
f
in a

-type
tion
rosol
light

osite
as
s

714

HelpCommentsWelcome
Journal of

MATERIALS RESEARCH
Characterization of iron oxide-silica nanocomposites in flames:
Part II. Comparison of discrete-sectional model predictions
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A discrete-sectional model accounting for particle formation by chemical reaction
and growth by coagulation and condensation is developed to predict the evolution o
the nanocomposite aerosol size distribution in a multicomponent iron-silicon system
flame. Particle formation by nucleation of the vapor is represented by an Arrhenius
rate expression, with the rate constant being obtained from experiments and simula
results reported in the literature. Precursor vapor concentrations and the second ae
volume moment predictions are compared to laser-induced fluorescence (LIF) and
scattering intensity measurements from experiments described in Part I20 of the paper.
The results elucidate the important formation and growth mechanisms of nanocomp
ferric oxide-silica particles in flame reactors. The role of operating parameters such
precursor characteristics and temperature profiles on the final product characteristic
is established.
s

t
i

a

h
r

g
.

e

s

f

as
s.

e

ch
in
m

a
cal
es,
u-
el
in

le
I. INTRODUCTION

Several physico-chemical processes are underw
enroute to particle formation in multicomponent system
To better understand the role of these different proces
it is important to model the behavior of such system
The general dynamic equation (GDE), also called
population balance equation, is the governing equat
that describes particle formation and growth.1,2 The
GDE is a nonlinear, partial integro-differential equ
tion, and several different approaches have been u
to solve this equation to predict the evolution of th
aerosol size distribution. Models that approximate t
size distribution by a finite number of sections we
developed by Gelbard and Seinfeld.3 The accuracy of
these models depends on the selection of the inte
property that is conserved and on the section spacing
accurately predict the initial stages of particle formatio
it is essential to use a discrete formulation.4–6 The
computational time requirements of a complete discr
formulation are rather enormous, and the simulation
limited to a few milliseconds even on supercomputer4

This led to the development of a discrete-section
model,5 where a discrete representation is used
the smaller particles followed by a sectional represe
tation of the larger sizes. Wu and Flagan5 used an

a)Author to whom correspondence must be addressed.
b)National Research Council/NIST Postdoctoral Fellow.
J. Mater. Res., Vol. 12, No. 3, Mar 1997
ay
s.
es,
s.
he
on

-
sed
e
e
e

ral
To

n,

te
is
.
al
or
n-

approximation similar to Gelbardet al.7 for the spacing
of the sections, where a geometric approximation w
made to simplify calculation of the coagulation kernel
Landgrebe and Pratsinis6 removed this restriction and
used an arbitrary spacing of the sections.

In this paper, an approach similar to Landgreb
and Pratsinis6 is used to model the prediction of the
aerosol size distribution. The discrete-sectional approa
is extended to simulate particle formation and growth
multicomponent environments, and applied to a syste
for the formation of nanocomposite ferric oxide-silic
particles. The model accounts for simultaneous chemi
reaction to form the vapor phase precursor to particl
particle formation by a kinetic process, growth by coag
lation, and condensation. The predictions of the mod
are compared to the results of experiments described
Part I.20

II. MODEL DEVELOPMENT

The general dynamic equation for the gas to partic
conversion process is1,2
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The first term on the left-hand side (LHS) is the rate
change of the particle distribution function in the partic
volume intervaly to y 1 dy, the second term on the
LHS accounts for the effect of condensation at rateG,
and the third term on the LHS describes the formati
of new particles of critical volumeyp at rateI 0. The
terms on the right-hand side account for the effect
Brownian coagulation.

A schematic representation of the process occurr
is shown in Fig. 1, with experimental details bein
described in Part I20 of this paper. Iron carbonyl and
hexamethyl disiloxane, individually and together, a
introduced as precursors to a methane-oxygen-nitro
flame. First, a discussion for a single precursor fe
(Cases 1 to 5, Table II) is provided. The iron carbon
vapors enter the flame region, decompose, and are
dized to form iron oxide vapors. The formation of FeO(
by oxidation of iron carbonyl is described by a first-ord
kinetic process (rate constant,k1,Fe) in the presence of
excess oxygen.8 Similarly, the oxidation of hexamethy
disiloxane is described by a first-order process in t
presence of excess oxygen. As no data are availa
in the literature for oxidation rates of hexamethyl d
siloxane, and as its decomposition to Si is rapid (s
Fig. 1), the rate constant is assumed to be similar
that reported for silicon tetrachloride oxidation.9 These
vapors then nucleate to form the oxide particles. Due
the low vapor pressures of the resultant oxides, class
descriptions1,2 of the nucleation phenomena indicate th
there is no thermodynamic barrier to particle formatio
and this clearly indicates that an atomistic approa
needs to be used.10 Values of the rate constant,k2,Si,
for silica particle formation estimated by Zachariah an
Tsang11 are used in this work. Due to the complex
ties of theab initio calculations for the rate constants
the second-order rate constant,k2,Fe (Fig. 1), for iron
oxide particle formation was determined by fitting th

