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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 of
the nanocomposite aerosol size distribution in a multicomponent iron-silicon system in a
flame. Particle formation by nucleation of the vapor is represented by an Arrhenius-type
rate expression, with the rate constant being obtained from experiments and simulation
results reported in the literature. Precursor vapor concentrations and the second aerosol
volume moment predictions are compared to laser-induced fluorescence (LIF) and light
scattering intensity measurements from experiments described in*Paftthe paper.

The results elucidate the important formation and growth mechanisms of nanocomposite
ferric oxide-silica particles in flame reactors. The role of operating parameters such as
precursor characteristics and temperature profiles on the final product characteristics

is established.

I. INTRODUCTION approximation similar to Gelbaret al.” for the spacing

Several physico-chemical processes are underwa§f the sections, where a geometric approximation was
enroute to particle formation in multicomponent systemsmade to simplify calculation of the coagulation kernels.
To better understand the role of these different processesandgrebe and Pratsifiisemoved this restriction and
it is important to model the behavior of such systemsUsed an arbitrary spacing of the sections.

The general dynamic equation (GDE), also called the N this paper, an approach similar to Landgrebe

population balance equation, is the governing equatio@nd Pratsins is used to model the prediction of the
that describes particle formation and growth.The aerosol size distribution. The discrete-sectional approach

GDE is a nonlinear, partial integro-differential equa- is ex_tended to simulqte particle formation and growth in

tion, and several different approaches have been usdBulticomponent environments, and applied to a system

to solve this equation to predict the evolution of thefor t_he formation of nanocomposite ferric OX|de-S|I|c_a

aerosol size distribution. Models that approximate theoartlc_les. The model accounts for simultaneous che_mlcal

size distribution by a finite number of sections werefeaction to form the vapor phase precursor to particles,

developed by Gelbard and Seinféldhe accuracy of pa_rtlcleformatlon by a_kmetlc proces_s,.growth by coagu-

these models depends on the selection of the integr&®tion, and condensation. The predictions of the model

property that is conserved and on the section spacing. T&€ compared to the results of experiments described in

accurately predict the initial stages of particle formation,Part 1%

it is essential to use a discrete formulatfoh.The

computational time requirements of a complete discretqy, MODEL DEVELOPMENT

formulation are rather enormous, and the simulation is

limited to a few milliseconds even on supercompufers.

This led to the development of a discrete-sectiona

model?> where a discrete representation is used fory, a(Gn) o i

the smaller particles followed by a sectional represen=— + ——= — I (v")é(v — v)

tation of the larger sizes. Wu and Fla§aosed an 1 [

= 5[ Bl — v,0)n(v — 0,)n(0,t)ddo — n(v,1)
0

The general dynamic equation for the gas to particle
Fonversion process 8
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The first term on the left-hand side (LHS) is the rate ofmodel simulation to the experimental results for one
change of the patrticle distribution function in the particleset of conditions (Case 2, Table Il). Using a temperature
volume intervalv to v + dv, the second term on the dependency similar to that for silica particle formation,
LHS accounts for the effect of condensation at rate these were used to predict results for the other conditions
and the third term on the LHS describes the formationCases 1 and 3). Particle growth occurs by coagulation
of new particles of critical volumes* at ratel’. The and condensation. The expressions for the coagulation
terms on the right-hand side account for the effect okernels are similar to those derived by Landgrebe and
Brownian coagulation. Pratsini§ for an arbitrary section spacingf,. [The

