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The process of synthesizing silica nanopowder by the gas
phase thermal oxidation of tetraethylorthosilicate in a diffusion
flame reactor was simulated using a commercial computational
fluid dynamic code. The fuel combustion process and silica
particle formation and growth in the flame were modeled. The
temperature, velocity, and particle size distribution (PSD)
fields inside the reactor were computed. Chemical reaction
rate and a population balance model were used to calculate
the particle formation and growth and PSD. Satisfactory
results were obtained for the temperature profile and PSD.
Computed values of the average size of the final products
were consistent with those obtained in a previous experimental
work.

I. Introduction

SILICA (SiO2) nanoparticles are used as additives in plastics
and rubbers to improve the mechanical properties of

elastomers, and in a liquid system to improve the suspension
behavior. The small size and therefore the high ratio of surface
to volume of the particles is responsible for high catalytic ac-
tivity; special optical properties; useful thermophysical, electric
and, magnetic characteristics; and other properties such as
flowability, plasticity, and toughness.1–3

The most important and widespread use of silica nanoparti-
cles in liquid systems is for the control and increase of viscosity
and thixotropy. Thixotropy is the property of non-Newtonian
pseudoplastic fluids to show a time-dependent change in viscos-
ity; the longer the fluid undergoes shear, the lower its viscosity.
Applications where silica nanopowder is used as a thickening
or a thixotropic agent include adhesives, industrial chemicals,
insecticides, lubricants, rubbers, and waxes.2

Silica nanopowder is also used as a suspending agent in many
types of applications, such as aerosols, liquid coatings, inks, and
pharmaceuticals. Silica nanopowder makes a very unique pol-
ishing suspension because it provides a chemical mechanical
polishing (CMP) action for materials such as crystals, compos-
ites, and soft metals. At higher pH values (pH49.5), colloidal
silica is held in nearly perfect suspension by the electrochemical
repulsive forces of the fine particles themselves. Thus, it is faster
and more reliable to remove both surface and subsurface dam-
age on crystals, ceramics, and minerals by CMP with a colloidal
silica slurry.

In dry systems, silica nanopowder acts as a dry lubricant,
promoting free flow of the powder and preventing caking and
lumping. The fumed silica layer decreases bulk tensile strength
and shear strength of the powder, and its moisture-adsorbing
ability helps it to perform an anticaking function. Owing to its
ability to form network structures, silica nanopowder is used
as a reinforcing agent in adhesives, sealants, rubber, and
other elastomeric products. Silica nanopowder is also used to
impart gloss reduction to materials used for protective or
decorative coatings and to increase frictional resistance to slip-
page of surface coatings. Another important function is
antiblocking. Antiblocking is a nonsticking property between
two surfaces. Coatings with enhanced antiblocking ability
have a good resistance to adhesion under the influence of
temperature, relative humidity, or even pressure fusing the sur-
faces together. Plastic, rubber, and hot-melt adhesives tend to
stick to each other when stored in close contact over time. Silica
nanopowder imparts a small but effective roughness to the
surface of any film in which it is embedded, preventing contact
between the film and any other surface. In these and other
applications, the particle morphology, average size, size distri-
bution, and phase composition are the key characteristics of
powders.2

The flame process has been used to produce various
nanoparticles of ceramic and composite materials, ranging in
size from a few to several hundred nanometers, because it
provides a good control of particle size and crystal structure.4,5

This method can also produce high-purity particles conti-
nuously without further treatments such as drying, calcination,
and milling. Silica nanoparticles are most commonly produced
by the oxidation of silicon tetrachloride in a hydrogen–oxygen
flame. Ulrich and Riehl,6 Zhu and Pratsinis,7 and Cho et al.8

studied the synthesis of silica nanoparticles in such a reaction
system. Other precursors used include SiBr4, hexamethyl
disiloxane,9 and tetraethylorthosilicate (TEOS).10–14

Although considerable work has been carried out on flame
synthesis, the formation, growth, and distribution of particles in
a flame with rapid temperature changes, chemical reactions,
and complex fluid dynamics and mixing are still not well
understood. In this work, mathematical modeling of the flame
reaction process for the synthesis of silica powder from TEOS
was performed. The goal was to simulate experimental
results obtained by Jang, described in various papers.12–14 First,
a commercial computational fluid dynamic (CFD) software
package was adapted to the geometry and operating conditions
of the flame reactor without including the particles, in order
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 (PSD) at any point within the
reactor.
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II. Modeling Approach

In the experimental work by Jang12–13 and Jang and Yoon,14

silica nanoparticles were synthesized by the gas phase thermal
oxidation of TEOS in a laminar diffusion flame reactor. A mod-
ified burner composed of five concentric tubes was developed by
Jang.12 Silica nanoparticles ranging from 10 to 40 nm in average
diameter were produced in the experiments.