FIG. 1. Mechanisms of particle formation for the different fee
conditions.
J. Mater. Res., Vol. 1
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model simulation to the experimental results for on
set of conditions (Case 2, Table II). Using a temperatu
dependency similar to that for silica particle formatio
these were used to predict results for the other conditi
(Cases 1 and 3). Particle growth occurs by coagulat
and condensation. The expressions for the coagula
kernels are similar to those derived by Landgrebe a
Pratsinis6 for an arbitrary section spacing,fs. [The
differences are the discrete-discrete collosion integra
Table IB, and the missing coefficient (misprint), 1y9, in
the ln2 sg expression, Eq. B15, in the Landgrebe an
Pratsinis paper.] The expressions for the condensa
kernels are similar to the coagulation kernels, exce
that b is replaced by the free molecular condensati
coefficient,1 along with the Kelvin effect expression
Evaporation, however, is not considered. As mention
earlier, a discrete-sectional representation is used
describe the aerosol, the lower sizes being represen
by a discrete representation (volumes of sizes be
multiples of molecular size of iron oxide and silica
followed by a sectional representation of spacing,fs.
The governing equations are written in the form of th
z th aerosol volume moments, and are listed in Table
For example,z  0 results in conservation of the tota
number,z  1 indicates conservation of total volume
and z  2 indicates conservation of the total volum
squared. The choice ofz has a physical connotation a
to which integral property is conserved. The number
discrete sizes and sections are varied to ensure that
error is minimal.

When both components are introduced together i
the flame region, an additional surface is available
condensation of iron oxide vapors, and the iron o
ide and silica particles may also coagulate with ea
other. As discussed in Part I,20 the precursor oxida-
tion chemistries are independent and the oxidation r
constants are assumed to be the same as descr
earlier (k1,Fe and k1,Si). Furthermore, for simplicity, it
is assumed that there is no iron oxide particle a
silica particle interaction in the discrete size range
Interaction by coagulation and condensation is accoun
for particles in the sectional regimes, and is model
similar to that by Gelbard and Seinfeld.12 Also, as iron
oxide and silica are not miscible, an accommodati
factor, a, is used in the heterogeneous condensat
expression. There are no reported values ofa for iron
oxide-silica systems in the literature, and hence t
value is determined by fitting the predicted values
experimental measurements. The governing equatio
in general form, are listed in Table I.

A summary of all the simulations performed i
listed in Table II. Three classes of simulations we
carried out: (a) iron precursor feed only (three differe
concentrations), (b) silicon precursor feed only (tw
concentrations), and (c) iron and silicon precursors f
2, No. 3, Mar 1997 715
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TABLE IA. The general dynamic equations for the multicomponent discrete-sectional model for thez th aerosol moment.