A schematic representation of the process occurringlifferences are the discrete-discrete collosion integrals,
is shown in Fig. 1, with experimental details being Table IB, and the missing coefficient (misprint),91 in
described in Part®® of this paper. Iron carbonyl and the In? o, expression, Eq. B15, in the Landgrebe and
hexamethyl disiloxane, individually and together, arePratsinis paper.] The expressions for the condensation
introduced as precursors to a methane-oxygen-nitrogekernels are similar to the coagulation kernels, except
flame. First, a discussion for a single precursor feedhat 8 is replaced by the free molecular condensation
(Cases 1 to 5, Table ll) is provided. The iron carbonylcoefficient! along with the Kelvin effect expression.
vapors enter the flame region, decompose, and are oxivaporation, however, is not considered. As mentioned
dized to form iron oxide vapors. The formation of FeO(g) earlier, a discrete-sectional representation is used to
by oxidation of iron carbonyl is described by a first-orderdescribe the aerosol, the lower sizes being represented
kinetic process (rate constarit,r.) in the presence of by a discrete representation (volumes of sizes being
excess oxygeh.Similarly, the oxidation of hexamethyl multiples of molecular size of iron oxide and silica)
disiloxane is described by a first-order process in thdollowed by a sectional representation of spacinig,
presence of excess oxygen. As no data are availablEhe governing equations are written in the form of the
in the literature for oxidation rates of hexamethyl di- {/th aerosol volume moments, and are listed in Table I.
siloxane, and as its decomposition to Si is rapid (se€&or example = 0 results in conservation of the total
Fig. 1), the rate constant is assumed to be similar tmumber, = 1 indicates conservation of total volume,
that reported for silicon tetrachloride oxidatidhese and ¢ = 2 indicates conservation of the total volume
vapors then nucleate to form the oxide particles. Due t@quared. The choice @f has a physical connotation as
the low vapor pressures of the resultant oxides, classicab which integral property is conserved. The number of
description? of the nucleation phenomena indicate thatdiscrete sizes and sections are varied to ensure that the
there is no thermodynamic barrier to particle formation,error is minimal.
and this clearly indicates that an atomistic approach When both components are introduced together into
needs to be us€d.Values of the rate constant,s;, the flame region, an additional surface is available for
for silica particle formation estimated by Zachariah andcondensation of iron oxide vapors, and the iron ox-
Tsang! are used in this work. Due to the complexi- ide and silica particles may also coagulate with each
ties of theab initio calculations for the rate constants, other. As discussed in Part4,the precursor oxida-
the second-order rate constaktr. (Fig. 1), for iron tion chemistries are independent and the oxidation rate
oxide particle formation was determined by fitting the constants are assumed to be the same as described
earlier (;r and k,s;). Furthermore, for simplicity, it
is assumed that there is no iron oxide particle and

- T silica particle interaction in the discrete size ranges.
T oo e .\ Interaction by coagulation and condensation is accounted
DS e QAR > for particles in the sectional regimes, and is modeled
I similar to that by Gelbard and Seinfelti Also, as iron
- _ oxide and silica are not miscible, an accommodation

— factor, «, is used in the heterogeneous condensation
secomposition Oxidation Nucleation Congutation expression. There are no reported valuesyofor iron
Fe(CO), ot Fey, wamo,T FeOy iz (Fe0) 5 = (Fe0) ) oxide-silica systems in the literature, and hence the

f f value is determined by fitting the predicted values to

R e . experimental measurements. The governing equations,
) Decomposition  Oxidation Nucleation Coagulation in general form, are listed in Table I.
SPH)s it 23y Tt 29100 1w~ (5 B0 A summary of all the simulations performed is
L L j listed in Table Il. Three classes of simulations were
B. Cosgulation carried out: (a) iron precursor feed only (three different
FIG. 1. Mechanisms of particle formation for the different feed CONcentrations), (b) silicon precursor feed only (two
conditions. concentrations), and (c) iron and silicon precursors fed

J. Mater. Res., Vol. 12, No. 3, Mar 1997 715



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

TABLE IA. The general dynamic equations for the multicomponent discrete-sectional model féthtteerosol moment.

qum 2 max. -DD MAX 4—=D
- Ko @im — Gom 2 j=d" 232,j,,,,‘1j,m = Gom 2pet BoimOk
—-DD
- 4Bl Zm(ql,m - q2,sat,m)q2,m
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Mmg max,, 55D 375 2 1 67 MAX4—7
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MAX
- a B[ k. ,,1(111 m Qk,sat,m)Qk
q1.m

qdim = nm(ivl) . (ivl)g

Q1 = N(wi) - (np)f
- (domoin) ]
qisat,m Nsat,m €XP kB Tdi,m .