The simulation of a flame reaction process involves the de-
scription 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 re-
alistic 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 (Lebanon, NH)
was used as the main framework for the computation of the
flame reaction process, by incorporating all the physical and
chemical subprocesses described above.

(1) Reactor Configuration and Computational Mesh
Generation

We created two-dimensional (2D) axisymmetric system meshes
for the reactor used in the experiment by Jang.12 A modified
diffusion flame burner composed of five concentric tubes (2/10,
14/16, 18/22, 24/28, and 30/34 mm in ID/OD) was used in the
experiments. A quartz tube 10 cm in diameter and 120 cm in
length was installed outside the burner to contain the flame and
particles. A schematic diagram of the experimental apparatus is
shown in Fig. 1. Because of the axial symmetry of the reactor,
only half of the domain is needed for simulation. Each inlet
opening was divided by a minimum of four cell widths. The en-
tire domain was 300 mm in length and 50 mm in radius. The
number of cells in our successful runs for the hydrogen–oxygen
flame simulation was 27 027. 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 (H2) is used as the fuel while O2 and air are
used as the oxidants. Argon (Ar) gas saturated with TEOS va-
por was introduced into the central tube of the burner.

This and the subsequent figures representing the reactor
configuration show the vertical experimental reactor turned
901 clockwise. Thus, the bottom side represents the vertical
centerline of the reactor. In some other figures, however, the

entire reactor is turned 901 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 injec-
tion. 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 nearer to the centerline and the
inlet, the denser the meshes.

(2) CFD Process

(A) Basic Governing Equations15: The following partial
differential equations are solved to compute velocity, tempera-
ture, pressure, and species concentration fields inside the reactor.
These equations were solved using a finite control volume
approach by means of the axisymmetric 2D solver available
within the FLUENT software. In our model, the dependent
variables stand for the mixture of a gas and solid phase in the
following equations, which assumes the same temperature for
the particles and the surrounding gas in a cell.

(1) Continuity equation:

H � ðr~nÞ ¼ 0 (1)

(2) Momentum conservation equations:

H � ðr~n~nÞ ¼ �Hpþ H � ðtþttÞ (2)

where p is the static pressure, t is the stress tensor and is given by

t ¼ m½ðH~nþ H~nT Þ � 2
3
H �~nI � (3)

where m is the molecular viscosity, I is the unit tensor, and
the second term on the right-hand side is the effect of volume
dilation.

(3) Turbulence equations: The turbulence kinetic energy k and
the specific dissipation rate e are obtained from the following
transport equations:

q
qt
ðrkÞ þ q

qxi
ðrkuiÞ ¼

q
qxj

Gk
qk
qxj

� �
þ Gk � Yk þ Sk (4)

and

q
qt
ðreÞ þ q

qxi
ðreuiÞ ¼

q
qxj

Ge
qe
qxj

� �
þ Ge � Ye þ Se (5)

where Gk is the generation of turbulence kinetics energy due to
mean velocity gradients. Ge is the generation of e. gk and Ge
represent the effective diffusivity of k and e, respectively. Yk and
Ye represent the dissipation of k and e due to turbulence. Sk and
Se are the user-defined source terms.

Fig. 1. Schematic diagram of experimental apparatus for the synthesis
of silica nanoparticles.
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Fig. 2. Details of the mesh design near the five raw material inlets.
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(4) Energy equations:

rCpð~n � HTÞ ¼ kH2T þ
Xn
i¼1

hiMioi (6)

where Cp is the heat capacity, T is the temperature, and k is the
conductivity coefficient. hi is the enthalpy of species i, Mi is the
molecular weight of species i, and oi is the net production of
species i by a homogeneous chemical reaction.

(5) Species transport equations:

H � ðr~uYiÞ ¼ �H � ~Ji þ Ri þ Si (7)

where Ri is the net rate of production of species i by a chemical
reaction and Si is the rate of creation by addition from the dis-
persed phase plus any user-defined sources. Yi is the mass frac-
tion of each species. Ji is the diffusion flux of species i, which
arises due to concentration gradients.