dq2,m

dt
 k2,mq2

1,m 2 q2,m
Pmaxm

j2
2b

DD
2,j,mqj,m 2 q2,m

PMAX
k1

4b
D
2,k,mQk

First discrete size

2 4b
DD
1,2,msq1,m 2 q2,sat,mdq2,m

dqi,m

dt


1
2

Pi22
j2

1b
DD
j,i2j,i,mqj,mqi2j,m 2 qi,m

Pmaxm
j2

2b
DD
i,j,mqj,m 2 qi,m

PMAX
k1

4b
D
i,k,m Qk

Other discrete sizes

2 4b
DD
1,i,msq1,m 2 qi,sat,mdqi,m 1 1b

DD
1,i21,i,msq1,m 2 qi21,sat,mdqi21,m

dQ1

dt


1
2

Pmmax
m1

Pmaxm
i2

Pmaxm
j2

1b
DDS
i,j,1,mqi,mqj,m 2 Q1

Pmmax
m1

Pmaxm
i2

2b
D
i,1,mqi,m

First section

1 Q1
Pmmax

m1

Pmaxm
i2

5b
D
i,1,mqi,m 2

1
2

3b1Q2
1 1

1
2

6b1Q2
1 2 Q1

PMAX
i2

4b1,iQi

2 a
Pmmax

m1
2b

D
1,1,msq1,m 2 Q1,sat,mdQ1 1 a

Pmmax
m1

5b
D
1,1,msq1,m 2 Q1,sat,mdQ1

1 a
Pmmax

m1
1b

DDS
1,maxm ,1,msq1,m 2 qmax,sat,mdqmax,m

dQk

dt


1
2

Pmmax
m1

Pmaxm
i2

Pmaxm
j2

1b
DDS
i,j,k,mqi,mqj,m 2

Pmmax
m1

Pmaxm
i2

Pk21
j2

1b
D
i,j,k,mqi,mQj

Other sections

1
1
2

Pk21
i1

Pk21
j1

1bi,j,k QiQj 2 Qk
Pmmax

m1
Pmaxm

i2
2b

D
i,k,mqi,m 2 Qk

Pk21
i1

2bi,k Qi

1 Qk
Pmmax

m1

Pmaxm
i1

5b
D
i,k,m qi,m 1 Qk

Pk21
i1

5bi,kQi 2
1
2

3bkQ2
k 1

1
2

6bkQ2
k

2 Qk
PMAX

ik11
2bi,kQi 2 2b

D
1,k,maQksq1,m 2 Qk,sat,md

1 5b
D
1,k,masq1,m 2 Qk,sat,mdQk 1 1b

D
1,k21,k,masq1,m 2 Qk21,sat,mdQk21

dq1,m

dt
 k1,mCPre,mCO2 siy1,mdz 2 2z21k2,mq2

1,m 2 a
Pmaxm

j1
2b

DD
1,j,msq1,m 2 qj,sat,mdqj,m

Precursor

2 a
PMAX

k1
4b

D
1,k,msq1,m 2 Qk,sat,mdQk

q1,m Aerosol population function of vapor or the first
discrete size of speciesm

qi,m  nmsiy1d ? siy1dz Aerosol population function of discrete sizei of
speciesm

Qk  Nsyk d ? sykdz Aerosol population function of sectionk

qi,sat,m

∑
 nsat,m exp

µ
4smy1,m

kBTdi,m

∂
y

z
1

∏
Saturation aerosol population function of

speciesm on the surface of discrete sizei

Qk,sat

∑
 nsat,m exp

µ
4sy1,m

kBTdk

∂
y

z
1

∏
Saturation aerosol population function of

speciesm on the surface of sectionk

m Speciation variable
y1,m Volume of vapor or the first discrete size of

speciesm
nmsiy1d Number concentration of discrete sizei
Nsyk d Number concentration of sectionk
nsat,m Saturation vapor number concentration of

speciesm
z Population index: 0-number, 1-volume,

2-volume square
k1,m Rate constant of vapor or first aerosol size

formation from precursor of speciesm
k2,m Rate constant of nucleation from vapor or first

aerosol size of speciesm
CPr e,m Molar precursor concentration of speciesm
kB Boltzman constant
T Temperature
sm Bulk surface tension of speciesm
di,m Aerosol diameter of discrete sizei of speciesm
dk Aerosol diameter of sectionk
a Accommodation factor for FeO
u Logical function: 0-false, 1-true
u, y Aerosol volume variables
rP,m Bulk density of speciesm
716 J. Mater. Res., Vol. 12, No. 3, Mar 1997
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TABLE IB. Coagulation and condensation collision frequency functions for discrete-sectional model.

