assumed to be 1.
The total growth rate Gt then can be calculated by:

Gt = (Ge * Gm)/(Ge+ Gm) (16)



In terms of the particle growth rate, the rate of increase of the solid mass per unit volume of the
system is given by:

Source = (1 /2) myG-p, (15)

where p is solid density (kg/m’) and m, is second moment of the particle size distribution
(m*/m*), which represents the total surface area of particles per unit volume of the reactor.

Assuming power-law kinetics for the nucleation rate, then nucleation rate can be calculated by:

J=Kn* (S-1) ™", (16)
where J is Nucleation rate; Kn is the rate constant; and the exponent Nn equals 1.

The results for the size distribution characteristics of the silica particles produced by the
oxidation of TEOS in a flame reaction process are expressed in terms of the appropriate
moments of the size distribution. The i moment my; is defined by

m, = [ Ln(L)dL
= [, Ln(@) 17
where L is particle size, n(L) is the particle number density function. The final particle size
distribution are obtained by solving population balance equation using SMOM and QMOM

method [7, 8, 9].

Results and discussion

Temperature and velocity profile results and discussion

Figure 3 shows the converged result, which indicates that the computed temperature field is very
realistic in terms of the magnitude and distribution of temperature. It is highest where the main
fuel hydrogen comes in contact with oxygen and decreased in the axial and radial directions,
enveloped within a region reasonably shaped like a flame.

The distribution of the velocity magnitude, shown in Fig. 4, is reasonable in both axial and radial
directions. This converged result gave us confidence that the simulation was correct as far as the
velocity as a function of position was concerned.

The contours of the stream function (the iso-stream function lines), shown in Fig. 5, represent the
paths of the fluid elements. Further, the magnitude of the stream function indicates the flow rate
between two adjacent lines. It is seen that the radial expansion of the gas flow is simulated
correctly and the magnitude of the flow rate is reasonable. In addition, the presence of a
recirculating zone is indicated accurately. This converged result adds to our confidence for the
computation of the velocity field under the experimental conditions to be simulated.

After some 20,000 iterations, the solution was converged (shown as Figure 6). The residual is
under 10°°. It takes more than 10 hours of computation on a computer with Pentium 4, 3G Hz
processor and 1 G Hz memory. All the pictures shown in this paper are converged. (Different
case required different iterations and computation time.)
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Figure 6. Scaled residuals for all variables

Particle distribution profile and discussion

Figures 7~9 are the typical examples of the particle size distribution computed with different
combination of Kn and Kg values. The particle sizes match the result of experiment well. These
results are obtained by the quadrature method of moments (QMOM)
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Figure 7. Contours of volume average particle size (m) (Kn=10, Kg=10"")
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Figure 9. contours of volume average pil size (m) (Kn=10°, Kg=10")

These figures show the average particle size inside the reactor at any point. It is obtained by
dividing the fourth moment of the particle size distribution function by the third moment. From
this, we see that the average particle size is small close to the centerline and larger close to the
wall. The reason is because the particle stays longer near the wall.

Table 1 summarizes the calculated particle size distribution parameters from the converged
results computation with various combinations of the nucleation rate constant Kn and the particle
growth rate constant Kg in Egs. (16) and (14), respectively, which yield average particle size in
and near the experimentally observed range of 10 — 40 nm [4]. Because there are no
independently measured data on these parameters for the system being simulated, we took the
approach to perform a parametric study to investigate the effect of these parameters on the
particle size distribution.

From this table, it is seen that a 10-fold increase in the nucleation rate constant Kn for the same
growth rate constant results in the decrease of the particle size by approximately half. This agrees
with the fact that when the nucleation rate increases by 10 times, approximately 10 times more
particles form and the average particle volume reduces to one-tenth. Thus, the particle size
decreases to the cubic root of one tenth, i.e 1/2.154 which is about half the original size.

When and if more detailed experimental data for become available, additional model verification
and validation can be performed, especially in terms of obtaining reliable values of the rate
constants and with respect to the effects of process conditions as well as the spread in particle
size distribution.



Table I Converged results with various combinations of nucleation and growth rate constants.
(TEOS concentration is 0.06%, based on 2.5x10™* mol/l [4])

Average particle size CV=

Kn Keg (rng4/£13) (m) [m5*m3/(md)>1]"
1*10 1*10°%° 2.518*107 0.4397
1%107 1%10% 1.085*%10” 0.482
1%10! 1%107%° 2.335%107 0.4467
1%107 1%10% 6.166*%10® 0.4915
1 1%10°%° 1.752*107 0.4659
1 1%10% 3.377*10°® 0.4997
1 1%10% 5.504*107 0.5853
10 1%10% 1.828*107 0.5132
10 1%107% 3.021*107 0.6157
10 1%10% 4.751%107 0.513
1*10? 1%10°% 9.974*10” 0.5448
1*10° 1*10°% 1.640%107 0.6241
1*10° 1%10% 2.548*10° 0.4153
1*10° 1%107%° 3.377*107 0.4997
1*10° 1%10% 5.504*10” 0.5853
1*10° 1%10% 8.870%10” 0.5953
1*10° 1%10% 2.520%10° 0.3727
1*10* 1%10°% 3.020%10” 0.6131
1*10* 1%10% 4.750%10” 0.513
1*10* 1%10% 7.716%10” 0.3567

Concluding remarks

A two-dimensional CFD simulation was implemented to model the flame spray process for silica
nano-powder synthesis from TEOS. Different operating conditions were tested. The
combinations of assumed values of Kn and Kg that yield results that are consistent with
experimental data have been identified. This work proved that by using CFD, more details of
combustion and particle distribution and forming inside reactor can be obtained. This simulation
work can be improved further by using finer mesh, and using a more accurate nucleation and
growth model.
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