(6) Equation of state:

p ¼ ðr=MW ÞRT (8)

(7) The population balance equation16:

q
qL
ðnGÞ þ H � ðn~nÞ ¼ Birth�Death (9)

where n is the particle number density function, L represents the
particle size (particle diameter), G is the growth rate of the par-
ticles, and~n is the gas-phase velocity vector. The birth and death
source terms represent the rates of particles birth and death due
to breakage, aggregation, and other related phenomena.

The boundary condition15,16 at L5 0 for the integration of
the second term of Eq. (9) is obtained from

n � dLjL¼0¼ J � Dt ¼ J
dL

G

� �
(10)

and thus

nð0; tÞ � G ¼ J (11)

where J represents the rate of nucleation of particles.

(B) Materials and Operating and Boundary Condi-
tions: The eight species considered in the simulation are H2,
O2, H2O, N2, CO2, Si(OC2H5)4 (TEOS), SiO2, and Ar. The total
pressure was 1 atm (101.3 kPa), and the inlet mass fraction for
each species was specified. At the walls, zero-gradient (zero-flux)
boundary conditions were applied for all species (standard wall
function) and the temperature was maintained at 298 K.

We start with the initial values for temperature at 2000 K, O2

mass fraction of 0.23, H2 mass fraction of 0.1, and Si(OC2H5)4
mass fraction of 10�8. The residues for continuity, component
velocities, and energy are set at 10�6 as the convergence criteria;
the residues of six moments (moments 0–5) are set at 10�4; and
all the others at 10�3. These are the default criteria recommend-
ed by FLUENT. For the system simulated in this work, the
convergence criterion for energy is usually met last and thus
residues for other variables are several orders of magnitude
smaller than the above-set values by the time convergence is
declared.

(3) Combustion and Chemical Reactions

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

Most fuels are fast burning, and the overall rate of reaction is
controlled by turbulent mixing. Thus, the complex and often
unknown chemical kinetic rates can be safely neglected.
However, it is often useful to incorporate the slower chemical
kinetic rate to act as a ‘‘switch,’’ preventing reaction in a region
of low temperature where ignition may not have occurred. In
such a case, the Arrhenius rate parameters may not have to be
exact. Once the flame is ignited, the eddy-dissipation rate is gen-
erally smaller than the Arrhenius rate, and reactions are mixing
limited.

For a laminar finite-rate model, the rate is represented by the
Arrhenius expression:

kf ¼ ArT
br expð�Er=RTÞ (12)

where Ar is the preexponential factor (consistent units); br is the
temperature exponent (dimensionless); Er is the activation ener-
gy for the reaction (J/kmol); and R is the universal gas constant
(J � kmol�1 �K�1).

For the eddy-dissipation model, reaction rates are assumed to
be controlled by the turbulence, which is correct when chemical
kinetics are fast, and thus extensive Arrhenius chemical kinetic
calculations can be avoided. The net rate of production of spe-
cies i due to reaction, Rir, is given by the smaller (that is, the
limiting value) of the two expressions below17:

Rir ¼ virMwiAr
e
k
min
R

YR

vRrMwR

� �
(13)

Rir ¼ virMwiABr
e
k

P
P YPPN

j vjrMwj

(14)

where vir is the stoichiometry coefficient for reactant i in reaction
r, vjr is the stoichiometry coefficient for product j in reaction r,
Mwi is the molecular weight of species i, and r is the density.
YP is the mass fraction of any product species, P; YR is the mass
fraction of a particular reactant, R; A is an empirical constant
equal to 4; and 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 the eddy-dissipation re-
action rates are calculated. The net reaction rate is taken as the
minimum of these two rates.

For the combustion of hydrogen (H211/2O25H2O), the
preexponential factor Ar is 9.87� 108, the activation energy
Er is 3.1� 107 J/kmol, and the temperature exponent
br is zero. The FLUENT calculates the Arrhenius rate by
RA ¼ ArT

brexp(�Er/RT) CH2
CO2

(kmol � (m3 � s)�1), and also
calculates the eddy-dissipation reaction rate by above
Eqs. (13) and (14). Then, the net reaction rate is taken as the
minimum of these rates.