)]

4'0—‘Ul.m

Qk,sat|: = Nsatm exp( kBTdk

m

Vim
nm(ivl)

N(v)

nsal,m

k 1,m
k2,m

CPr e,m

U-ITI
di,m
dy

u, v
PPm

First discrete size

Other discrete sizes

First section

Other sections

Precursor

Aerosol population function of vapor or the first
discrete size of specien

Aerosol population function of discrete siz®f
speciesm

Aerosol population function of sectidn

Saturation aerosol population function of
speciesm on the surface of discrete size

Saturation aerosol population function of
speciesm on the surface of sectiok

Speciation variable

Volume of vapor or the first discrete size of
speciesm

Number concentration of discrete size

Number concentration of sectidn

Saturation vapor number concentration of
speciesm

Population index: 0-number, 1-volume,
2-volume square

Rate constant of vapor or first aerosol size
formation from precursor of species

Rate constant of nucleation from vapor or first
aerosol size of specien

Molar precursor concentration of species

Boltzman constant

Temperature

Bulk surface tension of species

Aerosol diameter of discrete sizeof specieam

Aerosol diameter of sectiok

Accommodation factor for FeO

Logical function: O-false, 1-true

Aerosol volume variables

Bulk density of speciem
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TABLE IB. Coagulation and condensation collision frequency functions for discrete-sectional model.

Discrete-Discrete

lBl] i+jm Bm(ivl,nnjvl_m) M Di’m with Dj’m to form Di‘*’f,m
(l'U] m){(]Ul m){ . N
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2B = Bunlivim, jvim)/(ivim) b B D, with D, to removeD; ,

4_DD = Bm(ivl,msjvl.m)/(jvl.m){ Di’m with Dj’m to remOVeDj’m

ij,m
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B dud x WI r to form S
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: 6kpTri, |1 1
Coagulatlon:ﬁn,(u,v)=\/37rh\/

— 4+ — X (l'l/3 + jl/3)2
PP.m i J

. 6kgTr

Condensationg, (u, v) = | ——1m ;23

PpP.m

together (one concentration of iron precursor and twdcase 2, Table Il) were carried out with the values of
concentrations of the silicon precursor). Along with thel =0, 1, and 2.

precursor feed conditions, the temperatures used in the

simulations (as estimated by pyrometer measurementsl)

the precursor decomposition rates, the nucleation Il. RESULTS AND DISCUSSION

rates,k,, the oxygen concentrations, and the saturation Before a discussion of the comparison of model
pressure of FeO are listed. The sources and estimat@sedictions to experimental results, two issues were
of these parameter values are described in Sec. Ill. Theonsidered. One was to determine the number of discrete
predicted results are compared to the iron oxide vaposizes and section spacings, and the other was to check
concentrations and light scattering intensities for thehe mass balance error for simulations with= 2.
different cases. As the particles are primarily in theThe number of discrete sizes and section spacings were
Rayleigh regime, it is anticipated that the light-scatteringvaried to ensure that the error was minimal. 40 discrete
intensity will be proportional to volume square, and sizes were used for the iron oxide particles and 20 for
it was thus decided to choosg= 2 for the simula- the silica particles, followed by 52 sections. This resulted
tions. However, to ensure that reasonable mass balances a particle size range of approximately 0.3 nm to
were being obtained, simulations for a specific conditiorB00 nm. The percentage deviation (from the predictions
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of chosen conserved variable) of the simulations fodifferent distances from the flame front and were used in
case 2 (Table Il) with different values ¢f(=0, 1, and 2)  the simulations. The temperature remains approximately
are shown in Table Il for two sectional spacings,of constant close to the flame front, and then decreases
1.42 and 1.25. The results indicate that if total numbelat downstream locations due to heat transfer to the
(¢ = 0) was used as the conserved integral propertysurroundings. Due to the exothermic oxidation reaction
a significant mass balance error (15.5% deviation obf the iron carbonyl precursor, higher temperatures are
total volume from the result of the simulation with measured at higher iron precursor feed rates. On addition
total volume as the conserved variable for= 1.25)  of the silicon precursor, no appreciable temperature
would result. The error in the total volume squareddifferences were observed.
is even higher (310%). If total mass is used as a In summary, on reviewing the equations in Table |,
conserved property, the error in total volume squaredialues of five parameters(re, k2re, kisi, k2si, and
is about 72.5%. If volume squaréd = 2) was chosen «) need to be establishe#,s; andk,s; were obtained
as the conserved property, the error in mass balance feom the literaturé:'* Though k, . is reported in the
about 1.08%. As the predictions of the model are to bditerature® the pre-exponent term was adjusted for better
compared to the light-scattering intensity (desirable tcagreement with the measurements in this study (see
have a low error in total volume squared),= 2 was discussion laterk, r. was obtained by comparing model
used for all the other simulations listed in Table II. predictions to experimental data in Case 2 and using a
The temperature profiles measured using a radiatiotemperature dependence similar to that reported for silica
pyrometer are shown in Fig. 2. Though not the mostparticle formation'® The value fora, the accommoda-
accurate representation of the temperature profile ition coefficient, was obtained by comparing the model
the flame, these provide for averaged measurements ptedictions to Case 6. Equilibrium vapor pressures for
the oxides were obtained as a function of tempera-