Discrete-Discrete

1b
DD
i,j,i1j,m  bmsiy1,m, jy1,md

fy1,msi 1 jdgz

siy1,mdz sjy1,mdz

Di,m with Dj,m to form Di1j,m

1b
DDS
i,j,k,m  ufyk21 , y1,msi 1 jd , yk gbmsiy1,m, jy1,md

fy1,msi 1 jdgz

siy1,mdz sjy1,mdz

Di,m with Dj,m to form Sk

2b
DD
i,j,m  bmsiy1,m , jy1,mdysiy1,mdz Di,m with Dj,m to removeDi,m

4b
DD
i,j,m  bmsiy1,m , jy1,mdys jy1,mdz Di,m with Dj,m to removeDj,m

Discrete-Section

1b
D
i,j,k,m 

Z yj

yj21

usyk21 , iy1 1 u , ykd siy1 1 udz bmsu, iy1d
siy1dz uz syj 2 yj21d

du Di,m with Sj to form Sk

2b
D
i,k,m 

Z yk

yk21

uz bmsu, iy1d
siy1dz uz syk 2 yk21d

du Di,m with Sk to removeSk

4b
D
i,k,m 

Z yk

yk21

siy1dz bmsu, iy1d
siy1dz uz syk 2 yk21d

du Di,m with Sk to removeDi,m

5b
D
i,k,m 

Z yk

yk21

usiy1 1 u , ykd siy1 1 udz bmsu, iy1d
siy1dz uz syk 2 yk21d

du Di,m with Sk to form Sk

Section-Section

1bi,j,k 
Z yi

yi21

Z yj

yj21

usyk21 , u 1 y , ykd su 1 ydz bk su, yd
uz yz syi 2 yi21d syj 2 yj21d

du dy Si with Sj to form Sk

2bi,k 
Z yi

yi21

Z yk

yk21

uz bksu, yd
uz yz syi 2 yi21d syk 2 yk21d

du dy SmallerSi with Sk to removeSk

3bi,k 
Z yk

yk21

Z yk

yk21

suz 1 yz dbksu, yd
uz yz syk 2 yk21d2

du dy Sk with Sk to removeSk

4bi,k 
Z yi

yi21

Z yk

yk21

uz bksu, yd
uz yz syi 2 yi21d syk 2 yk21d

du dy LargerSi with Sk to removeSk

5bi,k 
Z yi

yi21

Z yk

yk21

usu 1 y , yk d su 1 ydz bk su, yd
uz yz syi 2 yi21d syk 2 yk21d

du dy SmallerSi with Sk to form Sk

6bk 
Z yk

yk21

Z yk

yk21

usu 1 y , yk d su 1 ydz bksu, yd
uz yz syk 2 yk21d2

du dy Sk with Sk to form Sk

Coagulation:bmsu, yd 

s
6kBTr1,m

rP,m

s
1
i

1
1
j

3 si1/3 1 j1/3d2

Condensation:bmsu, yd 

s
6kBTr1,m

rP,m
i2/3
w
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together (one concentration of iron precursor and t
concentrations of the silicon precursor). Along with th
precursor feed conditions, the temperatures used in
simulations (as estimated by pyrometer measuremen
the precursor decomposition rates,k1, the nucleation
rates,k2, the oxygen concentrations, and the saturat
pressure of FeO are listed. The sources and estim
of these parameter values are described in Sec. III.
predicted results are compared to the iron oxide va
concentrations and light scattering intensities for t
different cases. As the particles are primarily in t
Rayleigh regime, it is anticipated that the light-scatteri
intensity will be proportional to volume square, an
it was thus decided to choosez  2 for the simula-
tions. However, to ensure that reasonable mass bala
were being obtained, simulations for a specific conditi
J. Mater. Res., Vol. 1
o

he
s),

n
tes
he
or
e

g

ces
n

(case 2, Table II) were carried out with the values
z  0, 1, and 2.

III. RESULTS AND DISCUSSION

Before a discussion of the comparison of mod
predictions to experimental results, two issues we
considered. One was to determine the number of discr
sizes and section spacings, and the other was to ch
the mass balance error for simulations withz  2.
The number of discrete sizes and section spacings w
varied to ensure that the error was minimal. 40 discre
sizes were used for the iron oxide particles and 20 f
the silica particles, followed by 52 sections. This resulte
in a particle size range of approximately 0.3 nm t
300 nm. The percentage deviation (from the predictio
2, No. 3, Mar 1997 717
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of chosen conserved variable) of the simulations
case 2 (Table II) with different values ofz (0, 1, and 2)
are shown in Table III for two sectional spacings,fs of
1.42 and 1.25. The results indicate that if total numb
sz  0d was used as the conserved integral prope
a significant mass balance error (15.5% deviation
total volume from the result of the simulation wit
total volume as the conserved variable forfs  1.25)
would result. The error in the total volume squar
is even higher (310%). If total mass is used as
conserved property, the error in total volume squa
is about 72.5%. If volume squaredsz  2d was chosen
as the conserved property, the error in mass balanc
about 1.08%. As the predictions of the model are to
compared to the light-scattering intensity (desirable
have a low error in total volume squared),z  2 was
used for all the other simulations listed in Table II.