The computation started by forming the flame based on the
reaction of H2 and O2. 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:

SiðOC2H5Þ4 þ 12O2 ¼ SiO2 þ 8CO2 þ 10H2O (15)

For the oxidation of TEOS, we used the oxidation kinetics of
tetramethyl-silane [Si(CH3)4] from the databank in FLUENT,
due to the lack of data for TEOS. However, we retained the
chemical formula and the molecular weight of TEOS. Thus, the
preexponential factor used was 1015, the activation energy was
108 J/kmol, and the temperature exponent was zero. The eddy-
dissipation reaction rate was also calculated by the above Eqs.
(13) and (14). Then, the net reaction rate was taken as the
minimum of these rates.

We mixed TEOS in an Ar 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 temper-
ature, mass density, and concentrations of hydrogen, oxygen,
water vapor, nitrogen, and Ar remain essentially unchanged.
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However, this further gives us confidence that we can add other
gas-phase reactions and the numerical simulation will still
remain stable. The concentrations of the products, silica and
carbon dioxide, of the oxidation of TEOS were obtained and
shown below.

(4) Particle Formation and Growth

The determination of the nucleation and growth kinetics for sil-
ica from the oxidation of TEOS is an extremely difficult prob-
lem, despite considerable research on the subject.6,18 Greatly
simplified expressions were used in this work for these rates, to-
gether with assumed values of the rate parameters. Thus, we
treated these kinetic parameters as adjustable parameters and
determined the best set of values by comparing the results with
available experimental data for the particle size of silica powder
obtained by the flame synthesis.

Assuming power-law kinetics for the nucleation rate, the nu-
cleation rate was expressed by

J ¼ knðS � 1ÞNn (16)

where J (# � s�1 �m�3) is the nucleation rate, kn (# � s�1 �m3) rep-
resents the rate constant, and the exponent Nn was assumed to
be 1. S is the degree of supersaturation (equals to pSiO2

=pSiO2
at

saturation). In this work, J was set equal to zero when So1.
This is equivalent to not volatilizing solid silica once it is formed.

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 ith moment mi is defined
by16

mi ¼
Z 1
0

LinðLÞdL (17)

where L(m) is the particle size, and n(L) is the particle number
density function. The zeroth moment represents the total num-
ber of particles per unit volume. The first moment represents the
total length of particles per unit volume. The second moment
represents the total surface area of particles per unit volume.
The third moment represents the total volume of particles per
unit volume.19 The final PSD is obtained by solving the popu-
lation balance equation using the standard method of moments
or the quadrature method of moments (QMOM).16,20,21

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

Gm ¼ 4VmolDAB
1:013� 105

8:314T
Y�SiO2

ðS � 1Þm0

m1
(18)

where Vmol is the molar volume of the silica particle (m3/mol);
DAB (m2/s) is the diffusion coefficient, which is a function of
temperature (in this work, A is SiO2; B is O2, which is the pre-
dominant gas species); S is the degree of supersaturation (equal
to pSiO2

=pSiO2
at saturation); m0 is the zeroth moment (1/m3) of

the PSD; m1 is the first moment (m/m3) (thus, m1/m0 represents
the number-averaged particle size); Y�SiO2

is the mole fraction of
SiO2 at saturation; and T is the temperature (K).

The growth rate under the control of chemical reaction
kinetics Gc (m/s) was assumed to follow the following
expression:

Gc ¼ kgðS � 1ÞNg (19)

where kg (m/s) represents the rate constant, and the exponentNg

was assumed to be 1.
The total growth rate G under the combined control of

mass transfer and chemical reaction kinetics can then be calcu-
lated by

G ¼ GcGm

Gc þ Gm
(20)

In this work, G was set equal to zero when Sr1. This is again
equivalent to not volatilizing solid silica once it is formed.

In the system studied in this work, the growth rate under the
control of chemical reaction kinetics was the limiting factor.
This means that the growth rate under the control of mass
transfer is much faster than the growth rate of chemical reaction
kinetics.

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

Source ¼ ðp=2Þm2Gr (21)

where r is the solid density (kg/m3) and m2 is the second mo-
ment of the PSD (m2/m3), which represents the total surface area
of particles per unit volume of the reactor.

III. Results and Discussion

(1) Temperature and Velocity Profiles

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

Fig. 3. Contours of temperature (K).
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The distribution of the velocity magnitude, shown in Fig. 4, is
reasonable in both axial and radial directions. The 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 expan-
sion of the gas flow is simulated correctly and the magnitude of
the flow rate is reasonable. In addition, the presence of a recir-
culating zone is indicated correctly. This converged result adds
to our confidence for the computation of the velocity field under
the experimental conditions to be simulated.