TABLE IIA. List of simulations performed. ture by _using the results of an equilib_rium progrér’m.
_ Expressions for the parameters are listed in Table Il.
Reactants Flow rates (lpm @ 20) Mole fraction  gjmylations were carried out for the seven cases listed
Methane 0.93 0.11 in Table Il using these parameter values. The predictions
Oxygen 2.33 0.28 were compared to experimental measurements [LIF for
Nitrogen 5.00 0.60 FeO(g) and light scattering] as listed in Table II.
Argon (iron carbonyl 0.05, 0.15, 0.24
bubbler)
Argon (silicon bubbler) 0.14, 0.24 A. Iron feed only
_6 .
Precursor feed rates("" molegs) The predicted results of FeO(g) and the measured
Case no. Iron Silicon LIF Scattering FeO(g) concentrations along the centerline of the flame
1 1.06 N N for the “iron only” feed conditions are shown in Fig. 3.
> 3.09 X X The pre-exponent in thi, ;. expression was reduced to
3 5.10 X X 1/40th the value reported by von Rosenberg and Wray
4 3.47 X for better agreement with data in all the simulations.
5 5.73 X A possible explanation for this could be the use of a
S g-gg gg x x higher temperature in the simulations close to the flame
: : X X front, resulting in an underprediction of the time. Rather
TABLE I1IB. List of parameter values.
Parameter Value Remarks
i » 10060.14 - 40 val di Rosenb d W
1.Fe 1.5 X 10 exp<7#> cm? - mole ! - g7! 1/40 value reported in von Rosenberg an ay
ka Fe 106G4375/T+8.97) cppp - mole™! - s7! Interpolation from Zachariah and Tsdfignd fitting to
experimental data
ki si 4.86 x 10" exp(*482§8'67) cm’® - mole™! - 57! Power§
ko si 387791 12660 Zachariah and Tsah
2,81 9.4 x 10°T~ " exp<*7> achariah and Tsahy
+2 X 1023T_3'066Xp<*%) cm’ - mole™! - 57!
Patre0 10(=251695/T+9.6623) mmHg Equilibrium calculatioh®
Pasio, 10(7204284/T+13.43) mmHg CRC, 1994°
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TABLE Ill. List of percentage deviation for different conserved variable.

Deviation (%)

Conserved Particle number Element mass Particle vdlume

variable (#cmd) (mol/cn) (cmf/cc)
fs =142
Particle number 0 317 503.8
Particle volume 35.7 0 83.6
Particle volumé 28.3 1.55 0
£ =125
Particle number 0 155 310.3
Particle volume 28.8 0 725
Particle volumé 24.7 1.08 0

than alter the temperature profile (Fig. 2), it was decidedondensation is not important due to higher temperatures
to lower the pre-exponent term in the rate expressiomnd the presence of small particles (Kelvin effect).

and good agreement was obtained in all cases (1, 2, Figure 4 is a comparison of the measured light scat-
3, 6, and 7). Case 2 was used as a base condition tering intensity to the predicted second volume moment
determine the nucleation rate constabtr. by fitting  of the aerosol size distribution for the “iron only” feed
model predictions to the measured data. The temperatugmnditions. The particles formed are in the nanometer
dependence of the nucleation rate constant was assumside ranges and in the Rayleigh regime, and therefore
to be similar to that of silica particle formatidA.As  the light scattering intensity should be proportional to
seen in Fig. 3, good agreement is obtained between thbe second volume moment. Case 2 was again used as
predicted FeO(g) concentrations and measured valuesbase condition to obtain the optical system parameters
for all three cases. Iron carbonyl decomposes and iby scaling the measured data to predicted values of
oxidized to form FeO(g), resulting in an increase inthe second volume moment. The scattering intensity for
FeO(g) concentration at initial times. As the FeO(g)Case 1 is very small, as is predicted by the model. The
concentration builds up, particle formation is initiated simulation result for Case 3 is slightly lower than the
(modeled by a second-order rate process), resulting imeasured scattering intensities, especially at later times.
the decrease in FeO(g). Particle growth at initial timesAt higher feed rates of iron carbonyl, flicker due to buoy-
occurs by Brownian coagulation. The newly formedancy driven shear layers was observed at the outer edge
iron oxide particles also act as a sink for FeO(g) byof the flame, and this could carry particles from the outer
condensation, and this mode of particle growth is moreeripheries (larger due to enhanced growth in the cooler
dominant at later times (greater than about 3 cm, where

the temperature also begins to drop). At initial times
Temperature (K)