The temperature profiles measured using a radia
pyrometer are shown in Fig. 2. Though not the m
accurate representation of the temperature profile
the flame, these provide for averaged measuremen

TABLE IIA. List of simulations performed.

Reactants Flow rates (lpm @ 20±C) Mole fraction

Methane 0.93 0.11
Oxygen 2.33 0.28
Nitrogen 5.00 0.60
Argon (iron carbonyl 0.05, 0.15, 0.24

bubbler)
Argon (silicon bubbler) 0.14, 0.24

Precursor feed rates (1026 molesys)

Case no. Iron Silicon LIF Scattering

1 1.06 · · · x x
2 3.09 · · · x x
3 5.10 · · · x x
4 · · · 3.47 · · · x
5 · · · 5.73 · · · x
6 3.09 3.47 x x
7 3.09 5.73 x x
718 J. Mater. Res., Vol. 1
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different distances from the flame front and were used
the simulations. The temperature remains approximate
constant close to the flame front, and then decreas
at downstream locations due to heat transfer to t
surroundings. Due to the exothermic oxidation reactio
of the iron carbonyl precursor, higher temperatures a
measured at higher iron precursor feed rates. On addit
of the silicon precursor, no appreciable temperatu
differences were observed.

In summary, on reviewing the equations in Table
values of five parameters (k1,Fe, k2,Fe, k1,Si, k2,Si, and
a) need to be established.k1,Si andk2,Si were obtained
from the literature.9,11 Though k1,Fe is reported in the
literature,8 the pre-exponent term was adjusted for bett
agreement with the measurements in this study (s
discussion later).k2,Fe was obtained by comparing mode
predictions to experimental data in Case 2 and using
temperature dependence similar to that reported for sili
particle formation.10 The value fora, the accommoda-
tion coefficient, was obtained by comparing the mod
predictions to Case 6. Equilibrium vapor pressures f
the oxides were obtained as a function of temper
ture by using the results of an equilibrium program.13

Expressions for the parameters are listed in Table
Simulations were carried out for the seven cases list
in Table II using these parameter values. The predictio
were compared to experimental measurements [LIF f
FeO(g) and light scattering] as listed in Table II.

A. Iron feed only

The predicted results of FeO(g) and the measur
FeO(g) concentrations along the centerline of the flam
for the “iron only” feed conditions are shown in Fig. 3
The pre-exponent in thek1,Fe expression was reduced to
1y40th the value reported by von Rosenberg and Wra8

for better agreement with data in all the simulation
A possible explanation for this could be the use of
higher temperature in the simulations close to the flam
front, resulting in an underprediction of the time. Rathe
TABLE IIB. List of parameter values.

Parameter Value Remarks

k1,Fe 1.5 3 1012 exp
≥

2
10060.14

T

¥
cm3 ? mole21 ? s21 1y40 value reported in von Rosenberg and Wray8

k2,Fe 10s5437.5/T18.971d cm3 ? mole21 ? s21 Interpolation from Zachariah and Tsang10 and fitting to
experimental data

k1,Si 4.86 3 1017 exp
≥

2
48288.67

T

¥
cm3 ? mole21 ? s21 Powers9

k2,Si 9.4 3 1038T 27.91 exp
≥

2
12660

2T

¥
Zachariah and Tsang11

1 2 3 1023T23.06 exp
µ

2
11470

2T

∂
cm3 ? mole21 ? s21

Psat,FeO 10s225169.5/T19.6623d mmHg Equilibrium calculation13

P2,SiO2 10s226428.4/T113.43d mmHg CRC, 199419
2, No. 3, Mar 1997
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e

TABLE III. List of percentage deviation for different conserved variable.

Deviation (%)

Conserved Particle number Element mass Particle volum2

variable (#ycm3) (molycm3) (cm6ycc)

fs  1.42

Particle number 0 31.7 503.8
Particle volume 35.7 0 83.6
Particle volume2 28.3 1.55 0