The solution was converged after some 20 000 iterations.
Most residuals are under 10�6, with a few being below 10�5.
It took more than 10 h of computation on a computer with a
Pentium 4.3 GHz processor and 1 GB memory.

(2) PSD and Discussion

The nucleation rate and growth rate are two important factors
that determine the particle size. Table I summarizes the com-
puted PSD parameters with various combinations of the nucle-
ation rate constant kn and the particle growth rate constant kg in
Eqs. (16) and (19), respectively. Because there are no indepen-
dently measured data on these parameters for the system being
simulated, we adopted the approach to perform a parametric
study to investigate the effect of these parameters on the PSD of
the final product powder. These results were obtained by
QMOM and the mean particle sizes were calculated by the
area-weighted average diameter. Experimentally, the average
particle diameter La was obtained from the measured specific
surface area A and particle density rp.

12 Thus, La is calculated
from the computed results by

La ¼
6

rpA
¼ 6

rp
s

rpv

¼ 6v

s
¼

6 p
6

R1
0 L3nðLÞdL

p
R1
0 L2nðLÞdL

¼ m3

m2
(22)

where La is the average particle diameter, S is the surface area of
the particles, V is the volume of the particles, m2 and m3 are the

second and third moments, respectively, and n(L) is the number
density function.

From Table I, it can be seen that a 10-fold increase in the
nucleation rate constant kn for the same growth rate constant
results in a decrease of the particle diameter 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 diameter decreases to the cubic root of one-
tenth, that is, 1/2.15, which is about half the original diameter.

The coefficient of variation, cv, represents the degree of
spread of the size distribution, defined as the ratio of the stan-
dard deviation of a distribution to its mean size. The particle size
used here is the average particle diameter based on specific
surface area, as described in Eq. (22). Then, the coefficient of

Fig. 4. Contours of velocity magnitude (m/s).

Fig. 5. Contours of stream function (kg/s).

Table I. Particle Size Distribution of Product Powder with
Different Nucleation Rate and Growth Rate Constants

kn (#/s) kg (m/s)

Average particle diameter

based on specific surface

area (m3/m2) (nm) cv5 [m4�m2/(m3)
2�1]1/2

1� 10�2 1� 10�26 10 0.55
1� 10�2 1� 10�25 61.4 0.59
1� 10�1 1� 10�25 36.7 0.61
1 1� 10�26 8.75 0.56
1 1� 10�25 20.9 0.63
1 1� 10�24 40.1 0.73
10 1� 10�25 11.9 0.67
10 1� 10�24 22.6 0.71
10 1� 10�23 36.8 0.52
10 1� 10�22 57.2 0.45
1� 102 1� 10�25 7 0.72
1� 102 1� 10�24 12.5 0.65
1� 102 1� 10�23 19.7 0.48
1� 103 1� 10�26 2.1 0.63
1� 103 1� 10�25 4 0.73
1� 103 1� 10�24 6.8 0.59
1� 103 1� 10�22 17.3 0.44
1� 104 1� 10�25 2.3 0.71
1� 104 1� 10�24 3.7 0.52
1� 104 1� 10�23 5.7 0.45

Product particle size distribution (experimental reactor used by Jang12): O2, 15

L/min; Air, 40 L/min; H2, 6 L/min; Ar, 10 L/min; carrier gas (Ar), 1 L/min.

G5Gc�Gm/(Gc1Gm), where G is the total growth rate;

Gc5kg�ðS � 1ÞNg (m � (m3 � s)�1). Gc, growth rate by chemical reaction; Gm,

growth rate by mass transfer. J5kn�ðS � 1ÞNn (# � (m3 � s)�1): Nucleation rate.

TEOS concentration is 0.6% (4.73� 10�5 mol/L). TEOS, tetraethylorthosilicate.

Table II. Average Particle Diameter of the Product Powder
for the Best Set of Combinations of the Nucleation and Growth

Rate Constants

kn (#/s) kg (m/s)

Computed average particle diameter based on specific surface

area (m3/m2) (nm)

TEOS

(2.5� 10�4 mol/L)

TEOS

(9.8� 10�6 mol/L)

20 2� 10�24 31.2 15.3
15 10�24 29.2 13.5
10 10�24 32.5 14.8
10 10�23 51.9 26.8
8 10�24 34.5 15.6

Particle size 11 nm—(TEOS 9.8� 10�6 mol/L5 0.12 wt%) (experiment by

Jang12). Particle size 38 nm—(TEOS 2.5� 10�4 mol/L5 3.1 wt%) (experiment by

Jang12). Product particle size comparison (experimental reactor used by Jang12).