Fe(15) 2450 2450 2450 2450 2417 2383 2350
Fe(10) 2360 2360 2360 2360 2327 2293 2260
Fe(5) 2200 2200 2200 2200 2167 2133 2100
2500 5.0 T T T -
> e
~ . _Fe(15) 401
2400 - ~—_ o
.- - T~ =
_____________ -
o - e
3 ~. Fe(10 &
€ ~Fe10) & 30 Fel15)
S 2300 ~—_ 3
8 ~~_ ;
g 5 20+
g O
00— ——————— —— — — A
- 22 ~— \Fe(5) E
-
~—_ 1.0
~—_
2100 - A
0.0
0 1 2 3 4 5 6
2000 1 L 1 1 1 Position (cm)
0 1 2 3 4 5 6

Position (cm)

FIG. 3. Predicted centerline profile of FeO(g) concentration as a func-
tion of distance from the flame front for three different iron precursor
FIG. 2. Temperature profiles for the different experiments as measfeed rates (Cases 1, 2, and 3). The dashed lines represent experimen-
ured by ratio pyrometry.

tal data.
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Temperature (K) and compared to the centerline measured FeO(g) con-
Fe(15) 2450 2450 2450 2450 2417 . .. . .
Fe(10) 2360 2360 2360 2360 2327 centrations. Due to the presence of silica particles in
Fe(5) 2200 2200 2200 2200 2167 . . . . .
1.0 : : : ; addition to the iron oxide particles, condensation occurs

on a heterogeneous surface [FeO(g) condensing onto a
silica particle]. On examining the morphology of the
particles, one finds that the iron oxide particles are
embedded in a silica matrix, with the iron oxide particles
close to the surface. The iron oxide and silica particles
appear to be immiscible; thus, the condensation rate
was lowered by a factor, similar to an accommodation
coefficient, a, described by FriedlandérValues for
1 a were determined by comparison to the experimental
measurement6=0.025) for Case 6. Good agreement is
obtained for the multiple precursor simulations (Cases 6
and 7) with experimental data. At initial times, there
Position (cm) is no difference in the predicted FeO(g) concentra-
FIG. 4. Comparison of the second aerosol volume moment to meadions for Cases 2, 6, and 7 when the concentration
ured scattering intensities along the centerline for the three differenis increasing. This is due to the assumed independent
iron precursor feed rates. Dasheq lines represent measured data scab}(écursor decomposition chemistry which is consistent
by matching Case 2 to the predicted resuls. with the observations. Further downstream (distance
reater than approximately 2 cm) the measured FeO(g)

0.8 -

0.6 |

0.4 i
Fe(15) i~

0.2

Scattering Intensity (1e-26 cm6/cc)

o 1 2 3 4

0.0

regions) to the centerline, and result in higher measurea

d tvoicall 550 " oncentration decreases more rapidly in the experiments
average (averaged typically over measurements iy, the silicon precursor co-feed (Cases 6 and 7) and in
five minutes) intensities. The lower predicted values ma

0 be d h X fideal s X ; %omparison to Case 2. The predicted decrease, however,
also be due to the assumption of ideal sintering (perfeci..., s at earlier time instants, and this is due to the

spheres). Though the sintering rates for iron oxide arg g jicteq enhanced calculated condensation of FeO(g)
high, this assumption is nonetheless violated. It must b& . "the surface of the silica particles

noted that this difference is rather insignificant as the The measured light scattering intensities for Cases 2,

ratio of the r_neasured to preqlicted intensity is gb(_)ut 1.%, 5, 6, and 7 are compared to the predicted values
at 4 cm, which would result if there was a deviation ofj, £y ‘6 The optical system parameter used for the
only 3% in the particle diameter. iron oxide measurements was used to scale the co-feed
scattering data, with a correction for the refractive index
ratio for silica particles to iron oxide particles (as the
The simulation results for a co-feed of the iron andouter shell is predominantly silica). The ratio of the
silicon precursor (Cases 2, 6, and 7) are shown in Fig. Sefractive index of silica to iron oxide is approximately