fs  1.25

Particle number 0 15.5 310.3
Particle volume 28.8 0 72.5
Particle volume2 24.7 1.08 0
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than alter the temperature profile (Fig. 2), it was decid
to lower the pre-exponent term in the rate express
and good agreement was obtained in all cases (1
3, 6, and 7). Case 2 was used as a base conditio
determine the nucleation rate constant,k2,Fe by fitting
model predictions to the measured data. The tempera
dependence of the nucleation rate constant was assu
to be similar to that of silica particle formation.10 As
seen in Fig. 3, good agreement is obtained between
predicted FeO(g) concentrations and measured va
for all three cases. Iron carbonyl decomposes and
oxidized to form FeO(g), resulting in an increase
FeO(g) concentration at initial times. As the FeO(
concentration builds up, particle formation is initiate
(modeled by a second-order rate process), resultin
the decrease in FeO(g). Particle growth at initial tim
occurs by Brownian coagulation. The newly form
iron oxide particles also act as a sink for FeO(g)
condensation, and this mode of particle growth is m
dominant at later times (greater than about 3 cm, wh
the temperature also begins to drop). At initial tim

FIG. 2. Temperature profiles for the different experiments as me
ured by ratio pyrometry.
J. Mater. Res., Vol. 1
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n
2,
to

ure
ed

the
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is

)
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s
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s-

condensation is not important due to higher temperatu
and the presence of small particles (Kelvin effect).

Figure 4 is a comparison of the measured light sc
tering intensity to the predicted second volume mome
of the aerosol size distribution for the “iron only” feed
conditions. The particles formed are in the nanome
size ranges and in the Rayleigh regime, and theref
the light scattering intensity should be proportional
the second volume moment. Case 2 was again used
a base condition to obtain the optical system paramet
by scaling the measured data to predicted values
the second volume moment. The scattering intensity
Case 1 is very small, as is predicted by the model. T
simulation result for Case 3 is slightly lower than th
measured scattering intensities, especially at later tim
At higher feed rates of iron carbonyl, flicker due to buo
ancy driven shear layers was observed at the outer e
of the flame, and this could carry particles from the out
peripheries (larger due to enhanced growth in the coo

FIG. 3. Predicted centerline profile of FeO(g) concentration as a fu
tion of distance from the flame front for three different iron precurs
feed rates (Cases 1, 2, and 3). The dashed lines represent experi
tal data.
2, No. 3, Mar 1997 719
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FIG. 4. Comparison of the second aerosol volume moment to m
ured scattering intensities along the centerline for the three diffe
iron precursor feed rates. Dashed lines represent measured data s
by matching Case 2 to the predicted results.

regions) to the centerline, and result in higher measu
average (averaged typically over 250 measurement
five minutes) intensities. The lower predicted values m
also be due to the assumption of ideal sintering (perf
spheres). Though the sintering rates for iron oxide
high, this assumption is nonetheless violated. It must
noted that this difference is rather insignificant as t
ratio of the measured to predicted intensity is about
at 4 cm, which would result if there was a deviation
only 3% in the particle diameter.

B. Co-feed of iron and silicon precursor

The simulation results for a co-feed of the iron an
silicon precursor (Cases 2, 6, and 7) are shown in Fig

FIG. 5. Predicted centerline profile of FeO(g) concentration as
function of distance from the flame front for the iron precursor fe
condition (Case 2) and iron and silicon feed conditions (Cases 6
7). The dashed lines represent experimental data.
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nd

and compared to the centerline measured FeO(g) c
centrations. Due to the presence of silica particles
addition to the iron oxide particles, condensation occu
on a heterogeneous surface [FeO(g) condensing on
silica particle]. On examining the morphology of th
particles, one finds that the iron oxide particles a
embedded in a silica matrix, with the iron oxide particle
close to the surface. The iron oxide and silica partic
appear to be immiscible; thus, the condensation r
was lowered by a factor, similar to an accommodati
coefficient, a, described by Friedlander.1 Values for
a were determined by comparison to the experimen
measurementss0.025d for Case 6. Good agreement i
obtained for the multiple precursor simulations (Case
and 7) with experimental data. At initial times, ther
is no difference in the predicted FeO(g) concentr
tions for Cases 2, 6, and 7 when the concentrat
is increasing. This is due to the assumed independ
precursor decomposition chemistry which is consiste
with the observations. Further downstream (distan
greater than approximately 2 cm) the measured FeO
concentration decreases more rapidly in the experime
with the silicon precursor co-feed (Cases 6 and 7) and
comparison to Case 2. The predicted decrease, howe
occurs at earlier time instants, and this is due to t
predicted enhanced calculated condensation of FeO
onto the surface of the silica particles.