O2, 15 L/min; Air, 40 L/min; H2, 6 L/min; Ar, 10 L/min; carrier gas (Ar), 1 L/min.

TEOS, tetraethylorthosilicate. Boldface signifies that this combination of kn and kg
gave the best results.
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variation is given in terms of the moments as follows:

cv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4m2

ðm3Þ2
� 1

s
(23)

In Jang’s study,12 the effects of key variables such as precur-
sor (TEOS) concentration, total gas flow rate, and gas compo-
sition in the diffusion flame from the burner on the particle size
were investigated. According to the experiments by Jang,12 as
the TEOS concentration in the flame was increased from
9.8� 10�6 to 2.5� 10�4 mol/L, the average diameter based on
specific surface area (m3/m2) increased from about 11 nm to
about 38 nm. Various combinations of the nucleation and
growth rate constants were tested, and some typical results are
shown in Table II. The combination of the rate constants kn 5 8
#/s and kg5 10�24 m/s used in the simulation resulted in the
corresponding diameters of 15.6 and 34.5 nm. Because there are
other uncertainties in both the experiments and simulation in
terms of measurements in the former and rate expressions in the
latter, closer matching between the experimental and simulation
results would not be meaningful. Thus, this combination of rate
constants was used to simulate experiments performed under
other conditions. Figures 6 and 7 show typical examples of the
PSD computed with these values. These figures show the aver-
age particle diameter inside the reactor at any point. From these

figures, 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 remains longer near the wall.

Table III shows the comparison of product particle size be-
tween the experiment and the simulation. The first two cases in
this table are those used to determine the best combination of
the rate constants, as shown in Table II. Case 3 shows that when
the TEOS concentration was changed to 1.91� 10�4 mol/L and
the airflow rate were changed to 20 L/min, the experimental
particle diameter was 26 nm. The computer simulation of this
run resulted in a reasonably close average diameter of 30.8 nm.

Cases 4–9 were tested for the effect of gas composition in the
burner on the average particle size of the product.

As the first change, Ar gas in the second tube of the burner
was replaced with air. By comparing cases 1 and 4, it can be seen
that this change results in an increase in the particle size due to
the higher oxygen concentration and the resulting lower degree
of dilution of the silica vapor. The computed increase was con-
siderably smaller than the experimentally observed one. The
effect of TEOS concentration on the product particle size can be
seen by comparing cases 4 and 5. As the TEOS concentration
increased from 9.8� 10�6 to 1.88� 10�4 mol//L, the average
diameter of silica particles increased from 21 to 32 nm.

As the second change, the oxygen flow rate in the fourth tube
of the burner was decreased from 15 to 5 L/min while air
(10 L/min) was injected through the second tube and the total

Fig. 6. Contours of volume average particle diameter (m) (kn5 8 #/s, kg5 10�24 m/s, TEOS59.8� 10�6 mol/L). TEOS, tetraethylorthosilicate.

Fig. 7. Contours of volume average particle diameter (m) (kn5 8 #/s, kg5 10�24 m/s, TEOS52.5� 10�4 mol/L). TEOS, tetraethylorthosilicate.
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gas flow rate was maintained the same by increasing the airflow
rate in the fifth tube. As the oxygen flow rate decreased, the av-
erage particle diameter of the product decreased from 28 to 18 as
shown in cases 6 and 7. For case 6, the simulation and the ex-
perimental result matched well. But in case 7, the simulation did
not yield a converged result.

As the third change, the hydrogen flow rate in the third tube
of the burner was decreased from 6 to 4 L/min at a constant
total gas flow rate. The average particle diameter of the product
remained nearly the same at 28 nm. The calculated average par-
ticle diameter increased somewhat from 30.5 to 35 nm.

The main purpose of this research was to simulate the syn-
thesis process of silica nanoparticles from TEOS, which will be
helpful in scaling-up of the process. Computed results for the
scaled-up reactor are presented below.