B. Co-feed of iron and silicon precursor

Temperature (K) Temperature (K)

2360 2360 2360 2360 2327 2293 2260 2360 2360 2360 2360 2327 2293
3.0 T . T 7 T 1.2

2.5

Fe(10) +Si(1
2.0 b

FeO Conc (1e-9 mol/cc)

Scattering intensity (1le-24 cm6/cc)

osn Fe(10)+Si(15

0.0 L L L I
0o 1 2 3 4 5 6

Position (cm) Position (cm)

FIG. 5. Predicted centerline profile of FeO(g) concentration as aIG. 6. Comparison of the second aerosol volume moment to meas-
function of distance from the flame front for the iron precursor feedured scattering intensities along the centerline for the silicon only
condition (Case 2) and iron and silicon feed conditions (Cases 6 anCases 4 and 5) and iron and silicon feed (Cases 6 and 7) experiments.
7). The dashed lines represent experimental data. The dashed lines represent measured data.

720 J. Mater. Res., Vol. 12, No. 3, Mar 1997



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

1:2 (CRC, 1994¥° The measured scattering intensities ~ The use of different precursors would alter the rate
are all greater than the predicted values. This is becausd formation of FeO and subsequently the iron oxide
of the assumption of infinitely fast sintering rates in particles. The rate constant; r., was increased to 10
the simulations. The sintering rates for silica are not agimes and reduced to 0.1 times the base value listed in
high as iron oxide, resulting in sintering time constantsTable IIB. On increasing the rate constant (precursor that
of the same order as the measurement time sé4lesdecomposes rapidly), not much change is observed in
As sintering of the silica particles is not complete,the mean diameter, standard deviation, or total number
the scattering cross sections are much larger than thgoncentration (Table IV). This is because the current
of a spherical particle, and the measured intensitieprecursor being used has a high decomposition rate, and
are higher than the predicted values, similar to thafurther increases do not result in any changes in the
reported by Zachariakt all® The experimental results resultant particle size distributions. For precursors with
for the silicon precursor only (Cases 4 and 5) providea slower decomposition rate (Case 2, Table 1V), the iron
interesting comparisons to the results for the co-fee@xide vapors and subsequently the particles are formed
precursors (Cases 6 and 7). At initial times, the scatteringt later stages, resulting in a larger number concentration
intensity for the co-feed cases (6 and 7) exceeds thdf.77 times the base case) of smaller sized particles
of the corresponding “silicon feed only” (Cases 4 and(0.77 times the base case). Varying the precursor rate
5) experiments, as is expected and also predicted bfcases 3 and 4) does not affect the resultant particle
the model. However, at further distances downstreansize significantly; however, the total mass of particles is
the scattering intensity for the silicon-only experimentproportional to the feed rate, and this is reflected in the
exceeds the co-feed case (Case 4 compared to Case Bsulting total number of concentrations. For higher feed
and a similar trend is observed for the results of Cases Bates, the resultant temperatures are higher (see Fig. 2)
and 7. The presence of the iron oxide in the silica particl@nd this suppresses condensational growth. For lower
enhances the sintering rate of the composite particlegged rates though, the temperatures are lower (Fig. 2,
probably due to the lower melting point and higherenhancing condensational growth), and the growth by
surface tension of iron oxide relative to silica. Sinteringcoagulation is diminished. The temperature history in
thus results in the coalescence into closer to sphericdhe flame region is a sensitive parameter that affects the
shapes, and results in flattening the scattering intensitgerosol size distribution significantly. On increasing the
profiles, a similar behavior being observed by Hung andemperature (Case 5) by 100 K, the condensation mode
Katz'® in their light-scattering experiments. A similar of growth is significantly suppressed, and the resulting

behavior was observed for germania-silica systems bparticles are smaller. As the feed rate is the same,
Changet all’ this results in a higher total number concentration. The