The measured light scattering intensities for Cases
4, 5, 6, and 7 are compared to the predicted valu
in Fig. 6. The optical system parameter used for t
iron oxide measurements was used to scale the co-f
scattering data, with a correction for the refractive ind
ratio for silica particles to iron oxide particles (as th
outer shell is predominantly silica). The ratio of th
refractive index of silica to iron oxide is approximatel

FIG. 6. Comparison of the second aerosol volume moment to me
ured scattering intensities along the centerline for the silicon o
(Cases 4 and 5) and iron and silicon feed (Cases 6 and 7) experim
The dashed lines represent measured data.
2, No. 3, Mar 1997



P. Biswas et al.: Characterization of iron oxide-silica nanocomposites in flames: Part II

s
u
in
a
t
s

e
th
tie
a

d
e
in
th
n

m
n
e
s
c
le
e
g

ic
s
n
r
b

in
r

an
r
n
f-
io
n

ig
o
m
A
g

a
o
n
7
le

d

te
e

in
at
in

ber
nt
and
he
ith
on
ed

ion
les
ate
cle
is

he
ed
. 2)
er

. 2,
by
in
the
e
de

ng
e,

he
ure
ults
n
e as
ion
as
n
er

as-
es
ing

ct
de

or
ic
an
l
le,

in
n-
red
1 : 2 (CRC, 1994).19 The measured scattering intensitie
are all greater than the predicted values. This is beca
of the assumption of infinitely fast sintering rates
the simulations. The sintering rates for silica are not
high as iron oxide, resulting in sintering time constan
of the same order as the measurement time scale14

As sintering of the silica particles is not complet
the scattering cross sections are much larger than
of a spherical particle, and the measured intensi
are higher than the predicted values, similar to th
reported by Zachariahet al.15 The experimental results
for the silicon precursor only (Cases 4 and 5) provi
interesting comparisons to the results for the co-fe
precursors (Cases 6 and 7). At initial times, the scatter
intensity for the co-feed cases (6 and 7) exceeds
of the corresponding “silicon feed only” (Cases 4 a
5) experiments, as is expected and also predicted
the model. However, at further distances downstrea
the scattering intensity for the silicon-only experime
exceeds the co-feed case (Case 4 compared to Cas
and a similar trend is observed for the results of Case
and 7. The presence of the iron oxide in the silica parti
enhances the sintering rate of the composite partic
probably due to the lower melting point and high
surface tension of iron oxide relative to silica. Sinterin
thus results in the coalescence into closer to spher
shapes, and results in flattening the scattering inten
profiles, a similar behavior being observed by Hung a
Katz16 in their light-scattering experiments. A simila
behavior was observed for germania-silica systems
Chang et al.17

C. Implications

The model can be used to relate the process
conditions to resultant particle characteristics. Seve
parameters affect the final product characteristics,
these include the temperature, residence time, precu
characteristics, and feed rates. The temperature ca
controlled by adjusting the fuel to air ratio, and it a
fects the precursor decomposition and particle format
rates. Varying the residence time results in differe
particle sizes and provides guidelines for the des
of the collection system (see Part I). The precurs
feed rates also affect the various dynamic mechanis
that establish the resultant particle size distribution.
number of simulations were carried out by varyin
the different parameters to 0.1 and 10 times the b
value (Case 6, Table IIA). The FeO(g) concentrati
and light-scattering intensity as a function of positio
(distance from the flame front) is plotted in Fig.
for different simulation conditions. The mean partic
size, standard deviation, and number concentration
particles relative to the base case simulation are liste
Table IV.
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The use of different precursors would alter the ra
of formation of FeO and subsequently the iron oxid
particles. The rate constant,k1,Fe, was increased to 10
times and reduced to 0.1 times the base value listed
Table IIB. On increasing the rate constant (precursor th
decomposes rapidly), not much change is observed
the mean diameter, standard deviation, or total num
concentration (Table IV). This is because the curre
precursor being used has a high decomposition rate,
further increases do not result in any changes in t
resultant particle size distributions. For precursors w
a slower decomposition rate (Case 2, Table IV), the ir
oxide vapors and subsequently the particles are form
at later stages, resulting in a larger number concentrat
(1.77 times the base case) of smaller sized partic
(0.77 times the base case). Varying the precursor r
(Cases 3 and 4) does not affect the resultant parti
size significantly; however, the total mass of particles
proportional to the feed rate, and this is reflected in t
resulting total number of concentrations. For higher fe
rates, the resultant temperatures are higher (see Fig
and this suppresses condensational growth. For low
feed rates though, the temperatures are lower (Fig
enhancing condensational growth), and the growth
coagulation is diminished. The temperature history
the flame region is a sensitive parameter that affects
aerosol size distribution significantly. On increasing th
temperature (Case 5) by 100 K, the condensation mo
of growth is significantly suppressed, and the resulti
particles are smaller. As the feed rate is the sam
this results in a higher total number concentration. T
opposite effect is observed on reducing the temperat
(Case 6). Condensational growth is enhanced and res
in a smaller number of larger particles. The silico
precursor decomposition rate has a similar dependenc
the iron precursor. Further increase in the decomposit
rate does not affect resultant particle characteristics
the existing precursor decomposition is rather rapid. O
choosing a slower decomposition rate, a larger numb
concentration of smaller particles are obtained. Incre
ing the silicon precursor feed rate (Case 9) provid
more surface area for condensational growth, result
in large size particles.