When the scaled-up reactor was simulated, the number of
cells was kept the same at 27 027. The entire domain was in-
creased from 300 mm to 300� 12.28 (3684 mm) in length and
from 50 mm to 50� 12.28 (614 mm) in radius. So far, this was
the maximum size that yielded converged results. With the in-
crease of the reactor size, the total feed linear rate had to be
decreased in order to obtain a converged result in this work. For
stable running, the flow rate through the first tube was 2 m/s of
Ar plus TEOS; through the second, 0.055 m/s of Ar; through the
third, 0.47 m/s of H2; through the fourth, 0.87 m/s of O2; and
through the fifth, 1.83 m/s of air. The production rate increased
approximately 560 times. kn was set equal to 8 (#/s) and kg was
set equal to 10�24 (m/s). The energy convergence criterion was

changed to 10�5, while others were kept the same. Figure 8
shows the results for the scaled-up processing in terms of prod-
uct average particle size versus TEOS concentration. The aver-
age particle size was again based on specific surface area
(m3/m2). When the TEOS concentration increased from 0.03
to 0.15 (mass fraction of TEOS in Ar plus TEOS inlet), the
average particle diameter increased from 36 to 55 nm. These
results need to be validated by future experiments.

Figure 9 shows the computed contours of average particle
diameter in a scaled-up reactor with a concentration of TEOS of
6% in the feed stream. It is observed that the PSD is different
from the experimental reactor. For the experimental reactor, the
particles at the central part are quickly carried away by the feed
gases; the particles remained briefly in the central region and
remained longer in the region near the wall. Thus, particle size is
smaller at the central part and larger near the wall. But for the
scaled-up reactor, the inlet gas velocity was slower and the re-
actor size was larger. Thus, the particles spend more time near
the center after being produced.

When more detailed experimental data become available, ad-
ditional model validation can be performed, especially in terms
of obtaining reliable values of the rate constants and with re-
spect to the effects of process conditions as well as the spread in
PSD.

IV. Concluding Remarks

A 2D CFD simulation was implemented to model the flame
reaction process for silica nanopowder synthesis from TEOS.
The fuel combustion process and silica particle formation and
growth in the flame were simulated. The results for temperature,
velocity profile, and PSD are reasonable. Various operating
conditions such as different TEOS concentration and total gas
flow rate and gas composition were tested. The combinations of
assumed values of nucleation rate constant kn (# � s�1 �m3) and
growth rate constant kg (m/s) that yield results that are consis-
tent with experimental data have been identified. Finer particles
are obtained with a lower precursor concentration. A higher
oxygen concentration mixed with the precursor results in larger
particles. The fact that the assumed value of kg has a significant
effect on the computed result indicates that the chemical
reaction on the particle surface largely controls the growth
rate and the mass transfer from the bulk gas is faster by
comparison. It could be argued that the simulation could be
improved further by using finer meshes and a more accurate
nucleation and growth model, but this is very difficult for such
a rapid chemical reaction process.

This work has shown that, by using CFD, details of com-
bustion and particle formation and distribution inside the reac-
tor can be obtained to a reasonable degree of satisfaction. To the
best of the authors’ knowledge, this is the first application of
CFD to the flame synthesis of silica nanopowder. It is expected

Table III. Comparison of Product Particle Size between Experiment and Simulation

Case

TEOS Carrier gas Ar H2 O2 Air Particle diameter (nm)

Simulation

Concentration

(mol/L)

1st tube

(L/min) 2nd tube (L/min)

3rd tube

(L/min)

4th tube

(L/min)

5th tube

(L/min)

Jang’s

experiment12

1 9.8� 10�6 1 10 6 15 40 11 15.6
2 2.5� 10�4 1 10 6 15 40 38 34.5
3 1.91� 10�4 1 10 6 15 20 26 30.8
4 9.8� 10�6 1 10 (replaced by air) 6 15 40 21 17.3
5 1.88� 10�4 1 10 (replaced by air) 6 15 40 32 30.9
6 1.38� 10�4 1 10 (replaced by air) 6 15 40 28 29.6
7 1.38� 10�4 1 10 (replaced by air) 6 5 50 18 Did not converge
8 1.38� 10�4 1 10 6 15 40 28 30.5
9 1.38� 10�4 1 10 4 15 42 28 35

TEOS, tetraethylorthosilicate.

Fig. 8. Average particle diameter of product versus tetraethylorthosil-
icate (TEOS) concentration (scaled-up reactor).
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that this CFD simulation will be very useful in scaling up the
flame reactor to an industrial scale.
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