opposite effect is observed on reducing the temperature
o (Case 6). Condensational growth is enhanced and results
C. Implications in a smaller number of larger particles. The silicon
The model can be used to relate the processingrecursor decomposition rate has a similar dependence as
conditions to resultant particle characteristics. Severahe iron precursor. Further increase in the decomposition
parameters affect the final product characteristics, antate does not affect resultant particle characteristics as
these include the temperature, residence time, precurstite existing precursor decomposition is rather rapid. On
characteristics, and feed rates. The temperature can lohoosing a slower decomposition rate, a larger number
controlled by adjusting the fuel to air ratio, and it af- concentration of smaller particles are obtained. Increas-
fects the precursor decomposition and particle formatiomng the silicon precursor feed rate (Case 9) provides
rates. Varying the residence time results in differentmore surface area for condensational growth, resulting
particle sizes and provides guidelines for the designn large size particles.
of the collection system (see Partl). The precursor In addition, two sensitive parameters that affect
feed rates also affect the various dynamic mechanismthe resultant particle characteristics are the iron oxide
that establish the resultant particle size distribution. Anucleation ratek,, and the accommodation factax,.
number of simulations were carried out by varying Calculations using the classical theory of nucleation for
the different parameters to 0.1 and 10 times the basmany oxides indicate that there is no thermodynamic
value (Case 6, Table IlA). The FeO(g) concentrationbarrier to nucleation, and therefore one must use an
and light-scattering intensity as a function of positionatomistic approack One simplification made by several
(distance from the flame front) is plotted in Fig. 7 researchers is that the monomer is a stable particle,
for different simulation conditions. The mean particle especially for many oxide systerfi Assuming that
size, standard deviation, and number concentration adhe monomer is a stable particle in this system results in
particles relative to the base case simulation are listed iBrroneous predictions [Fig. 7(b)] of both FeO(g) concen-
Table IV. trations and the light-scattering intensities (as compared
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FIG. 7. Sensitivity analysis of FeO(g) concentrations and light-scattering intensities for variation of (a) iron precursor oxidatién rate,
(b) iron oxide nucleation ratek,, (c) temperature historyl'(x), and (d) accommodation factos.

to estimated data, Figs. 3 and 4). This indicates thabn impingement. Higher values af result in faster

nucleation is an important phenomenon, and one has growth rates of particles [as indicated by the increase

use an atomistic approach to describe it. To examinén the light-scattering intensity, Fig. 7(d)] and faster

the effect of the nucleation raig,), it was varied and decrease in Feg concentrations.

the results are shown in Fig. 7(b). For a lower value of

k, (relative to the base case), the FeO(g) concentration

decreases at a slower rate and the particle formatioly: SUMMARY AND CONCLUSIONS

is delayed as observed in the variation of the light- A discrete sectional model to predict the evolution

scattering intensity. The opposite effect is observed foof the aerosol size distribution during the formation of

higher values ofk,. nanocomposite particles in flames was developed. The
Another sensitive parameter is the accommodatioimodel accounted for precursor oxidation, particle forma-

factor, especially for composite systems. The base cag#n, and growth by coagulation and condensation. Simu-

value of @ was 0.025, which is the fraction of FeO lations were performed for a system consisting of an

molecules sticking to the composite FeO—gi@article  iron and silicon precursor, and the predicted results were
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TABLE V. Variation of mean particle size, geometric standard deviation, and total number concentration relative to the base case (Case 6,

Table 11A) for different parameter values.

Case Ratio

no. Parameter Range dpy/dpy base 0o/ Og base N/Npase
1 ki.Fe 10 ki base 1.0030 0.9935 0.9913
2 0.1k base 0.7655 0.8845 1.7776
3 Fe feedrate Fe(15) 0.9194 0.8646 1.9499
4 Fe(5) 0.8072 0.7753 0.7220
5 Temperature +100 K 0.449 0.621 6.3365
6 —100 K 1.342 0.9404 0.4603
7 kisi 10 k1 pase 1.0150 1.0107 0.9559
8 0.1k pase 0.6860 0.6880 2.9760
9 Si feedrate Fe(10¥ Si(15) 1.2567 1.0826 0.7888

compared to laser-induced fluorescence measurementgé F. Gelbard, Y. Tambour, and J.H. Seinfeld, J. Colloid Int. Sci.

of vapor phase iron oxide and light scattering intensity

measurements of the particles. After establishing the®

unknown parameter values by comparison to base casg

experiments. The model helped elucidate the important

mechanisms of particle formation and growth of iron1l- _ /
. F. Gelbard and J. H. Seinfeld, J. Colloid Int. $t8, 485 (1980).

. C.Y. Wu and P. Biswas, Comb. Flar8g, 31 (1993).
. G.D. Ulrich and J.W. Riehl, J. Colloid Int. S&&7 (1), 257

oxide-silica nanocomposites. It can be used as a desi
tool for choosing operating conditions and precursors tg,4

obtain desired resultant particle characteristics.

15.
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