In addition, two sensitive parameters that affe
the resultant particle characteristics are the iron oxi
nucleation rate,k2, and the accommodation factor,a.
Calculations using the classical theory of nucleation f
many oxides indicate that there is no thermodynam
barrier to nucleation, and therefore one must use
atomistic approach.10 One simplification made by severa
researchers is that the monomer is a stable partic
especially for many oxide systems.6,18 Assuming that
the monomer is a stable particle in this system results
erroneous predictions [Fig. 7(b)] of both FeO(g) conce
trations and the light-scattering intensities (as compa
2, No. 3, Mar 1997 721
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ate,
FIG. 7. Sensitivity analysis of FeO(g) concentrations and light-scattering intensities for variation of (a) iron precursor oxidation rk1,
(b) iron oxide nucleation rate,k2, (c) temperature history,Tsxd, and (d) accommodation factor,a.
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to estimated data, Figs. 3 and 4). This indicates th
nucleation is an important phenomenon, and one has
use an atomistic approach to describe it. To exam
the effect of the nucleation ratesk2d, it was varied and
the results are shown in Fig. 7(b). For a lower value
k2 (relative to the base case), the FeO(g) concentrat
decreases at a slower rate and the particle format
is delayed as observed in the variation of the ligh
scattering intensity. The opposite effect is observed
higher values ofk2.

Another sensitive parameter is the accommodati
factor, especially for composite systems. The base c
value of a was 0.025, which is the fraction of FeO
molecules sticking to the composite FeO–SiO2 particle
722 J. Mater. Res., Vol. 1
at
to
e

f
n

on
-
r

n
se

on impingement. Higher values ofa result in faster
growth rates of particles [as indicated by the increa
in the light-scattering intensity, Fig. 7(d)] and fast
decrease in FeO(g) concentrations.

IV. SUMMARY AND CONCLUSIONS

A discrete sectional model to predict the evoluti
of the aerosol size distribution during the formation
nanocomposite particles in flames was developed.
model accounted for precursor oxidation, particle form
tion, and growth by coagulation and condensation. Sim
lations were performed for a system consisting of
iron and silicon precursor, and the predicted results w
2, No. 3, Mar 1997
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(Case 6,

9

TABLE IV. Variation of mean particle size, geometric standard deviation, and total number concentration relative to the base case
Table IIA) for different parameter values.

Case Ratio

no. Parameter Range dpvydpv,base sgysg,base NyNbase

1 k1,Fe 10 k1,base 1.0030 0.9935 0.9913
2 0.1 k1,base 0.7655 0.8845 1.7776
3 Fe feedrate Fe(15) 0.9194 0.8646 1.949
4 Fe(5) 0.8072 0.7753 0.7220
5 Temperature 1100 K 0.449 0.621 6.3365
6 2100 K 1.342 0.9404 0.4603
7 k1,Si 10 k1,base 1.0150 1.0107 0.9559
8 0.1 k1,base 0.6860 0.6880 2.9760
9 Si feedrate Fe(10)1 Si(15) 1.2567 1.0826 0.7888
e
it
th
a
th
a
n

s

n

i.

iat.

b.

.

compared to laser-induced fluorescence measurem
of vapor phase iron oxide and light scattering intens
measurements of the particles. After establishing
unknown parameter values by comparison to base c
experiments, good agreement was obtained for the o
experiments. The model helped elucidate the import
mechanisms of particle formation and growth of iro
oxide-silica nanocomposites. It can be used as a de
tool for choosing operating conditions and precursors
obtain desired resultant particle characteristics.
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